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Preface to “Natural Polymers and Biopolymers I1”

BioPolymers could be either natural polymers — polymer naturally occurring in Nature, such as
cellulose or starch. .., or biobased polymers that are artificially synthesized from natural resources.
Since the late 1990s, the polymer industry has faced two serious problems: global warming and
anticipation of limitation to the access to fossil resources. One solution consists in the use of
sustainable resources instead of fossil-based resources. Hence, biomass feedstocks are a promising
resource and biopolymers are one of the most dynamic polymer area. Additionally, biodegradability
is a special functionality conferred to a material, bio-based or not. Very recently, facing the awareness
of the volumes of plastic wastes, biodegradable polymers are gaining increasing attention from the
market and industrial community.

This special issue of Molecules deals with the current scientific and industrial challenges
of Natural and Biobased Polymers, through the access of new biobased monomers, improved
thermo-mechanical properties, and by substitution of harmful substances.

This themed issue can be considered as collection of highlights within the field of Natural
Polymers and Biobased Polymers which clearly demonstrate the increased interest in this field. We
hope that this will inspire researchers to further develop this area and thus contribute to futures more

sustainable society.”

Sylvain Caillol
Editor
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BioPolymers could be either natural polymers (polymer naturally occurring in Nature, such as
cellulose or starch . .. ), or biobased polymers that are artificially synthesized from natural resources. Since
the late 1990s, the polymer industry has faced two serious problems: Global warming and the anticipation
of limits in accessing fossil resources. One solution involves the use of sustainable resources instead of
fossil-based resources. Hence, biomass feedstocks are a promising resource because of their sustainability.
The current production of biopolymers is around 15 Mt/y, but biopolymers are one of the most dynamic
polymer area.

Natural polymers are materials that widely occur in nature, or are extracted from plants or animals.
Some examples of natural polymers are proteins, cellulose, natural rubber, silk, and wool, starch or natural
rubber.

Biobased polymers are synthesized from renewable resources (vegetal, animal or fungal) but it does
not mean that they are biodegradable polymers. Hence, biodegradability is a special functionality conferred
to a material, bio-based or not, and biobased sourcing does not entail biodegradability. Very recently, due
the awareness of the volumes of plastic wastes, biodegradable polymers have gained increasing attention
from the market and both scientific and industrial communities.

This special issue of Molecules deals with the current scientific and industrial challenges of Natural
and Biobased Polymers, through the access of new biobased monomers, improved thermo-mechanical
properties, and by substitution of harmful substances.

Firstly, concerning the renewable resources, this issue proposes the use of innovative biobased derived
from terpenes. Indeed, Nishida et al. reports a series of exo-methylene 6-membered ring conjugated dienes,
which are directly or indirectly obtained from terpenoids, such as 3-phellandrene, carvone, piperitone, and
verbenone, were radically polymerized [1]. New terpene-based epoxy monomers were also synthesized by
Couture et al. for the synthesis of high properties epoxy networks [2]. Additionally, Mora et al. reported
the synthesis of vanillin-derived amines for the curing of epoxy thermosets [3]. Moreover, Della Vacche et al.
studied the photocuring of cardanol-based monomers for biobased composites [4]. Photopolymerization
was also studied on innovative eugenol-based methacrylates by Molina-Gutiérrez et al. for elaboration of
biobased coatings [5]. Additionally, Montané et al. proposed an original mechanical study on the synthesis
of humins-based epoxy resins [6]. Vegetable oils remain one of the most used resources for the synthesis of
biobased polymers. Kohut et al. reported a feature article dedicated to plant oil-based monomers (POBM)
in emulsion polymerization [7]. Hence, POBMs with different unsaturations in copolymerization reactions
with conventional vinyl monomers allows for obtaining copolymers with enhanced hydrophobicity,
provides a mechanism of internal plasticization and control of crosslinking degree.

Then, natural polymers were also studied in order to improve or propose new properties. Hence,
curcumin loaded biobased films were studied from alginate/cellulose/gelatin by Chiaoprakobkij et al.
These films showed non-cytotoxicity to human keratinocytes and human gingival fibroblasts but
interestingly exhibited potent anticancer activity in oral cancer cells [8]. Moreover, Shirosaki et al.

Molecules 2021, 26, 112; d0i:10.3390/molecules26010112 www.mdpi.com/journal /molecules
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reported chitosan microfibers with properties thanks to silane coupling agents [9]. Furthermore, Saremi
et al. proposed a feature article on adhesion and stability of nanocellulose coatings on films and
textiles [10]. Additionally, Bernal-Ballen et al. reported chitosan/PVA-based system with antibacterial
activity against bacterial strains without adding a high antibiotic concentration [11]. The findings of this
study suggest that the system may be effective against healthcare-associated infections, a promising view
in the design of novel antimicrobial biomaterials potentially suitable for tissue engineering applications.
Chitosan/PVA-based systems were also reported as a promising alternative for bone tissue regeneration
by Pineda-Castillo et al. [12]. A feature article presenting new analytical strategy dedicated to multiscale
structure of starches grafted with hydrophobic groups was also reported by Volant et al. [13]. Furthermore,
Allegretti et al. studied the tuning of lignin characteristics by fractionation, based on solvent extraction
and membrane-assisted ultrafiltration [14]. Rebiere et al. managed the characterization of non-derivatized
cellulose by SEC in Tetrabutylammonium Fluoride/Dimethylsulfoxide [15]. Then, Klapiszewski et al.
reported the preparation and comprehensive characterization of innovative additives to abrasive materials
based on functional, pro-ecological lignin-alumina hybrid fillers [16]. Miscibility is also an important
issue in biopolymer blends for analysis of the behaviour of polymer pairs through the detection of phase
separation and improvement of the mechanical and physical properties of the blend. Ghaeli et al. reported
a study dedicated to the formulation of a stable and one-phase mixture of collagen and regenerated
silk fibroin (RSF), with the highest miscibility ratio between these two macromolecules [17]. Ghica et al.
studied the development and optimization of some topical collagen-dextran sponges with flufenamic
acid, designed to be potential dressings for burn wounds healing [18]. Bundled actin structures play an
essential role in the mechanical response of the actin cytoskeleton in eukaryotic cells. Although responsible
for crucial cellular processes, they are rarely investigated in comparison to single filaments and isotropic
networks. Strehle et al. presented a new method to determine the bending stiffness of individual bundles,
by measuring the decay of an actively induced oscillation [19]. Their experiments revealed that thin,
depletion force-induced bundles behave as semiflexible polymers and obey the theoretical predictions
determined by the wormlike chain model.

Biobased polyurethanes (PUs) are a very dynamic class of polymers that are gaining increased
attention in both academic and industrial communities. Hence, Carrico et al. proposed castor oil and
glycerol based formulations for the synthesis of thermal insulation PU foams [20]. Moreover, Peyrton et al.
reported an original kinectic study on the synthesis of oleo-based Pus [21]. Other polymers are also very
attractive for scientific communities, such as poly(lactic acid) (PLA) and derivatives. Hence, Bensabeh et al.
proposed the acrylate functionalization of butyl-lactate for the synthesis of biobased ABA copolymers
which demonstrated competitive performance when compared with commercial pressure-sensitive
tapes [22]. PLA was also studied for three-dimensional (3D) printing with cellulose nanofibrils by Wang
et al. [23]. Additionally, Duchiron et al. proposed a feature article dedicated to the enzymatic synthesis
of amino acids endcapped polycaprolactone in order to propose functional polyesters [24]. End of life of
polymers are also a real challenge and reversible polymers are becoming more and more attractive. Hence,
Durand et al. proposed an original article on bio-based thermo-reversible furan-based polycarbonate
networks [25].

This themed issue can be considered as collection of highlights within the field of Natural Polymers
and Biobased Polymers which clearly demonstrate the increased interest in this field. We hope that this
will inspire researchers to further develop this area and thus contribute to futures more sustainable society.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A series of exo-methylene 6-membered ring conjugated dienes, which are directly or
indirectly obtained from terpenoids, such as 3-phellandrene, carvone, piperitone, and verbenone,
were radically polymerized. Although their radical homopolymerizations were very slow,
radical copolymerizations proceeded well with various common vinyl monomers, such as methyl
acrylate (MA), acrylonitrile (AN), methyl methacrylate (MMA), and styrene (St), resulting in
copolymers with comparable incorporation ratios of bio-based cyclic conjugated monomer units
ranging from 40 to 60 mol% at a 1:1 feed ratio. The monomer reactivity ratios when using AN as
a comonomer were close to 0, whereas those with St were approximately 0.5 to 1, indicating that
these diene monomers can be considered electron-rich monomers. Reversible addition fragmentation
chain-transfer (RAFT) copolymerizations with MA, AN, MMA, and St were all successful when
using S-cumyl-S’-butyl trithiocarbonate (CBTC) as the RAFT agent resulting in copolymers with
controlled molecular weights. The copolymers obtained with AN, MMA, or St showed glass transition
temperatures (Tg) similar to those of common vinyl polymers (T ~ 100 °C), indicating that biobased
cyclic structures were successfully incorporated into commodity polymers without losing good
thermal properties.

Keywords: terpenoid; exo-methylene; conjugated diene; renewable monomer; biobased polymer;
radical polymerization; copolymerization; living radical polymerization; RAFT polymerization;
heat-resistant polymer

1. Introduction

Polymeric materials, such as plastics, rubbers, and fibers, are indispensable products in our
daily life and are produced from a variety of low-molecular-weight molecules as building blocks.
Radical polymerization is one of the most effective and widely used techniques to produce a wide
variety of polymeric materials from various vinyl monomers due to the high reactivity of radical
species and its robustness toward polar functional groups in the monomer substituents as well as
aqueous compounds in the reaction mixture [1]. In addition, recent progress in controlled/living or
reversible deactivation radical polymerization (RDRP) has dramatically expanded the scope of radical
polymerization to synthesize precision polymers with various well-defined structures that can be used
as high-performance materials [1-10].
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Sustainable industrial development is now indispensable in view of environmental issues,
such as global warming, depletion of fossil resources, and plastic waste. One of the promising
solutions to these issues is to use renewable resources, in particular plant-derived molecules, as an
alternative to the petroleum-derived monomers for synthetic polymers [11-21]. Moreover, the unique
structures of naturally occurring molecules can bestow biobased synthetic polymers with characteristic
features that are difficult to attain using simpler petroleum-derived molecules, resulting in novel
high-performance materials.

A number of vinyl compounds are produced in nature and are found in a family of abundant
natural compounds, such as terpenoids and phenylpropanoids [22-25]. As we have proposed,
these biobased vinyl compounds can be classified into similar vinyl monomer families, such as nonpolar
olefins, styrenes, and acrylic monomers, to those of petroleum-derived monomers, depending on
their substituents and structures [26-29]. For example, renewable polar monomers with conjugated
carbonyl groups, such as tulipalin A and itaconic acid, are considered to be acrylic monomers [30-41],
whereas phenylpropanoids and their derivatives, such as anethole and vinylguaiacol, are considered to
be styrenes [42—-48]. These conjugated monomers are generally reactive in radical polymerizations due
to the C=C bonds conjugated with carbonyl or phenyl groups, resulting in relatively stable propagating
radical species.

In contrast, among various terpenes [22-25], the most abundant terpenes are pinene and limonene,
which are unconjugated nonpolar olefins without carbonyl or aromatic groups and have difficulty
in undergoing radical homopolymerization [49-55]. However, these unconjugated terpenes are
radically copolymerized with electron-deficient polar monomers, such as acrylates and maleimides,
resulting in biobased copolymers with a relatively high terpene incorporation ratio of up to 50 mol%.
In contrast, a linear conjugated diene, such as myrcene, is another nonpolar olefin terpene and is
radically homopolymerized, resulting in rubbery materials [56-62]. However, linear conjugated dienes
undergo concurrent Diels-Alder reactions with electron-deficient vinyl monomers via their s-cis forms
during radical copolymerization.

Another nonpolar conjugated diene observed in terpenoids is a transoid cyclic conjugated diene
with a reactive exo-methylene group, such as -phellandrene (3-Phe) (Scheme 1). As we briefly
reported in a patent [63], 3-Phe possesses high reactivity in cationic polymerization resulting in
heat-resistant cycloolefin polymers after subsequent hydrogenation. More recently, we synthesized
another exo-methylene 6-membered ring conjugated diene (HCvD: hydrogenated carvone-derived
diene) from carvone, which is an abundant naturally occurring «,3-unsaturated carbonyl compound,
via simple chemical transformations consisting of hydrogenation and Wittig reactions [64]. We have
also found that HCvD is readily polymerized in cationic polymerization, resulting in alicyclic
hydrocarbon polymers with good thermal properties. In addition to HCvD, other exo-methylene
transoid 6-membered ring conjugated dienes (PtD and VnD) have been prepared from a series of
naturally occurring o, 3-unsaturated carbonyl compounds, i.e., piperitone and verbenone, respectively,
via the Wittig reaction [65].

The exo-methylene-conjugated dienes can be radically homo- and copolymerized with
petroleum-derived common vinyl monomers. However, there have been no comprehensive studies
on radical homo- and copolymerization of these terpenoid-derived exo-methylene 6-membered ring
conjugated dienes except for a few results on the homo- and copolymerizations with some specific
monomers, such as styrene, acrylonitrile, and N-phenylmaleimide [65-67]. These results suggest
that some of the exo-methylene 6-membered ring conjugated dienes do not seem highly reactive in
radical homopolymerization and that they can be copolymerized with electron-deficient monomers.
Similar results were reported for 3-methylenecyclopentene, which is an exo-methylene 5-membered
ring conjugated diene obtained from the ring-closing metathesis of myrcene [68,69].
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Scheme 1. Radical homo- and copolymerization of a series of terpenoid-derived exo-methylene
6-membered-ring conjugated dienes.

In this work, we fully examined radical homo- and copolymerizations of a series of
terpenoid-derived exo-methylene 6-membered ring conjugated dienes (3-Phe, HCvD, PtD, and VnD)
using various common vinyl monomers, including methyl acrylate (MA), acrylonitrile (AN),
methyl methacrylate (MMA), and styrene (St), as comonomers to evaluate their reactivity in racial
polymerization and the thermal properties of the resulting biobased polymers as heat-resistant materials
with unique alicyclic skeletons originating from naturally occurring terpenoid molecules.

2. Results and Discussion

2.1. Radical Homopolymerization

Radical homopolymerizations of a series of terpenoid-derived exo-methylene 6-memered ring
conjugated dienes, p-Phe, (-)-HCvD, PtD, and (-)-VnD, which were obtained as previously
reported [63,64], were examined in toluene at 60 and 100 °C using 2,2"-azobisisobutyronitirle (AIBN)
and 2,2’-azobis(N-butyl-2-methylpropionamide) (VAm-110), respectively, as radical initiators (Table 1).
The polymerizations of all monomers at 60 °C were totally sluggish, resulting in a trace amount of
polymers with number-average molecular weights (My,) less than 10%. Upon increasing the temperature
to 100 °C, although the polymerizations were still slow, they visibly proceeded to result in soluble
polymers with relatively high molecular weights (M, > 10%) except for (-)-VnD, which resulted in only
low molecular weight oligomers (My, < 10%) at 60 and 100 °C. All size-exclusion chromatography (SEC)
curves of the obtained polymers showed unimodal shapes (Figure S1), suggesting that cross-linking
reactions with the unconjugated olefins formed in the polymer chains rarely occurred.
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Table 1. Radical polymerization of a series of terpenoid-derived exo-methylene 6-membered ring
conjugated dienes .

Entry Monomer Temp. (°C)  Conv. (%)?  Muy(SEC) ¢ My /My € 1,4-/1,2-4 Ty (°O) ¢
1 B3-Phe 60 2 3700 2.82 93/7 nd.f
2 B3-Phe 100 27 17,700 1.79 83/17 66
3 HCvD 60 0 10,800 3.03 >99/0 nd./
4 HCvD 100 32 34,400 1.89 >99/0 105
5 PtD 60 0 3200 247 >99/0 nd.f
6 PtD 100 29 10,700 1.69 >99/0 113
7 VnD 60 0 240 1.10 n.d. nd.f
8 VnD 100 2 300 1.15 n.d. nd.f

? Polymerization condition: [M]o/[radical initiator]y = 5000/30 mM in toluene at 60 (AIBN) or 100 °C (VAm-110),
reaction time = 280 h. ? Determined by TH NMR of reaction mixture. ¢ Determined by size-exclusion chromatography
(SEC). ¥ Determined by TH NMR of the obtained polymers. ¢ Determined by DSC./ Not determined.

The "H NMR spectra of the obtained polymers showed that the polymerization of (-)-HCvD and
PtD proceeded via regioselective 1,4-conjugated addition (Figure 1). There are no olefinic protons
at approximately 5-6 ppm for poly((—)-HCvD), whereas no methyl groups attached to olefins were
observed at approximately 1.5-2.0 ppm for poly(PtD). Furthermore, for poly(PtD), the peak intensity
ratios of methyl protons (0.6-1.0 ppm), which are attached to saturated carbons, to olefin (5.1-5.3 ppm)
protons were 8.9:1, indicating not only regioselective 1,4-conjugated addition but also no cross-linking
reactions. However, the 1,4-regioselectivity was not complete for poly([3-Phe), which consisted of 83/17
of 1,4-/1,2-units as estimated from the peak intensity ratios of the olefinic to alkyl protons, in contrast to
the complete 1,4-regioselective polymerization of 3-Phe via the cationic mechanism as briefly reported
previously [63].

The stereoregularity is another interesting issue of the obtained polymers. The poly((—)-HCvD)
obtained via radical polymerization of the chiral monomer was easily soluble in common organic
solvents, such as hexane and tetrahydrofuran, whereas an insoluble polymer in these solvents
was obtained via the regioselective and stereospecific cationic polymerization of the same chiral
monomer [64]. The 13C NMR spectrum of poly((—)-HCvD) obtained via the radical process showed a
larger number of peaks than that obtained in the cationic process, in which the chiral center attached to
the isopropyl group can dictate the stereospecificity at low temperature (Figure S2).

Thus, both regioselectivity and stereospecificity in the polymerizations of a series of
terpenoid-derived exo-methylene conjugated dienes were influenced by the propagating species,
among which the radical species resulted in lower selectivities due to the free radical propagating
species as well as the higher reaction temperature.

The thermal properties of poly(3-Phe), poly((-)-HCvD), and poly(PtD) obtained in radical
polymerization at 100 °C were evaluated by differential scanning calorimetry (DSC) (Figure S3).
The glass transition temperatures (Tg) were observed for all polymers. The Tgs of poly((—)-HCvD)
and poly(PtD) were approximately 110 °C due to the cyclic structures incorporated into the main
chain via regioselective 1,4-conjugation, whereas the Ty of poly((3-Phe) was 66 °C, which was lower
than that of poly(p-Phe) (T = 87 °C) obtained in cationic polymerization [63] due to the decreased
1,4-regioselectivity in radical polymerization. In addition, the poly((-)-HCvD) obtained in radical
polymerization showed a slightly lower Ty than that obtained in the cationic polymerization of
(=)-HCvD (Tg = 105 vs. 114 °C) and showed no melting peak due to the lack of stereospecificity in
radical polymerization [64].

These results show that a series of the exo-methylene 6-membered ring conjugated dienes are
slowly homopolymerized by radical species and that the regioselectivity and stereospecificity are lower
for some monomers than those in cationic polymerization.
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Figure 1. 'H NMR spectra (in CDCl3 at 55 °C) of poly(B-Phe) (A), poly((-)-HCvD) (B),
and poly(PtD) (C) obtained in the radical polymerization of the exo-methylene conjugated dienes:
[M]o/[VAm-110]y = 5000/30 mM in toluene at 100 °C.

2.2. Radical Copolymerization with Various Common Vinyl Monomers

A series of terpenoid-derived exo-methylene 6-membered ring conjugated dienes were then
copolymerized with various common vinyl monomers, such as MA, AN, MMA, and St, at a 1:1 feed
ratio in toluene at 60 °C using AIBN (Figure S4 and Table S1). Radical copolymerizations occurred in
almost all cases except for copolymerization with (=)-VnD, in which conversions of both (-)-VnD and
comonomers were very low and the obtained products were only oligomers (My, < 1 x 10%). Therefore,
(=)-VnD is only slightly reactive in radical homo- and copolymerization, probably because the bulky
structure with a bicyclic structure and a methyl group at the 4-position makes propagation very difficult
in the radical process. Although the other exo-methylene-conjugated dienes were all copolymerized,
the reactions at 60 °C were generally slow and resulted in polymers with relatively low molecular
weights (M, =1 x 103 -2 x 10%).

Therefore, the radical copolymerizations of 3-Phe, (-)-HCvD, and PtD with MA, AN, MMA,
and St at a 1:1 feed ratio were investigated at 100 °C in toluene using VAm-110 as the radical initiator
(Table 2 and Figure 2 and Figure S5). The polymerization rates, monomer conversion, and molecular
weight of the resulting copolymers (My, = 6 x 103 - 4 x 10*) were drastically improved, indicating that
a higher reaction temperature is favorable for not only homo- but also copolymerization of a series of
the exo-methylene 6-membered ring conjugated dienes.
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Table 2. Radical copolymerization of terpenoid-derived exo-methylene 6-membered ring conjugated
dienes (M;) and various common vinyl monomers (M) in toluene at 100 °C “.

Time  Conv.(%)? My Mi/M, Mi/M,

Entry M Mz Mi/M, (SEQ) € 14/1,2- (NMR) (Caled) ¢ nf r/
1 BPhe MA 9 38727 7900 8317 61/39 58/42 066 004
2 HGWD MA 20 144736 26,000 95/5 52/48 55/45 014 008
3 PD  MA 20 43735 23800 96/4 51/49 55/45 011 008
4 pPhe AN 40 51/45 14600 84/16 52/48 53/47 017 003
5 HGWD AN 10 44/50 42,100 95/5 53/47 47/53 009 003
6 PD AN 10 45/50 42,300 99/1 50/50 47/53 002 005
7 pPhe MMA 150 36/31 7800 89/11 60/40 54/46 068 009
8  HCWD MMA 50 44551 12,900 95/5 47/53 16/54 017 031
9 PD  MMA 120 55/62 13,500 >99/0 46/54 47/53 019 025
10 pPhe St 120 38129 6700 85/15 60/40 57/43 153 043
11 HGD St 100 10/54 19,000 95/5 4357 4357 040 109
12 PD st 50 29/35 10,900 >99/0 41/59 15/55 048 096

7 Polymerization condition: [M]o/[M2]o/[VAm-110]y = 1500/1500/30 mM in toluene at 100 °C. b Determined by H
NMR of reaction mixture. ¢ Determined by SEC. ¢ Determined by ' H NMR of the obtained polymers. ¢ Determined by
the monomer feed ratio and monomer conversion. / Determined by Kelen-Tiidés method for the copolymerizations
at varying monomer feed ratios.
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Time-conversion curves for the radical copolymerization of exo-methylene
6-memered-ring conjugated dienes with MA (A), AN (B), MMA (C), or St (D) as a comonomer:
[diene]p/[comonomer]y/[VAm-110]y = 1500/1500/30 in toluene at 100 °C.

In general, electron-deficient comonomers were suitable for copolymerization, where the reaction

rates, conversions, and molecular weights increased in the following order: AN > MA > MMA > St,

suggesting that these exo-methylene cyclic conjugated dienes are electron-rich monomers. Among the
cyclic conjugated dienes, (—)-HCvD and PtD showed similar reactivities, resulting in polymers with
similar molecular weights in all cases, while 3-Phe resulted in slower polymerizations and lower
molecular weights. However, the incorporation ratio of 3-Phe was generally greater than that of
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(=)-HCvD and PtD for any comonomer (Table 2). These results suggest that relatively high incorporation
of 3-Phe leads to a high probability of the 3-Phe-derived propagating radical species, by which the
propagation is slow to result in copolymers with relatively low molecular weights. More details on the
monomer reactivity ratio will be studied and discussed in the next section.

All the obtained copolymers were analyzed by 'H NMR to clarify the copolymer structures,
particularly regarding the incorporation ratio of comonomers and the regiospecificity of the diene
monomers during the copolymerizations (Figure 3, Figures S6-S8). For example, Figure 3 shows
spectra of a series of copolymers obtained with 3-Phe, (—)-HCvD, or PtD and MA. In addition to the
characteristic signals of the conjugated diene units, all the spectra showed additional signals of MA
units, including not only main-chain methylene and methine protons but also methyl ester protons (k).
In particular, olefinic protons (b) were observed at approximately 5-6 ppm for the copolymers of 3-Phe
or PtD (Figure 3A,C), although the peaks were slightly broader than those of the homopolymers of
(3-Phe or PtD (Figure 1A,C). In addition, almost no olefinic protons were observed for the copolymers of
(-)-HCvD (Figure 3B), indicating that the high 1,4-conjugated addition polymerization also proceeded
in the copolymerization. For the other various copolymers with AN, MMA, or St (Figures S6-S8), 3-Phe
or PtD olefinic protons were similarly observed at approximately 4-6 ppm, although the chemical
shifts were dependent on the comonomers. Furthermore, for the copolymers of (—)-HCvD with all
comonomers, almost no olefinic protons were observed.
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Figure 3. 'H NMR spectra (in CDCl; at 55 °C) of copolymers obtained in the radical copolymerization
of B-Phe (A), (-)-HCvD (B), or PtD (C) with MA: [diene]o/[MA]o/[VAM-110]y = 1500/1500/30 mM in
toluene at 100 °C.
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The incorporation ratios of the conjugated dienes (M;) and common vinyl monomers (M;)
were calculated by the peak intensity ratios of the diene and vinyl monomer units in the
TH NMR spectra. The incorporation ratios (M;/M(NMR)) obtained by NMR of the resulting
copolymers were close to the calculated values (M;/M;,(Calcd)) based on the feed ratio and monomer
conversions, indicating that the consumed monomers were efficiently incorporated into the copolymers.
Furthermore, the regioselectivities of the diene units were calculated by the olefinic protons and other
protons for all copolymers. The regioselectivities in the copolymers were basically the same as those
for the homopolymers. Namely, high 1,4-selectivity was attained for (—)-HCvD and PtD, whereas the
1,4-selectivity for 3-Phe was approximately 80%.

Thus, a series of terpenoid-derived exo-methylene 6-membered ring conjugated dienes are
efficiently copolymerized with various common vinyl monomers, including MA, AN, MMA, and St,
via mainly 1,4-conjugated additions resulting in copolymers with biobased monomer incorporation
ratios ranging from 40 to 60 mol% at a 1:1 feed ratio.

2.3. Monomer Reactivity Ratio

To further clarify the copolymerizability of a series of the exo-methylene 6-membered ring
conjugated dienes in radical copolymerizations, the monomer reactivity ratios were determined
by analyzing the comonomer compositions of the copolymers obtained in the initial stages (total
conversion < 10%) of the copolymerizations at various monomer feed ratios ([M;]g + [Mz]o = 5000
mM, [VAm-110]p = 30 mM in toluene at 100 °C). Figure 4 shows the copolymer composition curves,
in which the diene unit content in the resulting copolymers was plotted against the diene content in
the monomer feeds. The data were analyzed using the terminal model and were fitted well with the
solid lines obtained using the Kelen-Tiid6s method. The obtained r; and 7, values are summarized in
Table 2.

In general, all the plots and fitted curves for HCvD and PtD were close to each other, whereas those
for 3-Phe were located above the others, indicating that the incorporation of 3-Phe units in the resulting
copolymers was consistently greater than that of HCvD and PtD at the same feeds. Correspondingly,
the r1 values of 3-Phe were consistently larger than those of HCvD and PtD. In addition, the 7 values
of HCvD and PtD were relatively close. These results indicate that HCvD and PtD, which both undergo
selective 1,4-regioselective propagation, possess similar reactivities, while 3-Phe with a decreased
1,4-regioselectivity shows a higher copolymerizability than HCvD and PtD.

When focusing on the copolymerizations with electron-deficient comonomers (MA, AN,
and MMA), both r; and r, were less than 1, and in particular, those for HCvD and PtD with
AN were less than 0.1, indicating that alternating copolymerization predominantly occurs, as also
suggested by the almost constant plot for the various monomer feed ratios (Figure 4B). This is because
the exo-methylene-conjugated diene can be considered an electron-rich monomer, whereas AN is
the most electron-deficient monomer among the comonomers. For the copolymerizations with St,
the sequence of the copolymer is more random because both of the r values are relatively close to 1,
although both monomers are slightly more reactive than the other monomers.

When the r values of the exo-methylene cyclic conjugated dienes are compared with those of a
linear conjugated diene, such as butadiene (Bd), they are partially different. The r values, using Bd as
M; and the other common vinyl monomers as M, are 1.09 (MA), 0.36 (AN), 0.75 (MMA), and 1.44
(St) [70], which are greater than those of the exo-methylene cyclic conjugated dienes due to the low
homopolymerizability of the exo-methylene cyclic dienes most likely caused by the steric hindrance
around the exo-methylene group. In contrast, the r, values for comonomers M, with Bd as M;
are 0.07 (MA), 0.05 (AN), 0.25 (MMA), and 0.84 (St) [70], which are similar to those obtained in
copolymerizations with the exo-methylene cyclic conjugated dienes, indicating that the propagating
radical species derived from common comonomers can react with cyclic conjugated dienes with
reactivity similar to that of the Bd monomer.
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Thus, a series of terpenoid-derived exo-methylene 6-membered ring conjugated dienes possess
sufficiently high copolymerizability with various common vinyl monomers to be efficiently incorporated
into the polymer main chains via 1,4-conjugated additions, which results in cyclic structures in the
main chain of the copolymers.
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Figure 4. Copolymer composition curves for the radical copolymerization of terpenoid-derived
exo-methylene 6-membered-ring conjugated dienes as M; and MA (A), AN (B), MMA (C), or St (D) as
M; with VAm-110 obtained at varying monomer feed ratios ([M; Jo/[M2]o = 1/9, 1/3, 1/1, 3/1, 9/1): ([M1]o
+ [M3]p)/[VAm-110], = 5000/30 mM in toluene at 100 °C. The solid lines were fitted by the Kelen-Tiidos
method for the terminal model (see 1 and r, values in Table 2).

2.4. Thermal Properties of Copolymers

The thermal properties of the various obtained copolymers were evaluated by DSC (Figure 5).
All the obtained copolymers showed their characteristic Tgs. For the copolymers of MA, the Tg values
were much higher than that of the homopolymer of MA (Tg ~ 10 °C) [70] due to the incorporated
terpenoid-derived alicyclic structure, and the T values ranged from 50 to 80 °C depending on the
structure of the cyclic conjugated dienes. Furthermore, the Ty values of the copolymers of MMA,
AN, and St with (-)-HCvD and PtD were approximately 100 °C, which is similar to the T values
of the homopolymers, indicating that the biobased units can be introduced into common vinyl
polymers without losing their good thermal properties. This could be a unique benefit of the biobased
exo-methylene 6-membered ring conjugated dienes as comonomers for MMA, AN, and St, in contrast
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to linear olefins and dienes, which generally have lower Tgs due to the soft hydrocarbon units. Thus,
terpenoid-derived alicyclic exo-methylene conjugated dienes are promising monomers as novel rigid
hydrocarbon units that can be introduced at a high incorporation ratio in radical copolymerization.

m
O]

Poly(Diene-co-AN)
M, = 8400 T,=71°C NJ\GM M, = 15500
( nim = 58/42 5.Pho nim = 53/47

(A) (B)

\
</§
sl
TR
—0O
O3
\
</§
o)
8

Poly(Diene-co-MA)
T,=51°C

o

p-Phe

/

4 °C CvD

0 °C

M, = 76600
n/m=51/49

M, = 36000

HCvD
v n/m = 53/47

PtD

94 °C
M, = 24000 M, = 44500
n/m=51/49 n/m = 47/53
20 40 60 80 100120

80°C pip

Endotherm

Endotherm

£ f
U

20 40 60 80 100120

Temperature (°C) Temperature (°C)
(D)

©) co co

m

=

3

n

=

Poly(Diene-co-MMA) Poly(Dlene-co-St)
M, = 11300 —68°C

_ M, = 6700
n/m=61/39 B-Phe

n/m =60/40

/

T

3=67°

|

p-Phe

M, = 38400 CVD

nlm = 47/53

M, =19000

HCvD nim = 43/57

106 °C

Endotherm

l

83

Endotherm

PtD
101°C

!
W

M, = 25800 8 M, = 10900
n/m = 49/51 n/m = 41/59
20 40 60 80 100120 20 40 60 80 100120

Temperature (°C) Temperature (°C)

Figure 5. Differential scanning calorimetry (DSC) curves of copolymers obtained in the radical
copolymerization of terpenoid-derived exo-methylene 6-membered ring conjugated dienes with MA
(A), AN (B), MMA (C), and St (D).

2.5. Reversible Addition Fragmentation Chain-Transfer (RAFT) Copolymerization of (-)-HCuvD and Various
Common Vinyl Monomers

To control the copolymerization for precision synthesis of the novel biobased polymers, the RAFT
copolymerization of (-)-HCvD and various common vinyl monomers (MA, MMA, AN, and St) was
investigated at a 1:1 feed ratio using S-cumyl-S’-butyl trithiocarbonate (CBTC) as the RAFT agent
and VAm-110 as the radical initiator in toluene at 100 °C (Figure 6 and Figure S9). In all cases,
the copolymerizations proceeded smoothly even in the presence of the RAFT agent at conversion ratios
similar to those in radical copolymerization without the RAFT agent (Figure S9).
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Figure 6. (A) My, My/Mny, and (B) SEC curves of the copolymers obtained in the RAFT copolymerization
of (-)-HCvD with various common vinyl monomers (My): [(=)-HCvD]y/[M]o/[CBTC]y/[VAmM-110]y =
1500/1500/30/10 mM in toluene at 100 °C.

The M, values of the resulting copolymers increased in direct proportion to total monomer
conversion in all cases and were close to the calculated values assuming that one molecule of CBTC
generates one polymer chain (Figure 6A). In addition, as the polymerization proceeded, the SEC
curves shifted to higher molecular weights while maintaining relatively narrow molecular weight
distributions (Mw/Mn = 1.2-1.5) (Figure 6B).

The 'H NMR spectra (Figure S10) of the copolymers obtained in the RAFT copolymerization
showed similar large absorptions originating from the terpenoid-based cyclic conjugated dienes and
common vinyl monomer units and small signals of both the «- and w-terminals derived from the
RAFT agent, for which signals at 7.3-7.4 and 3.3-3.4 ppm can be attributed to the aromatic and
methylene protons originating from CBTC, respectively. The incorporations of (—)-HCvD units into
the copolymers were similarly calculated by the peak intensity ratios and were almost the same as
those for the copolymers obtained in radical copolymerization without the RAFT agent. The M, values
calculated from the peak intensity ratios of the «- and w-RAFT terminals to the repeating units were
close to both M;,(SEC) and My (Caled), suggesting that one CBTC molecule generates one polymer chain.
These results indicate that CBTC is suitable for controlling the RAFT copolymerization of (-)-HCvD
and various common vinyl monomers to produce copolymers with controlled molecular weights and
chain-end groups, which can be used for synthesis of the novel biobased functional polymers.

3. Materials and Methods

3.1. Materials

Toluene (KANTO, >99.5%; H,O < 10 ppm) and tetrahydrofuran (THF) (KANTO, >99.5%;
H,O < 0.001%) was dried and deoxygenized by passage through Glass Contour Solvent Systems
columns before use. (Methyl)triphenylphosphonium bromide (KANTO, >98%) and potassium
tert-butoxide (Tokyo Chemical Industry, >97%) were used as received. Piperitone (mixture of
enantiomers, predominantly (R)-form, Tokyo Chemical Industry, >94%), angelica seed oil (Aldrich,
containing approximately 80% p-phellandrene), methyl acrylate (MA) (Tokyo Chemical Industry,
>99%), acrylonitrile (AN) (Tokyo Chemical Industry, >99%), methyl methacrylate (MMA) (Tokyo
Chemical Industry, >98%), styrene (St) (Kishida, 99.5%), and 1,2,3,4-tetrahydronaphthalene (Wako,
97%) were distilled under reduced pressure before use. (—)-Verbenone (Tokyo Chemical Industry,
>95%) was purified by column chromatography on silica gel with n-hexane/ethyl acetate (6/4) as
the eluent to result in the pure compound (>99%). N-Cyclohexylmaleimide (Aldrich, 97%) was
purified by recrystallization from toluene. 2,2’-Azobisisobutyronitirle (AIBN) (Kishida, >99%) and
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2,2"-azobis(N-butyl-2-methylpropionamide) (VAm-110) (Wako, >95%) were purified by recrystallization
from methanol and hexane. (-)-HCvD [63] and S-cumyl-S’-butyl trithiocarbonate (CBTC) [71] were
synthesized according to the literature.

3.2. Purification of B-Phellandrene (B-Phe)

{3-Phellandrene ((3-Phe) was obtained from angelica seed oil. N-Cyclohexylmaleimide (24.3 g, 0.14
mol) was added to distilled angelica seed oil (75.9 g), which contained (3-Phe (92%) and a small amount
of linear and cisoid-conjugated dienes, such as myrcene and a-phellandrene as impurities, and the
linear and cisoid compounds were removed using the Diels-Alder reaction. The reaction mixture was
stirred at 90 °C for 1 h. After cooling the reaction mixture to 0 °C for quenching, the crude product
was purified by column chromatography on silica gel with n-hexane as the eluent to yield 3-Phe with
a higher purity (27 g, 35% yield, 99% purity). Further purification was conducted by distillation to
produce a colorless B-Phe oil (14 g, 19% yield, >99% purity, bp 65 °C/2700 Pa. [«]p? = +27°).

3.3. Synthesis of (-)-VnD

(-)-VnD was prepared by the Wittig reaction of purified (-)-verbenone.
(Methyl)triphenylphosphonium bromide (140.2 g, 0.392 mol) was suspended in dry THF
(700 mL) at 0 °C in a three-necked 2 L round-bottom flask equipped with three-way stopcocks.
Potassium tert-butoxide (44.1 g, 0.392 mol) was added resulting in a yellow suspension. After 30 min,
(=)-verbenone (40 mL, 0.261 mol) was added to the yellow suspension resulting in an orange product,
and the reaction mixture was stirred at room temperature. After 16 h, the conversion of verbenone
reached >99% by 'H NMR. Then, water (400 mL) was added to quench the reaction. The organic
layer was concentrated by rotary evaporation. Hexane (300 mL) was added to the obtained residue.
After the mixture was filtered to remove the precipitated triphenylphosphine oxide, the obtained
solution was concentrated. The obtained residue was similarly treated again to yield the crude
(=)-VnD product (32.1 g, 82% yield). Further purification was conducted by distillation to produce
a colorless oil of pure (=)-VnD (28.9 g, 74% yield, >99% purity, bp 55 °C/1600 Pa, [«]p? = —44°).
'H NMR (CDCl, r.t.): & 0.82 (s, 3H, CHj), 1.35 (s, 3H, CH3), 1.43-1,46 (d, 1H, CH,), 1.78 (s, 3H,
CH,=C-CH=C-CH3), 2.09-2.12 (t, 1H, CH,=C-CH=C-CH), 2.48-2.53 (m, 1H, CH,), 2.58-2.61 (s, 1H,
CH,=C(CH)-CH=C), 4.56 (s, 2H, CH,=C-CH=C), 5.77 (s, 1H, CH,=C-CH=C). 3C NMR (CDCl3, r.t.): &
21.9 (CH3), 22.9 (CH,=C-CH=C-CH3), 26.3 (CH3), 35.5 (CH>), 43.6 (C(CH3),), 48.3 (CH,=C-CH=C-CH),
51.4 (CH,=C(CH)-CH=C), 104.9 (CH,=C-CH=C), 121.0 (CH,=C-CH=C), 147.8 (CH,=C-CH=C), 149.7
(CH,=C-CH=C). 1H, 13C, COSY, and HMQC NMR spectra are shown in Figures S11-513.

3.4. Synthesis of PtD

PtD was prepared by the Wittig reaction of distilled piperitone. (Methyl)triphenylphosphonium
bromide (131.6 g, 0.369 mol) was suspended in dry THF (700 mL) at 0 °C in a three-necked 2 L
round-bottom flask equipped with three-way stopcocks. Potassium tert-butoxide (41.3 g, 0.369 mol)
was added to the suspension resulting in a yellow suspension. After 30 min, piperitone (40 mL, 0.246
mol) was added to the yellow suspension to produce an orange product, and the reaction mixture
was stirred at room temperature. After 16 h, the conversion of piperitone reached >99% by 'H NMR.
Then, water (400 mL) was added to quench the reaction. The organic layer was concentrated by
rotary evaporation. Hexane (300 mL) was added to the obtained residue. After the mixture was
filtered to remove the precipitated triphenylphosphine oxide, the obtained solution was concentrated.
The crude product after the Wittig reaction (30.3 g, 82% yield, 81% purity) was purified by column
chromatography on silica gel with n-hexane as the eluent to yield the product with a higher purity
(19.9 g, 36% yield, 94% purity). Further purification was conducted by distillation to produce the
colorless PtD oil (16.1 g, 29% yield, 95% purity, bp 70 °C/1600 Pa, [«]p? = +16°). 'TH NMR (CDCl;,
r.t.): § 0.88-0.92 (dd, 6H, cy-CH(CH3),), 1.62-1.71 (m, 2H, CH(iPr)-CH,-CH>, cy-CH(CH3),), 1.73 (s,
3H, CH,=C-CH=C-CH3), 1.78-1.94 (m, 3H, CH(iPr)-CH,-CH,, CH(iPr)-CH,-CH,, CH(iPr)-CH,-CH,),
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2.03-2.19 (m, 1H, CH(iPr)-CH,-CH,), 4.63 (s, 1H, trans, CH,=C-CH=C), 4.74 (s, 1H, cis, CH,=C-CH=C),
5.85 (s, 1H, CH,=C-CH=C). 3C NMR (CDCl3, r.t.): & 19.9 (cy-CH(CH3),), 21.9 (cy-CH(CH3),),
23.6 (CH,=C-CH=C-CH3), 24.7 (CH(iPr)-CH,-CH,), 27.0 (cy-CH(CH3),), 27.7 (CH(iPr)-CH,-CH,),
46.2 (CH(iPr)-CH,-CHy), 109.4 (CH,=C-CH=C), 125.1 (CH,=C-CH=C), 137.6 (CH,=C-CH=C), 146.4
(CH,=C-CH=C). 'H, 13C, COSY, and HMQC NMR spectra are shown in Figures S11, S14, and S15.

3.5. RAFT Copolymerization

RAFT copolymerization was carried out using the syringe technique under dry nitrogen in sealed
glass tubes. A typical example for (-)-HCvD and MA copolymerization with CBTC and VAm-110
in toluene is given below. (-)-HCvD (0.60 mL, 3.3 mmol), MA (0.30 mL, 3.3 mmol), CBTC (0.13 mL,
508 mM solution in toluene, 0.066 mmol), and VAm-110 (1.19 mL of 18.6 mM solution in toluene,
0.022 mmol) were placed in a baked 25 mL graduated Schlenk flask equipped with a three-way stopcock
at room temperature. The total volume of the reaction mixture was 2.2 mL. Immediately after mixing,
aliquots (0.4 mL each) of the solution were distributed via syringe into baked glass tubes, which were
then sealed by flame in a nitrogen atmosphere. The tubes were immersed in a thermostatic oil bath
at 100 °C. At predetermined intervals, the polymerization was terminated by cooling the reaction
mixtures to =78 °C. The monomer conversion was determined from the concentration of residual
monomer measured by 'H NMR with toluene as an internal standard (20 h, 32% for (—)-HCvD and 26%
for MA). The quenched reaction solutions were evaporated to dryness to give the product copolymer
(Mp = 3100, My/My, = 1.24).

3.6. Measurements

The "H NMR spectra for the monomer conversion and product polymer were recorded on a
JEOL ECS-400 spectrometer operating at 400 MHz. The number-average molecular weight (Mp)
and molecular weight distribution (My/My) of the product polymer were determined by SEC in
THF at 40 °C on two polystyrene gel columns (Tosoh Multipore Hy;-M (7.8 mm i.d. x 30 cm) X
2; flow rate: 1.0 mL/min) connected to a JASCO PU-2080 precision pump and a JASCO RI-2031
detector. The columns were calibrated with standard polystyrene samples (Agilent Technologies;
M = 580-3,242,000, My/Mp = 1.02-1.23). The glass transition temperature (Tg) of the polymers was
recorded on a Q200 differential scanning calorimeter (TA Instruments, Inc.). Samples were first heated
to 150 °C at 10 °C/min, equilibrated at this temperature for 10 min, and cooled to 0 °C at 5 °C/min.
After being held at this temperature for 5 min, the samples were then reheated to 200 °C at 10 °C/min.
All Tg values were obtained from the second scan after removing the thermal history.

4. Conclusions

In conclusion, radical polymerizations of a series of terpenoid-derived exo-methylene 6-membered
ring conjugated dienes were investigated with the aim of developing novel biobased polymeric
materials. Although their reactivities for homopolymerization in radical processes were lower than
those in cationic processes, copolymerizations with various common vinyl monomers efficiently
occurred, resulting in unique biobased copolymers. The substituents on the 6-membered ring of
exo-methylene conjugated dienes affected the regiospecificity and monomer reactivity. The obtained
copolymers contained relatively high biobased units, ranging from 40 to 60 mol% even at a 1:1 feed
ratio, and the glass transition temperatures were comparable to those of the homopolymers obtained
from common vinyl monomers. In addition, biobased units can be incorporated into copolymers in a
controlled fashion via the RAFT process. We believe that these exo-methylene-conjugated dienes can be
new building blocks to synthesize copolymers with terpenoid-derived alicyclic structures, which serve
as hydrocarbon units with good thermal properties.
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Supplementary Materials: The following are available online Figure S1. SEC curves of the homopolymers obtained
in the radical polymerization of 3-Phe, (-)-HCvD, and PtD: [M]y/[VAm-110]y = 5000/30 mM in toluene at 100 °C;
Figure S2. 13C NMR spectra (in C;D,Cly at 100 °C) of poly((-)-HCvD) obtained in the cationic (A) and radical (B)
polymerization: [(-)-HCvD]y/[CEVE-HCl]y/[SnCly]o/[BugNCl]g = 100/1.0/5.0/4.0 mM in toluene/CH,Cl, (50/50 vol%)
at -78 °C (Mp(Caled) = 15,200) (A) or [(-)-HCvD]y/[VAm-110]y = 5000/30 mM in toluene at 100 °C (B); Figure S3.
Differential scanning calorimetry (DSC) curves of poly(f3-Phe), poly((-)-HCvD), and poly(PtD) obtained in the radical
polymerization: [M]y/[VAm-110]y = 5000/30 mM in toluene at 100 °C; Figure S4. Time-conversion curves for the
radical copolymerization of terpenoid-derived exo-methylene 6-membered ring conjugated dienes with MA (A), AN
(B), MMA (C), and St (D) as a comonomer: [diene]y/[comonomer]y/[AIBN]; = 1500/1500/30 mM in toluene at 60 °C;
Figure S5. SEC curves of the copolymers obtained in the radical copolymerization of terpenoid-derived exo-methylene
6-membered-ring conjugated dienes (M;) with various common vinyl monomers (My): [M;]o/[M2]o/[VAm-110], =
1500/1500/30 mM in toluene at 100 °C; Figure S6. 'H NMR spectra (in CDCl; at 55 °C) of copolymers obtained in the
radical copolymerization of 3-Phe (A), (-)-HCvD (B), or PtD (C) with AN: [diene]y/[AN]y/[VAm-110]y = 1500/1500/30
mM in toluene at 100 °C; Figure S7. "H NMR spectra (in CDCls at 55 °C) of copolymers obtained in the radical
copolymerization of 3-Phe (A), (-)-HCvD (B), or PtD (C) with MMA: [diene]o/[MMA]y/[VAm-110]y = 1500/1500/30
mM in toluene at 100 °C; Figure S8. "H NMR spectra (in CDCl; at 55 °C) of copolymers obtained in the radical
copolymerization of 3-Phe (A), (-)-HCvD (B), or PtD (C) with St: [diene]o/[St]o/[VAm-110]y = 1500/1500/30 mM in toluene
at 100 °C; Figure S9. Time-conversion curves for the RAFT copolymerization of (-)-HCvD with MA (A), AN (B), MMA
(C), and St (D) as a comonomer: [(-)-HCvD]y/[comonomer]y/[CBTC]y/[VAm-110]y = 1500/1500/30/10 mM in toluene at
100 °C; Figure S10. "H NMR spectra (in CDCl3 at 55 °C) of copolymers obtained in the RAFT copolymerization of
(-)-HCvD with MA (A), AN (B), MMA (C), or St (D) as a comonomer: [(-)-HCvD]y/[comonomer]y/[CBTC]y/[VAm-110],
= 1500/1500/30/10 mM in toluene at 100 °C; Figure S11. THNMR spectra of (-)-VnD (A) and PtD (B) in CDCl3 at 25 °C;
Figure $12. 13C NMR and DEPT spectra of (-)-VnD in CDCl; at 25 °C; Figure S13. "H-'"H COSY and HMQC spectra of
(-)-VnD in CDCl; at 25 °C; Figure S14. '3C NMR and DEPT spectra of PtD in CDCl; at 25 °C; Figure S15. 'H-'H COSY
and HMQC spectra of PtD in CDCl; at 25 °C; Table S1. Radical copolymerization of terpenoid-derived exo-methylene
6-membered ring conjugated dienes (M;) and various common vinyl monomers (M) in toluene at 60 °C.
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Abstract: Lactic acid is one of the key biobased chemical building blocks, given its readily
availability from sugars through fermentation and facile conversion into a range of important
chemical intermediates and polymers. Herein, well-defined rubbery polymers derived from butyl
lactate solvent were successfully prepared by reversible addition—fragmentation chain transfer (RAFT)
polymerization of the corresponding monomeric acrylic derivative. Good control over molecular
weight and molecular weight distribution was achieved in bulk using either monofunctional or
bifunctional trithiocarbonate-type chain transfer agents. Subsequently, poly(butyl lactate acrylate),
with a relative low Tg (=20 °C), good thermal stability (5% wt. loss at 340 °C) and low toxicity
was evaluated as a sustainable middle block in all-acrylic ABA copolymers using isosorbide and
vanillin-derived glassy polyacrylates as representative end blocks. Thermal, morphological and
mechanical properties of copolymers containing hard segment contents of <20 wt% were evaluated
to demonstrate the suitability of rubbery poly(alkyl lactate) building blocks for developing functional
sustainable materials. Noteworthy, 180° peel adhesion measurements showed that the synthesized
biosourced all-acrylic ABA copolymers possess competitive performance when compared with
commercial pressure-sensitive tapes.

Keywords: block copolymers; renewable resources; RAFT; alkyl lactate; PSA

1. Introduction

Nature uses molecular self-assembly to create precision nanostructures and build large constructs
through hierarchical assembly [1,2]. Inspired by these motifs, considerable efforts have been undertaken
to recreate such concepts using synthetic block copolymers fashioned from two or more chemically
dissimilar components that are covalently-bonded into a single molecule [3]. Linear ABA block
copolymers with a soft middle block and hard minority end blocks are of high utility and interest
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for a wide variety of applications, ranging from adhesives to clothing, automotive and biomedical
components due to their remarkable (re)processable structures [4]. Among them, all-acrylic systems offer
advantages to the current gold-standard systems based on poly(styrene-block-isoprene-block-styrene)
and poly(styrene-block-butadiene-block-styrene) copolymers, in terms of wider service temperature
range, improved optical transparency and stability to UV light [5,6]. In addition, acrylate-based
triblocks may exhibit excellent performance as pressure-sensitive adhesives (PSAs), even without the
incorporation of additives such as tackifiers and plastisizers [7].

Making the most of reversible deactivation radical polymerizations techniques [8], the rich
assortment of (meth)acrylate monomers from biosourced feedstocks offers an attractive palette of
rubbery and glassy polymers for the design of innovative sustainable all-acrylic ABA-type thermoplastic
elastomers (TPEs) with competitive properties. For instance, poly(lauryl methacrylate) (Tg ~ —46 °C)
as the rubbery segment and poly(acetylsalicylic ethyl metacrylate) (Tg ~ 53 °C) as the glassy segment
were combined to build up ABA copolymer architectures exhibiting elastomeric behavior at room
temperature [9]. Biosourced acrylic monomers derived from glucose [10], isosorbide [11], itaconic acid
imides [12] and rosin [13], as well as aromatic lignin derivatives [14], have been shown to provide useful
glassy components for developing sustainable elastomeric and adhesive materials based on ABA block
copolymers. In most of these studies, poly(butyl acrylate) (Tg ~ =50 °C) was chosen as the rubbery
midblock, since it is a conventional component of acrylic ABA copolymers with tunable properties
according to block lengths and molecular composition. Although it is feasible to derive nBA from
bio-sourced acrylic acid and butan-1-ol [15], the search for alternative rubbery blocks from biobased
feedstocks represents a key step forward towards improving the material’s sustainability. In this regard,
fatty acids acrylic derivatives [16], dialkyl itaconates [12] and tetrahydrogeraniol derivatives [17] are
only selected examples on how to create renewable triblock copolymers with biobased soft phase
without compromising performance.

Lactic acid is one of the top value added biomass derived platform chemicals, given its
ready availability from sugars through fermentation and its facile conversion into a number of
important derivatives [18-20]. Among them, polylactide (PLA), most commonly synthesized by the
ring-opening polymerization of the cyclic dimer of lactic acid, is a good alternative replacement for the
traditional petroleum-sourced polystyrene glassy end-blocks in ABA TPEs, due to their high modulus
characteristics [21]. The potential of alkyl lactate esters, e.g., methyl, ethyl and butyl, goes beyond
their well-recognized use as eco-friendly solvents [22], as their secondary alcohol offers a simple access
to monovinyl derivatives prone to polymerization by radical mechanisms [23-26]. In this regard,
our group reported that poly(alkyl lactate ester) (meth)acrylates with controlled molecular weight,
narrow molecular weight distribution and high end-group fidelity are also easily accessible by Cu(0)
wire-mediated single-electron transfer living radical polymerization (SET-LRP) [27,28]. In a more recent
effort, the different water solubility of poly(ethyl lactate acrylate)s (hydrophobic and water-insoluble)
and poly(N,N-dimethyl lactamide acrylate) (hydrophilic and water-soluble) was exploited to design
amphiphilic AB block copolymers from neoteric lactic acid-based solvents, i.e., ethyl lactate and
N,N-dimethyl lactamide, that could self-assemble in aqueous solution to form nanoparticles with
different morphologies including large-compound micelles and vesicles [29].

Herein, we report on the preparation of all-acrylic ABA copolymers with a lactic acid acrylic
derivative as an elastomeric building block. A biobased acrylic monomer, L-butyllactate acrylate (BuLA),
has been synthesized from the corresponding alkyl lactate, which is used as a solvent and a dairy-related
flavoring agent approved as a food additive by the US Food and Drug Administration. This monomer
was conceived to impart a lactic acid-based sustainable soft segment into ABA-type block copolymers.
RAFT polymerization of the BuLA monomer allowed the preparation of fine-tuned all-acrylic triblock
copolymers combining soft poly(BuLA) segments with isosorbide and vanillin-derived glassy end
blocks. The ABA architecture were investigated for the fidelity of phase-separation in the bulk,
and were initially examined for their mechanical and adhesion properties. The results reported here
demonstrate that biosourced and non-toxic acrylic derivatives of alkyl lactate esters can complement

24



Molecules 2020, 25, 5740

the classic alkyl acrylate palette for developing sustainable materials with assembly properties that can
be utilized in a wide variety of applications.

2. Results and Discussion

2.1. BuLA Monomer Synthesis and RAFT Polymerization Model Studies

As reported in previous publications, alkyl lactate solvents are appealing chemicals to prepare
biorenewable acrylic/methacrylic polymers [23-29]. Here, BuLA was prepared from r-butyl lactate
(BuL) by acylation with acryloyl chloride in the presence of base using a solvent with low environmental
impact such as Me-THF (Figure 1). After vacuum distillation in the presence of hydroquinone to
minimize polymer formation, BuLA was isolated as a colorless liquid in high yield (75%). The structure
of BULA was verified by NMR spectroscopy. Figure 2a shows 'H NMR spectrum of BuLA, in which
the three acrylic protons appear between 6.5 and 5.8 ppm. The characteristic BuL. methine proton
[CH(CH3)O], at around 4.3 ppm, shifted to 5.6 ppm after the formation of the ester group. The 13C NMR
spectrum was also consistent with that expected for BuLA (see experimental section).
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Figure 1. Synthesis of BuLA from biorenewable BuL solvent and their bulk reversible addition—
fragmentation chain transfer (RAFT) polymerization using a monofunctional chain transfer agent
(CTA), namely 2-(dodecylthiocarbonothioylthio)propionic acid (DTPA) to yield PBuLA-Z.

After monomer synthesis, we investigated its controlled polymerization by using the RAFT
technique, on account of its ability to form polymers with predicted molecular weight and
relatively low molecular weight distribution (MWD) in a green fashion [30]. Figure 1 depicts
the RAFT polymerization of BuLA at 70 °C in bulk, using 2,2’-azobisisobutyronitrile (AIBN) and
2-(dodecylthiocarbonothioylthio)propionic acid (DTPA) as radical initiator and chain transfer agent
(CTA), respectively. A series of polymerizations were conducted at different [BuLA]y/[DTPA], ratios
(50 to 400) to target various polymer chain lengths. PBuLAs grown in one direction, defined as
PBuLA-Z, with polydispersity (M/My) ranging from 1.22-1.27 and gel permeation chromatography
(GPC)-determined molecular weight (M, cpc) as high as M,, cpc = 80,300 g/mol could be obtained
after 2 h (Figure 3a). In all cases, the bulk RAFT process proceeded to high monomer conversions
(>90%) and yielding polymers with M, gpc close to the theoretical values (M, ), calculated from
monomer conversion assuming complete consumption of CTA. The small discrepancy in the My, gpc
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and M, 4, data may be attributed to differences in hydrodynamic volume between PBuLA-Z and
PMMA standards used for calibration.
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Figure 2. 'H NMR spectra of (a) BuLA and (b) PBuLA-Z (My, gpc = 10,900, My,/Mp = 1.24) in CDCl3.
H NMR resonances from “grease” impurities are indicated with *.

As a representative example, purified low molar mass PBuLA-Z prepared at degree of
polymerization (DP) of 50 (M, gpc = 10,900 Da, My/M, = 1.24) was characterized by 'H NMR
(Figure 2b). After polymerization, the olefinic protons, i.e., 5.8-6.5 ppm, in the BuLA monomer were
incorporated into the backbone of the new vinylic polymer (i.e., 1.9-3.0 ppm). Moreover, the peak at ~
3.3 ppm, attributed to the CH;-S protons of RAFT CTA groups located at the w-chain end of the polymer,
supports the “livingness” of the synthesized polymer. Next step, we further investigated the kinetics of
the polymerization ata DP of 200. As can be seen in Figure 3b (left panel), after a 10 min induction period
attributed to the difficulty in deoxygenating a highly viscous reaction mixture, the polymerization
achieved ~ 90% conversion in less than 1 h. The linear evolution of In[M]y/[M] versus reaction time
suggested a constant concentration of active species throughout the entire RAFT process. Moreover,
as expected for a controlled polymerization, molecular weights increased linearly with conversion
retaining narrow MWD (M,,/My, = 1.25) even at high values (right panel). Prior to conducting block
copolymerization studies, we evaluated the cytotoxic effect of PBuLA-Z RAFT homopolymer by
treating HeLa, HT-29 and MIA-Pa-Ca-2 cell lines with different doses of the homopolymer dissolved in
the culture medium (Figure 4). Figure 4a depicts the CellTiter plates for different concentrations of
PBuLA-Z (My, gpc = 11,000 Da, My,/Mp = 1.23) for HeLa cells culture. CellTiter colorimetric assay was
used for determining cell viability and cellular proliferation after the addition of test RAFT polymer.
This assay determines the number of viable cells due to the bioreduction of the MTS tetrazolium
compound (Owen’s reagent) into a colored formazan product accomplished by NADPH or NADH
produced by dehydrogenase enzymes in metabolically active cells. Therefore, color formation can be
a useful marker of viable cells. Notably, the cytotoxicity analysis using the CellTiter assay showed
that 24 h exposure of the cells to up to 100 mg~mL‘1 at 37 °C did not reduce cell viability. Hence,
these results further support the use of PBuLA polymers as a soft and hydrophobic building block in
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well-defined copolymer synthesis employed in a wide range of applications, including biomedical
devices and adhesives [31].
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Figure 3. Bulk RAFT polymerization of BuLA with DTPA at 70 °C. (a) GPC traces of PBuLA-Z
prepared at different degrees of polymerization (DPs), ranging from 50 to 400. The inset contains
M th, M Gpc, Mw/Mp, and monomer conversion values; and (b) evolution of monomer conversion
and semilogarithmic kinetic plot of In([M]o/[M]) versus time (left panel) and evolution of experimental
M, gpc and My, /My, based on the calibration by PMMA standards, with the monomer conversion
(right panel). Reaction conditions for (b): BuLA = 1 mL, [BuLA]y/[DTPA]y/[AIBN], = 200/1/0.1 at 70 °C.
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Figure 4. (a) The plates for cytotoxic assays of PBuLA-Z (M, gpc = 11,000 Da, My /My = 1.23) tested in
Hela cells; and (b) CellTiter cell viability assay results for the same polymer at different concentrations
assessed in HeLa, MIA-Pa-Ca-2 and HT-29 cell lines.
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2.2. Bifunctional PBuLA-2Z macro-CTA via bulk RAFT Polymerization

With the final goal to prepare ABA block copolymers with PBuLA as the soft middle block,
we used a commercially available bifunctional CTA, namely 3,5-bis(2-dodecylthiocarbonothioylthio-1-
oxopropoxy)benzoic acid (BTCBA), to prepare bifunctional PBuLA macroCTAs (defined as PBuLA-2Z)
through divergent RAFT polymerization of BuLA at 70 °C in bulk (see first reaction step in Figure 5a).

(a) COOH

AIBN, bulk, 70 °C

/_/_

0
z_s
T o
S n
"%
o
d

COOH
QS
OW‘S\EZ
o 0
o

"

poly(BuLA)-2Z
BuLA (PBULA-22)
COOH
o
o o
z__s /@ 8k Z VLOR
\gr m] W © ° AR \g/ AM2
b0 o Ord © AlBN,;)ol(a:rclean
,S:o 022_
/_/_ ’ 0_\_\
poly(M2-b-BuLA-b-M)
(PM2-PBuLA-PM2)
(b) AM2 PM2-PBuLA-PM2 Code
COOH
g/: 0 0
o z__s - o s._z
LN S oA oA " s et Paged” s,
7~ H
(LZ o of . 3: =8— 50 poly(IA-b-BuLA-b-1A)
ok oJ< C Ry o o FS—Z 0 (PIA-PBULA-PIA)
1A )0 /_f ° 0\_€ o

S 1

Figure 5. (a) Two-step RAFT synthesis of ABA block copolymers with lactic acid-based middle block
using AM2 monomer to build up end blocks and BTCBA as a CTA. (b) Chemical structures of AM2
acrylic monomers (IA and VA) and ABA block copolymers (PIA-PBuLA-PIA and PVA-PBuLA-PVA)

studied herein.

Initially, we targeted a low molar mass polymer (DP = 50, M, g, = 10,830 grmol~!) to collect
structural information about the “livingness” of the system when performing divergent chain growth.
Under these conditions, the RAFT polymerization of BuLA achieved 99% monomer conversion in 2 h.
BTCPA controlled the polymerization of BuLA and yielded PBuLA-2Z macroinitiator with My, gpc
of 10,500 and M/Mp, of 1.24 (Supplementary Materials Figure S1). 'H NMR analysis of the isolated
polymer clearly revealed the presence of CTA residues at both the polymer core and chain ends, e.g.,
signals 7.68 and 7.13 ppm for aryl mid group protons and 3.33 ppm for the « methylene protons of the
trithiocarbonate end groups (Figure 6). Hence, the ratio of integration of these signals to the methylene
(CH;,-O) peak of the butyl lactate repeating units enabled to determine My, xvr (11,200 g~m01’1) which
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was in good agreement with M, 4, and M, cpc (11,700 g~mol‘1 and 11,000 g~mol‘1, respectively).
Note that the M, nvr Was only about 5% above My, . Thus, within the experimental error of TH NMR
measurement, these results support good control of the bulk RAFT polymerization. Next, we pushed
this polymerization system to higher DPs (100-400) under strictly identical reaction conditions, as higher
molar mass polymers are required to prepare ABAs with competitive performance. Also in this case,
high conversions (>90%) were achieved.
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Figure 6. 'H NMR spectrum PBuLA-2Z (Mn,Gpc = 10,900, My /Mn = 1.24) in CDCl3. TH NMR resonances
from “grease” impurities and residual solvents are indicated with *.

As shown in Figure 7a, the successful synthesis of PBuLA-2Z macro-CTAs with molecular weight
as high as M, gpc = 78,150 g~mol_1 was demonstrated by unimodal GPC traces and My, gpc values very
close to the theoretical values and narrow M,,/Mj values (<1.25). Good candidates for the soft middle
block in triblock TPEs must have a glass transition temperature (T) lower than their application
temperature, in order to provide flexibility or tacky characteristics to the final materials.

Differential scanning calorimetry (DSC) analysis of PBuLA-2Z (M, gpc = 78,150) revealed a
Tg value (indicated by dashed line in the green trace) well below room temperature (Tg = —21 °C)
(Figure 7b). The reduction of molar mass from M, gpc = 78,150 grmol~! to My, gpc = 20,000 g-mol !
did not significantly influence the value of T (data not shown). Note that the T value for PBuLA-2Z
is 23 °C above that of poly(butyl acrylate) (PBA) of approximately the same M, prepared by RAFT
(Figure 7b). This result can be attributed to the presence of two polar carbonyl units per repeating
unit, which decreases segmental motion. Thermogravimetric analysis (TGA) also revealed that
PBuLA-2Z is also highly competitive in terms of thermal stability (Figure 7b). The thermal stability
of PBuLA-2Z was slightly higher, with a 5% degradation temperature of 340 °C (327 °C for PBA).
Overall, these results support the use of PBuLA as an innovative candidate soft block in triblock
copolymer-based ABA-type TPEs.
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Figure 7. (a) Gel permeation chromatography (GPC) traces of PBuLA-2Z prepared at different DPs
ranging from 50 to 400 by the bulk RAFT polymerization of BuLA with BTCBA at 70 °C (The inset
contains My, 4, My Grc, Mw/Mn, and monomer conversion values); (b) thermal characterization by
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) analyses of PBuLA-2Z
(MnGpc = 78,150 gmol~!) and PBA (M, gpc = 97,900 g:mol~'); and (c) GPC traces of the chain
extension of PBuLA-2Z macro-RAFT agent with IA monomer at 70 °C in Rhodiasolv® PolarClean
solvent. The inset contains My, gpc and My,/My, values.

2.3. ABA Block Copolymers via RAFT in Rhodiasolv® PolarClean Solvent

Using PBuLA-2Z (M, cpc = 78,150 g:mol™!) as macroCTA, we subsequently studied the
incorporation of glassy external segments at the chain ends of PBuLA in a divergent fashion
via RAFT polymerization with a second acrylic monomer AM2 (see the second reaction step in
Figure 5a,b). Two sustainable triblock copolymers were targeted using poly(vanillin acrylate) (PVA)
and a poly(isosorbide acrylate) (PIA) as hard blocks. The chemical structure of both biosourced
acrylic monomers (IA, i.e., isosorbide 2-acrylate-5-acetate, and VA, i.e., vanillin acrylate) and the
targeted ABA block copolymers (PVA-PBuLA-PVA and PIA-PBuLA-PIA) is shown in Figure 5b.
IA and VA were prepared from isosorbide and vanillin, respectively, using previously reported
synthetic procedures [32-34]. Unfortunately, the chain extension step required the use of solvent
to build the pursued triblocks, as reaction mixtures were not homogeneous at the polymerization
temperature (70 °C). Although recent advances in waterborne processes are highly attractive [35],
the search for eco-friendly solvents as an alternative to conventional petroleum-derived solvents is also
desirable. For this purpose, after control experiments that will be reported in a forthcoming publication,
block copolymer syntheses were performed in ethyl-5-(dimethylamido)-2-methyl-5-oxopentanoate
(Rhodiasolv® PolarClean) [36]. To our knowledge, this eco-friendly water-soluble and polar
solvent was never used as green reaction media in controlled radical polymerization. Hence,
chain extension of PBuLA-2Z (M, gpc = 75,340 g~mol’1) with IA at 70 °C under the reaction conditions
of [IA]o/[PBuLA-2Z]y/[AIBN]; = 109/1/0.2 in PolarClean was afforded the PIA-PBuLA-PIA triblock.
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The conversion of IA monomer was calculated to be 86%, using "H NMR analysis prior to purification
of the polymer (Figure S2). A clear shift to higher molar masses in the SEC trace indicated successful
chain extension (Figure 7c). Note that a high molar mass shoulder was present in the GPC trace
of the ABA copolymer, likely due to termination by combination at high conversion. Nevertheless,
the molar mass distribution was relatively narrow (M,,/M, = 1.28) suggesting that the chain extension
occurs, retaining substantial control. As depicted in Figure S3, chain extension PBuLA-2Z with VA also
resulted in success to furnish PVA-PBuLA-PVA triblock (78% conversion, M, gpc = 110,150 g~mol’1).
Both triblocks were subsequently characterized by 'H NMR to determine their compositions (Figure 8).
For instance, as indicated in Figure 8a, the composition of block copolymer PIA-PBuLA-PIA could be
determined from the integration of signals at 4.3—4.5 ppm from H;; corresponding to PIA units and the
integration of the signals at 4.7-5.3 ppm from PBuLA units, after subtracting the peak area contributed
by the PIA units (H;s, Hig, and Hpq) in this region. Thus, the obtained PIA-PBuLA-PIA triblock had a
PIA (hard block) weight percentage of 15 wt%, as determined via 'H NMR spectroscopy, which is
comparable to the theoretical 18 wt% value determined from monomer conversion. As depicted in
Figure 8b, the hard block content for the PVA-PBuLA-PVA copolymer was slightly higher (19 wt% PVA),
but also comparable with the theoretical value calculated from conversion (21 wt%). Note that the hard
block content in these representative copolymers is consistent with typical hard block composition
for triblock copolymers used for pressure-sensitive adhesive (PSA) applications, where high tacky
materials are pursued [10,14].

2.4. ABA Block Copolymers Characterization: Thermal, Mechanical, and Ahesive Properties

The microstructure and viscoelastic properties of the synthesized triblock copolymers were
studied by DSC and dynamic mechanical thermal analysis (DMTA). DSC analysis of both synthesized
triblocks revealed a low Tg for the PBuLA midblock at about —20 °C, although no discernible signals
corresponding to the Ty of the glassy end blocks were observed, likely due to the lack of a DSC signal
based on the low weight fraction of hard block (Figure S4) [9-11,14]. However, the presence of midblock
Tg near that of the homopolymer suggests that PBULA segment is not mixed with either PIA or PVA
segments. Note that the Tg of PIA and PVA homopolymer glassy blocks was expected to appear around
80 °C, as indicated DSC analysis of model homopolymers also prepared by RAFT (dashed lines in
Figure 54). Next, both copolymers were submitted to DMTA (Figure 9a and Figure S5). DMTA revealed
a relaxation process at around 0 °C, corresponding to the glass-rubber transition of the PBuLA soft
phase in PIA-PBuLA-PIA and PVA-PBuLA-PVa triblocks, as indicated by a stepwise decrease in the
storage (E’) and loss (E”) moduli, as well as a peak in tan 5. The presence of a second tan § peaks at
around 100 °C in the case of PIA-PBuLA-PIA triblock, and at 130 °C for the copolymers integrating
PVA, which confirmed the soft-hard-soft microstructure configuration of the synthesized triblock
copolymers [37]. Note also that E” (25 °C) for PVA-PBuLA-PVA triblock was slightly higher than that
observed for PIA-PBuLA-PIA (1.3 MPa versus 1.0 MPa). This can be attributed to the higher weight
percentage of hard block for PVA-PBuLA-PVA (19 wt% of PVA) in comparison to PIA-PBuLA-PIA
(15 wt% of PVA).
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Figure 8. "H NMR spectra of: (a) PIA-PBuLA-PIA (M, cpc = 103,500 g~mol‘l, My /My = 1.28); and (b)
PVA-PBuLA-PVA (M, gpc = 110,150 g~mol‘1, My /My, = 1.38) triblocks in CDClz. "H NMR resonances
from “grease” impurities are indicated with *.

Next step, mechanical properties of both triblocks were measured by monotonic tensile tests on
polymer films prepared by a hot-press technique (Figure 9b). Both systems exhibited comparable
elongation at a break at around 250%. However, PVA-PBuLA-PVA with 19 wt% hard block content
demonstrated improved tensile strength (0.83 versus 0.33 MPa). Nevertheless, it is noteworthy that the
relatively low tensile strength (<1 MPa) of these materials points toward good adhesion performance
(vide infra) [10]. TGA was used to evaluate the thermal stability of the synthesized copolymers
(Figure S6), and no significant differences were found between them. TGA under an inert atmosphere
showed 5 wt% loss temperatures of PVA-PBuLA-PVA and PIA-PBuLA-PIA to be 386 °C and 389 °C,
respectively. Hence, these polymers can be processes at elevated temperatures without degradation,
and could therefore be used in practical applications demanding high temperatures, e.g., hot melt
adhesives [37]. Finally, the adhesion properties of the synthesized all-acrylic ABA block biopolymers
with a lactic acid-based elastomeric phase were evaluated. A 30 wt% solution of PVA-PBuLA-PVA and
PIA-PBuLA-PIA was spread on a polyethylene terephthalate (PET) film [10,14].
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Figure 9. (a) Dynamic tensile storage (E’) and loss (E”) moduli and tan (5 = E”/E’) as a function of
temperature of PIA-PBuLA-PIA triblock; (b) stress-strain curves of PIA-PBuLA-PIA and PVA-PBuLA-
PVA; (c) schematic design of 180° peel test; and (d) 180° peel force of PIA-PBuLA-PIA, PVA-PBuLA-PVA
and Scotch 508 tape.

After complete evaporation of the solvent at room temperature, the coated PET films were adhered
onto a stainless steel plate, and the peel resistance was measured by pulling the adhered films off the
plate at an angle of 180° (Figure 9¢). Data for both polymers is presented in Figure 9d, and compared
with a commercial Scotch 508 tape. The 180° peel strength for PVA-PBuLA-PVA and PIA-PBuLA-PIA
was about 1.5 N-em™!, which is comparable to the tested commercial tape. All the investigated
samples had adhesive failure, leaving no residue on the adherend. It is important to mention that both
synthesized triblock copolymers were tested without the addition of tackifier or additive. Hence, taking
into account that no optimization studies were conducted, these results suggest that the all-acrylic
ABA copolymers with a lactic acid-based elastomeric building block are promising materials for PSA
applications, and open the door to further investigations in this line.

3. Materials and Methods
3.1. Materials

3,5-Bis(2-dodecylthiocarbonothioylthio-1-oxopropoxy)benzoic acid (BTCBA, 98%),
2-(Dodecylthiocarbonothioylthio)propionic acid (DTPA, 98%), acryloyl chloride (>97%), triethylamine
(TEA, 299%), 2-methyltetrahydrofuran (Me-THF, 99.5%), n-Butyl acrylate (BA, 99%), butyl r-lactate
(98%) were all purchased from Merck KGaA (Darmstadt, Germany) and used as received unless
otherwise specified. Thus, BA was passed through a short column of basic Al,O3 prior to use in order
to remove the radical inhibitor and both TEA and Me-THF were distilled prior to use from CaH, and
sodium/benzophenone, respectively. 2,2’-Azobis(2-methylpropionitrile) [AIBN, >98%, Fluka (Buchs,
Switzerland)] was recrystallized three times from methanol before further use. Deuterated chloroform
(CDCl3) was purchased from Eurisotop, and ethyl-5-(dimethylamido)-2-methyl-5-oxopentanoate
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(Rhodiasolv® PolarClean) was kindly donated by Solvay (Aubervilliers, France). Isosorbide acetate,
i.e., isosorbide 2-acrylate-5-acetate and vanillin acrylate monomers were prepared following previously
reported synthetic procedures [32-34].

3.2. Methods

400 MHz (for 'H) and 100.6 MHz (for 13C) NMR spectra were recorded on a Varian VNMR-
5400 NMR instrument at 25 °C in CDCl; with tetramethylsilane (TMS) as an internal standard.
The number-average molecular weight (M,) and polydispersity (Mw/Mp) of the synthesized polymers
were obtained via GPC using an Agilent 1200 series system (Agilent Technologies Inc., Santa Clara,
CA, USA) equipped with three serial columns (PLgel 3 pm MIXED-E, PLgel 5 um MIXED-D and PLgel
20 um from Polymer Laboratories) and an Agilent 1100 series refractive-index detector. THF HPLC
grade (Panreac Quimica S.L.U., Barcelona, Spain) was used as eluent at a flow rate of 1.0 mL/min.
The calibration curves for GPC analysis were obtained with poly(methyl methacrylate) (PMMA)
standards purchased from American Polymer Standards (Mentor, OH, USA). The molecular weights
were calculated using the universal calibration principle and Mark-Houwink parameters. The glass
transition temperature (Tg) of all polymers was determined on the second heating/cooling ramps
using DSC measurements conducted on a Mettler DSC3+ thermal analyzers (Mettler-Toledo S.AE.,
Barcelona, Spain) using N as a purge gas (50 mL/min) at scanning rate 20 °C/min in the —80 to 150 °C
temperature range. Calibration was based on an indium standard (heat flow calibration) and an
indium-lead-zinc standard (temperature calibration). Thermal stability studies were carried out on a
Mettler TGA2/LF/1100 (Mettler-Toledo S.A.E., Barcelona, Spain) with N, as a purge gas at flow rate
of 50 mL/min. The studies were performed in the 30-600 °C temperature range at a heating rate of
10 °C/min. ESI MS were run on a chromatographic system Agilent G3250AA liquid chromatography
coupled to 6210 Time of Flight (TOF) mass spectrometer from Agilent Technologies Inc. (Santa Clara,
CA, USA) with an ESI interface. Dynamic mechanical analysis of all polymers was performed on a
DMA Q800 (TA Instruments, New Castle, DE, USA) in tension configuration. Rectangular-shaped
specimens (5 mm length, 5 mm width, 0.12 mm thickness) were prepared by compression molding
into a rectangular steel mould (20 mm 5 mm 1.2 mm) between two parallel steel plates on a Specac
Atlas Manual Hydraulic Press (Specac Ltd, Orpington, UK) at 100 °C, with an applied load of 4 tons
for 30 min. Then, the rectangular specimen was further heated in the range of —70 to 200 °C using a
heating rate of 3 °C/min and a fixed frequency of 1 Hz. For tensile testing, the lower grip was stationary,
and the upper grip was raised at a force ramp rate of 1 N/min to obtain tensile strength and elongation
at break of polymer at 27 °C. The peel strength analysis was performed on an Instron 5965 (Instron,

Bucks, UK) at a peel rate of 300 mm-min~L.

3.3. Synthesis of BuLA Monomer

Butyl r-lactate (20.0 g, 0.14 mol) and anhydrous triethylamine (21.4 g, 0.21 mol) were dissolved in
dry 2-methyltetrahydrofuran (Me-THF; 50 mL) under a constant flow of argon. After the solution was
stirred for 30 min at 0-5 °C, acryloyl chloride (14.8 g, 0.16 mol) dissolved in dry Me-THF (50 mL) was
added dropwise. The reaction was allowed to proceed for 24 h at room temperature. The reaction
mixture was then filtered and Me-THF was removed under reduced pressure. The resulting residue
was dissolved in 150 mL of diethyl ether, and the solution was subsequently washed with HCI 1M
(150 mL) and a saturated NaHCOj3 solution (150 mL). The organic layer was rinsed with a brine
solution and dried over anhydrous MgSQy. The final residue was purified by vacuum distillation in
the presence of 5 (w/w %) of hydroquinone to afford BuLA (20.5 g, 75%) as a colorless liquid. "H NMR
(400MHz, CDCl3, 6): 6.48 (dd, 1H), 6.19 (dd, 1H), 5.90 (dd, 1H), 5.16 (q, 1H), 4.16 (m, 2H), 1.63 (m,
2H), 1.53 (d, 3H), 1.38 (m, 2H), 0.93 (t, 3H); 13C NMR (100.6 MHz, CDCl, 5): 170.72, 165.34, 131.74,
127.71, 68.78, 65.13, 30.51, 18.99, 16.96, 13.62. HRMS-TOF for BuLA: [M + NH4]* caled for C1oHaoNO4*,
218.1392 found, 218.1393 [M + H]" caled for C1oH;704%, 201.1127, found, 201.1119; [M + Na]* caled
for CioH16NaO4 ™, 223.0946, found, 223.0942.
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3.4. General Procedure for the RAFT Polymerization of BuLA Monomer

The synthesis of poly(r-butyl lactate acrylate) (PBuLA) macro-CTA was performed in bulk.
A representative procedure is described as follows: AIBN (2.07 mg, 0.01 mmol) 3,5-Bis(2-
dodecylthiocarbonothioylthio-1-oxopropoxy)benzoic acid (BTCBA) (or DTPA) (103.3 mg, 0.13 mmol)
and r-butyl lactate acrylate (10.0 g, 50.40 mmol) were mixed in a 25 mL Schlenk tube equipped with a
teflon stirring bar. The reaction mixture was degassed by bubbling argon for 30 min and subsequently
submerged into a preheated, stirring oil bath maintained at 70 °C. To monitor the monomer conversion,
the side arm of the tube was purged with argon before it was opened to remove two drops of sample
using an airtight syringe. Samples were quenched by immediately placing them into liquid nitrogen
exposed to air. After that, samples were dissolved in CDCl3 and the monomer conversion was
measured by 'H NMR spectroscopy. The My, and M,,/Mj, values were determined by GPC calibrated
with Poly(methyl methacrylate) (PMMA) standards. Finally, to stop the reaction, the Schlenk flask was
placed into nitrogen liquid and opened to air. The final polymerization mixture was dissolved in the
minimal volume of DCM and precipitated in 400 mL of cold hexane and isolated by decanting off the
supernatant fluid. The procedure was repeated three times and the final polymer was dried under a
vacuum for 24 h at room temperature to lead a viscous yellowish liquid. Model homopolymers prepared
from butyl, isosorbide acetate and vanillin acrylates were prepared following the same procedure.

3.5. General Procedure for RAFT Block Copolymerization Experiments

An illustrative example is provided. CTA-poly(BuLA)-CTA (1.0 g, 0.013 mmol), isosorbide acetate
acrylate (0.26 g, 1.06 mmol), AIBN (0.47 mg, 2.86 pumol) (from a dilute stock solution), and 3 mL
of ethyl-5-(dimethylamido)-2-methyl-5-oxopentanoate (Rhodiasolv® PolarClean) were added to a
Schlenk flask equipped with a teflon stirring bar. The flask was sealed and degassed by bubbling argon
for 45 min, and then submerged in a preheated oil bath at 70 °C. After stirring vigorously for 24 h,
the flask was immediately submerged into liquid nitrogen and opened to air. Two drops of sample
were dissolved in CDCls, and a monomer conversion was determined by H NMR. The polymerization
mixture was dissolved in the minimum of DCM, and precipitated three times in cold methanol
(8 X 200 mL). The final copolymer was then dried in a vacuum at room temperature for 24 h.

3.6. Cell Cultures

HT-29 (human colon adenocarcinoma), HeLa (human cervix epithelioid carcinoma) and MIA-Pa-
Ca-2 (human Caucasian pancreatic carcinoma) cells were obtained from ATCC and maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) (PAN-Biotech GmbH, Germany) supplemented with
10% FBS (Fetal Bovine Serum), 1% P/S (Penicillin/Streptomycin) and 1% NEAAs (Non-Essential Amino
Acids) at 37 °C with 5% CO,.

3.7. Cell Viability Assays

The cellular cytotoxicity of selected polymers was assessed in three cell lines: HT-29, HeLa and
MIA-Pa-Ca-2 cells. The cell viability experiments were carried out by serial dilutions of PBuLA-Z,
which was diluted in acetone.

Cells were plated in 96-well plates (8000 cells/95 uL/well in HeLa and MIA-Pa-Ca-2 cells;
9000 cells/95 uL/well in HT-29 cells) with supplemented DMEM without phenol red. Forty-eight hours
later, 5 uL of each serial dilutions of the polymer were added to the cells. 100 mg/mL was the maximum
tested concentration of the polymer in the cells (poly(butyl lactate acrylate) stock: 2 g/mL). The borders
of the plates were in presence of 100 uL of PBS, in order to prevent evaporation-related problems
caused by acetone.

The cells were in the presence of the polymer during 24 h and after this period the cytotoxicity was
checked by adding the CellTiter reagent. The CellTiter 96® AQueous One Solution Cell Proliferation
Assay Kit (Promega, Madrid, Spain) provides a convenient and sensitive procedure for determining the

35



Molecules 2020, 25, 5740

number of viable cells in cytotoxicity assays. 20 uL of CellTiter reagent (1/4 dilution in DMEM without
phenol red) were added into each well of the 96-well assay plates containing the samples. The plates
were incubated at 37 °C for 2 h in a humidified, 5% CO, atmosphere and later the absorbance was
recorded at 490 nm (background correction at 800 nm). Each experiment was performed in triplicate
and repeated at least twice.

3.8. General Procedure for 180° Peel Adhesion Tests

The samples for 180° peel adhesion tests were prepared by dissolving the polymer in ethyl acetate
to obtain a 30% solid content solution. As a representative example, 200 mg of triblock copolymer was
dissolved in 520 pL ethyl acetate. The solution was solvent-cast on a polyethylene terephthalate (PET)
film of 19 mm width using a standard laboratory drawdown rod. The film was allowed to dry under
ambient conditions open to air in a chemical fume hood for 4 h. The resultant coated film strips were
approximately 5 cm long. The peel strength analyses were performed on an Instron 5965 at a peel rate
of 300 mm.min~!. 5 cm-wide strips of the coated PET films were placed on a clean stainless steel panel,
as an adherend. The coated film was gently pressed against steel plate by manually rolling in order to
develop good contact between the adhesive and the steel plate. The strip was then peeled from the
stainless steel panel. The reported average peel force and standard deviation values were acquired
from at least three replicates. Adhesion testing on commercially available scotch 805 PSA was also
performed for comparison under identical conditions.

4. Conclusions

In summary, our study demonstrates that L-butyl lactate solvent can be upgraded to well-defined
tacky triblock copolymers, suitable for applications as PSAs. The functionalization of BuL with an
acrylate moiety generated a monomer well behaved under RAFT polymerization. Good control over
molecular weight and molecular weight distribution was achieved in bulk, using either monofunctional
and bifunctional trithiocarbonate-type chain transfer agents. Subsequently, poly(BuLA), with a
relative low Tg (=20 °C), good thermal stability (5% wt. loss at 340 °C) and low toxicity in the cell
cultures assessed was evaluated as sustainable elastomeric core block in all-acrylate ABA copolymers
using isosorbide and vanillin-derived glassy polyacrylates as representative end blocks. Materials
with a low content of hard building block (<20 wt%) were targeted, pursuing the preparation of
materials with high tack. The thermal and mechanical properties of the prepared copolymers were
evaluated to demonstrate suitability of rubbery poly(alkyl lactate) building blocks for developing
innovative sustainable materials. As is noteworthy, 180° peel adhesion measurements showed that the
synthesized biosourced all-acrylic ABA copolymers possess competitive performance when compared
with commercial pressure-sensitive tapes. The significance of developing innovative adhesives based
on renewable resources combining good thermal stability and low cytotoxicity is that these materials
are promising for a broad range of applications, including both biomedical and technological fields.

Supplementary Materials: The following are available online: Figure S1: GPC analysis PBuLA-2Z; Figure S2:
TH NMR spectrum of the reaction mixture after the chain extension of PBuLA-2Z macro-RAFT agent with IA;
Figure S3: GPC traces of the chain extension of PBuLA-2Z macro-RAFT agent with VA; Figure S4: DSC analysis of
model homopolymers and block copolymers; Figure S5: DMTA analysis of PVA-PBuLA-PVA triblock; and Figure
S6: TGA analysis for PIA-PBuLA-PIA and PVA-PBuLA-PVA under nitrogen and air atmosphere.
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Abstract: Chitosan microfibers are widely used in medical applications because they have favorable
inherent properties. However, their mechanical properties require further improvement. In the present
study, a trimethoxysilane aldehyde (TMSA) crosslinking agent was added to chitosan microfibers to
improve their tensile strength. The chitosan microfibers were prepared using a coagulation method.
The tensile strength of the chitosan microfibers was improved by crosslinking them with TMSA,
even when only a small amount was used (less than 1%). TMSA did not change the orientation of the
chitosan molecules. Furthermore, aldehyde derived from TMSA did not remain, and siloxane units
were formed in the microfibers.

Keywords: chitosan; silane coupling agent; microfiber; crosslinking; mechanical strength

1. Introduction

Microfiber-based materials are widely used in medical applications, such as sutures, textiles,
and scaffolds [1-3]. Natural polymers are good candidates for the preparation of microfibers because
they are biocompatible, non-toxic, biodegradable, and have low immunogenicity. Chitin and chitosan
are candidates for biofibers, and their inherent properties have been reported [4]. Chitosan fibers are
easier to prepare than chitin fibers because they are soluble in dilute acids.

Chitosan is often crosslinked with reagents, such as glutaraldehyde and epoxy compounds,
to improve its mechanical properties and control its biodegradability [4-6]. However, such compounds
are highly cytotoxic [7] and reduce the biocompatibility of chitosan. Shirosaki et al. already used
the silane coupling agent y-glycidoxypropyltrimethoxysilane (GPTMS) to crosslink chitosan and
demonstrated improvements in the mechanical properties of a chitosan membrane [8]. The epoxide
groups of GPTMS can react with the amino groups of chitosan, and each GPTMS molecule polycondenses
to form —Si—O-Si— networks. The crystalline properties of chitin and chitosan are also important for
their mechanical characteristics. The addition of GPTMS can disturb the orientation of the crystalline
domains of chitosan [8,9], reducing its mechanical strength.

In the present study, we used trimethoxysilane aldehyde (TMSA) shown in Figure 1 as a crosslinked
agent to improve the tensile strength of the chitosan microfibers. Itis to be expected that, compared with
GPTMS, a smaller amount of TMSA can effectively react with the amino groups in chitosan owing to
crosslinking by the aldehyde groups and the polycondensation of the silanol groups derived from the
three methoxysilane groups of TMSA. The reaction between the amino groups of chitosan and the
aldehyde groups of glutaraldehyde results in the formation of a Schiff base [10]. The aldehyde groups
of TMSA can react as shown in Figure 2.

Molecules 2020, 25, 5292; do0i:10.3390/molecules25225292 39 www.mdpi.com/journal/molecules
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Figure 2. Expected reaction between chitosan and TMSA forming a Schiff base.
2. Results

2.1. Structural Characterization

The fibers were white and flexible, and the diameter was around 200 um, regardless of the amount
of TMSA added (Figure 3). Figure 4 shows the X-ray diffraction (XRD) patterns of the fibers. Only the
peaks attributable to chitosan (20 = 20°, PDF #00-039-1894) and chitin (20 = 10°, PDF #00-035-1974)
were detected. The half width at 20 = 20° is shown in Table 1. The half width value did not change
after the addition of TMSA.

Table 1. The half width values at 28 = 20° from XRD patterns.

Ch ChTMSA0001 ChTMSAO0005 ChTMSA001
1.0 1.0 1.0 1.0

Figure 3. Photograph of the chitosan—TMSA microfiber (ChTMSA001).
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Figure 4. XRD patterns of the chitosan—TMSA microfibers.

The intensity of birefringence in the microscope images obtained using crossed nicols (Figure 5)
confirms the orientation of the chitosan molecules in the fibers. Figure 6 shows the scanning electron
microscope (SEM) images and energy-dispersive X-ray spectroscopy (EDS) spectra of the fibers.
The fibers had flattened surfaces and no deposits were discernable. Only fiber ChRTMSA001 had silicon
on its surface. The results of the ninhydrin test are shown in Table 2. The number of remaining
amino groups decreased as the amount of TMSA increased, and fibers ChRTMSA0001, ChTMSA0005,
and ChTMSAO001 had 102 + 4%, 92 + 2%, and 76 + 1% amino groups, respectively.

Figure 7 shows the Fourier-transform infrared spectroscopy (FT-IR) spectra of the fibers.
The characteristic bands of chitosan were detected in the spectra of all the fibers, as demonstrated
in a previous paper [11]. Bands attributable to stretching in amide II (NH; str.) were detected at
approximately 1563 cm™!, and their intensity decreased after TMSA was added. The peaks in the
spectra of the ChTMSA fibers at approximately 800 cm~! can be attributed to symmetrical Si—-O-Si
stretching vibrations [12-14]. C=0 derived from TMSA was not detected in the fibers.

Table 2. Ninhydrin test results indicating the number of amino groups remaining in the chitosan—
TMSA microfibers.

Ch ChTMSA0001 ChTMSA0005 ChTMSA001
100 102 + 4 92 +2 76 £1

(ay

Figure 5. Optical microscope images of the chitosan-TMSA microfibers obtained with crossed nicols
at 45° (a—d) and 90° (a)’—(d)’. (a) and (a)’ Ch; (b) and (b)’ ChTMSA0001; (c) and (c¢)’ ChTMSA0005;
and (d) and (d)” ChTMSAOQ01. The arrows indicate the direction of the nicols.
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Figure 6. SEM images and EDS spectra of the chitosan-TMSA microfibers. (a) Ch; (b) ChTMSA0001;
(c) ChTMSA0005; and (d) ChTMSA001.
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Figure 7. FT-IR spectra of the chitosan—TMSA microfibers.
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2.2. Mechanical Strength

The results of the tensile strength tests are shown in Figures 8 and 9. The maximum tensile strengths
of Ch, ChTMSA0001, ChnTMSA0005, and ChTMSA001 were 121.3 + 26.7, 151.0 + 23.5, 184.5 + 30.0,
and 133.8 + 8.9 MPa, respectively (i.e., ChTMSA0005 had the highest value). The maximum strain
values of Ch, ChTMSA0001, ChrTMSA0005, and ChTMSA001 were 12.3 + 5.2, 4.6 + 1.5, 5.6 = 1.7,
and 5.4 + 0.8%, respectively (i.e., the ChTMSA fibers had lower maximum strain values than Ch).
The Young’s modulus values of Ch, ChTMSA0001, ChTMSA0005, and ChTMSAQ01 were 9.9 + 5.1,
32.6 £15.7,32.9 +£ 17.3, and 24.6 + 11.3 MPa, respectively (i.e., the ChTMSA fibers had higher Young’s
modulus values than Ch).

200
ChTMSA0005
ol ChTMSAQ001
[
L ChTMSAO001
= Ch
2100
%
[2]
8
15}
50 H
0 ! ]
0 5 10 15 20

Strain at break / %
Figure 8. Stress—strain curves of the chitosan—TMSA microfibers.
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Figure 9. Maximum tensile strength values (a), maximum strain values (b), and Young’s modulus of
the chitosan—TMSA microfibers (c). Both sets of values were obtained at the breaking point.
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3. Discussion

Generally, chitosan molecules have crystalline and amorphous domains derived from the original
structures of the chitin nanofibrils [15,16]. The XRD results reveal that the crystallinity of the chitosan
molecules was retained even after the addition of TMSA. This suggests that the crystalline chitosan
domains were not affected by crosslinking with TMSA. The ninhydrin tests insisted that the number of
crosslinked amino groups was too small an amount even in ChTMSA001. FT-IR and the results of
the ninhydrin tests demonstrated the existence of crosslinking between chitosan and TMSA. In the
present study, the pH of the chitosan solution was approximately 4.0. Therefore, the amino groups
probably formed —NH3*, thereby decreasing the nucleophilicity of the nitrogen atoms and the extent
of the Schiff base reaction following mixing with TMSA [10]. However, the remaining TMSA was
able to react completely with the amino groups of chitosan during washing with NaOH solution.
According to the ninhydrin results, the crosslinked ration of ChTMSA001 was 20%. ChTMSA001 fibers
refer to the addition of TMSA to produce 1% crosslinking of a chitosan unit. In addition to aldehyde
groups, silanol groups interacted with the amino groups [9]. FT-IR showed symmetrical —5i—O-Si—
stretching vibrations, which suggests that the —Si—OH groups formed by the hydrolysis of TMSA
polycondensed in the chitosan fibers like silica [12-14]. However, the SEM images confirmed that
there are no micro-sized deposits on the surfaces of the fibers. The EDS results also suggested that
the addition of TMSA resulted in very little crosslinking within the chitosan molecules, in particular
ChTMSA0001 and ChTMSA0005. Eventually, 19% of the amino groups in ChTMSA001 interacted with
Si-OH and 1% were reacted with aldehyde. The orientation of the chitosan molecules in the fibers
was also retained after the addition of TMSA. Figure 10 represents the expected molecular structure
of the ChTMSAQ01 fiber according to the following characterization: (1) chitosan has crystalline and
amorphous domains; (2) each bundle is oriented along the stretching direction; (3) just 1% of the amino
groups in the fibers reacted with TMSA, and most of the TMSA reacted outside the bundles; and (4)
the silanol groups derived from TMSA interacted with the chitosan molecules or polycondensed.
The mechanical propertied of the fibers were improved by crosslinking. The increased Young'’s
modulus values insist that the interaction between chitosan become stronger and chitosan-TMSA
fibers have more stiffness.

I : amorphous domain
I == crystalline domain _}q"’ :TMSA, «:NH;
/ : crosslinked point

Figure 10. Structural model of the chitosan-TMSA (ChTMSAO001) fiber.

Silanol groups (-Si—OH) and siloxane networks (-5i—O-Si—) derived from GPTMS favored cell
attachment and proliferation [8,9]. In the present study, FI-IR indicated that no aldehyde groups
remained after the crosslinking reaction and siloxane networks formed. It is to be hoped that TMSA in
the fibers is non-toxic and that chitosan-TMSA microfibers can be used in medical applications.
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4. Materials and Methods

4.1. Preparation of Chitosan Monofibers with Silane Coupling Agent

Chitosan powder (high-molecular weight, molecular weight = 310,000—375,000 Da, degree of
acetylation (DA) = 76.0%; Sigma-Aldrich®, St. Louis, MO, USA) was dissolved into 0.2 M aqueous
acetic acid and mixed using a planetary centrifuge (ARE-310, Thinky Corp., Tokyo, Japan) to obtain a
homogeneous 3.5% (w/v) chitosan homogeneous solution. The appropriate amount of TMSA (UCT,
Bristol, TN, USA) was stirred in dimethyl sulfoxide to be hydrolyzed at room temperature, and the
hydrolyzed precursor sols were obtained. The obtained precursor sols were added to a 3.5% (w/v)
chitosan solution, and the mixture was mixed in a planetary centrifuge for 20 min. Mono-fibers were
produced using a coagulation method, as described in a previous paper [17]. After washing with
ethanol and a 0.2 M aqueous solution of sodium hydroxide, the fibers were stretched by rolling at
30/45 rpm with two rollers. Finally, the stretched fibers were dried at room temperature in a desiccator.
The starting material composition of the fiber and sample code of each fiber are presented in Table 3.

Table 3. Starting composition (molar ratio) of the fibers and sample code of each fiber.

Ch ChTMSA0001  ChTMSA0005 ChTMSA001
TMSA/Chitosan 0 0.001 0.005 0.01

4.2. Characterization and Mechanical Properties of the Fibers

The crystal structures of the fibers were examined using an automated multipurpose X-ray
diffractometer (CuKe, 45 kV, 200 mA, 0.01°/step; Rigaku smartLab, Rigaku, Tokyo, Japan).

The orientation of the fibers was examined using an inverted microscope (IX73; Olympus Co.,
Tokyo, Japan) under crossed nicols. Each fiber was placed on a glass substrate and sandwiched between
crossed nicols at 45° and 90° (Figure 11).

Direction of
«—>———+Transmission axis

Fiber

y_,-r-" Polarizer
90° 45°

Figure 11. Examination of the molecular orientation of the fibers using crossed nicols. If the molecules

were oriented, the image became dark at 90° and bright at 45°.

The surface morphology of each fiber was examined using an SEM (JMS-6010 PLUS/LA; JEOL,
Tokyo, Japan) equipped with an EDX. Before examination, the fibers were coated with Pt/Pd to a
thickness of approximately 20 nm (MSP-1S Magnetron Sputter; Vacuum Device Inc., Mito, Japan).

The molecular structures of the pulverized fibers were examined by FI-IR (FT/IR-6100; JASCO Co.,
Tokyo, Japan) using attenuated total reflectance at a resolution of 4 cm™! and the accumulation of
100 scans.

The number of amino groups remaining in the fibers after crosslinking was evaluated by a
ninhydrin assay [8]. The pulverized fibers (0.02 g) were suspended in 4 mL of ninhydrin solution
(Ninhydrin Kit, L-8500 Set; Wako Chemicals, Osaka, Japan) and incubated at 80 °C for 40 min while
shaking at 100 rpm. After cooling to room temperature, the optical densities of the sample (Agample)
and chitosan (A,) solutions were recorded at 570 nm using a spectrophotometer (DS-11+/w; DeNovix,
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Wilmington, DC, USA). The ninhydrin test was performed with replicates (1 = 3). The number of the
remaining amino groups was calculated using the following Equation (1):

Remaining amino groups (%) = Asample/Ach x 100 (1)

As described in a previous paper [17], the mechanical properties of the fibers were examined by
determining their tensile strengths at 0.5 mm/s using a creep meter (RE2-3305C; YAMADEN Co., Ltd.,
Tokyo, Japan).

5. Conclusions

Flexible chitosan microfibers were prepared by crosslinking them with TMSA. Results of XRD
analysis showed that addition of TMSA did not change the crystallinity. Crossed nicols images also
showed the orientation of chitosan. TMSA (molar ratio = 0005/amino groups chitosan) crosslinked
only 1% of chitosan, but effectively improved the tensile strength of the microfibers (maximum
strength around 184.5 MPa) and increased their stiffness. These mechanical properties depend on
the crosslinking between chitosan and TMSA, as well as the —-Si—O-Si— bonds of TMSA, which was
confirmed by FT-IR.
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Abstract: Multifunctional biopolymer composites comprising mechanically-disintegrated bacterial
cellulose, alginate, gelatin and curcumin plasticized with glycerol were successfully fabricated through
a simple, facile, cost-effective mechanical blending and casting method. SEM images indicate a
well-distributed structure of the composites. The water contact angles existed in the range of 50-70°.
Measured water vapor permeability values were 300-800 g/m?/24 h, which were comparable with
those of commercial dressing products. No release of curcumin from the films was observed during
the immersion in PBS and artificial saliva, and the fluid uptakes were in the range of 100-700%.
Films were stretchable and provided appropriate stiffness and enduring deformation. Hydrated films
adhered firmly onto the skin. In vitro mucoadhesion time was found in the range of 0.5-6 h with
porcine mucosa as model membrane under artificial saliva medium. The curcumin-loaded films had
substantial antibacterial activity against E. coli and S. aureus. The films showed non-cytotoxicity to
human keratinocytes and human gingival fibroblasts but exhibited potent anticancer activity in oral
cancer cells. Therefore, these curcumin-loaded films showed their potential for use as leave-on skin
applications. These versatile films can be further developed to achieve desirable characteristics for
local topical patches for wound care, periodontitis and oral cancer treatment.

Keywords: bacterial cellulose; alginate; gelatin; curcumin; biomaterials

1. Introduction

Over the past years, various types of biopolymers have been studied and proposed as alternatives
for biomedical approaches. However, there are still attempts to develop functional biomaterials to
meet the increasing demands for practical and safe options for clinical uses. Antimicrobial biomaterial
obtained by incorporation of antimicrobial agents into biocomposites shows promise as a useful and
environmentally friendly method; however, antimicrobial agents such as antiseptics might cause
some drawbacks as they can lead to bacterial resistance with prolonged use, allergic reactions and
side effects with high dose usage. Recently, silver nanoparticles (AgNPs) have been one of the
prevalent metallic materials being studied, owing to their antimicrobial properties. Despite potential as
antimicrobial agents, AgNPs have been reported to possibly be harmful to human health. The cytotoxic
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characteristics of AgNPs against mammalian cells have been documented [1-3]. For example, silver and
gold nanoparticles were found to reduce fibroblasts migration in vitro [4]. Long-term studies are
required to assess the safety for humans of metal nanoparticle-based biomaterials. On the other
hand, natural-based compounds have been popular in modern therapy due to the low cost, limited
adverse effects and high efficacy. Bacterial cellulose (BC) is an extracellular polysaccharide excreted by
bacteria. Despite the identical chemical formula to that of cellulose from plants, BC is free of lignin
and hemicellulose. Several bacterial cellulose-based biocomposites have been studied as alternative
biomedical materials. Disintegrated BC (in gel suspension form) is an alternative form for producing
BC composite films for large-scale production. Disintegrated BC can behave as a reinforcing agent
or binder to the composites; the resulting composite showed better performance and improved
mechanical strength and stiffness [5]. Alginate (A) is a natural polysaccharide that is biocompatible,
biodegradable and non-toxic. Alginate is not only biocompatible and gellable under mild conditions
but also able to improve compatibility, homogeneity, binding and dispersibility of polymer blends [6].
However, it does not present binding sites for cell attachment to which mammalian cells can bind.
Gelatin (G) is one of the promising biomaterials because of its biological origin from collagen with
excellent biocompatibility. Gelatin contains Arg-Gly-Asp sequences that are crucial for cell proliferation.
Curcumin (C) is a yellow, non-water-soluble bioactive agent extracted from Curcuma longa. In recent
years, it has been well documented in many in vitro and in vivo studies that curcumin possess a wide
range of beneficial properties including wound healing, along with anti-inflammatory, antioxidant,
antimicrobial and anticancer properties [7-9]. Recently, there have been reports on loading curcumin
into polymers to produce functional polymer composites for various approaches. Cellulose/curcumin
films were developed by using 1-allyl-3-methylimidazolium chloride (AMIMC]) for the dissolution
of cellulose and curcumin and fabricated via by casting method [10]. Nanocurcumin prepared by
ultrasonic process were impregnated into gelatin cellulose fibers to form microbial resistant fibers [11].
Chitosan/cellulose microcrystal films incorporated with curcumin were fabricated by vapor induced
phase inversion (VIPI) [12]. Antibacterial curcumin/PVA/cellulose nanocrystal films were fabricated as
antimicrobial wound dressing film [13]. Curcumin were entrapped in nanocellulose/chitosan hydrogel
by swelling equilibrium method [14]. Curcumin was incorporated into nanocellulose by using Tween
20 as a surfactant for delivery of curcumin to stomach and upper intestinal tract [15]. Curcumin loaded
bacterial cellulose films was developed and reported for anticancer against malignant melanoma skin
cancer cells [16]. Despite a number of benefits, instability under physiological condition could limit
the efficacy of curcumin [17].

In our previous study, homogenized BC/alginate/gelatin (BCAGG) composite films were
successfully fabricated [18]. This current work is intended to broaden the implementation feasibility of
multifunctional BCAGG composites by directly loading curcumin into the polymer matrix during the
film fabrication via a casting method. Film mechanical properties, fluid uptake ability in various media,
surface wettability, bioadhesive residence time and antibacterial activity were thoroughly evaluated.
In addition, evaluation as an oral wound dressing, cytocompatibility and proliferation of human
keratinocytes (HaCaT), human gingival fibroblasts (GF) and oral cancer cells (CAL-27) on the film
surface were preliminary assessed.

2. Results

2.1. Morphology

The morphology of BC, homogenized BC and plant cellulose (Whatman filter paper No. 1) fibers
were depicted by SEM, as presented in Figure 1A-C. The micrometer scale SEM images show no significant
difference between mechanically-disintegrated BC fibers and native BC fibers. The fibrillated BC appeared
highly entangled and formed a web-like network structure (Figure 1B) with fiber diameter in nanometers
and length in micrometers. Figure 1D-G shows the surface morphology of curcumin-loaded films of
BCAGG-C1, BCAGG-C2, BCAGG-C3 and BCAGG-C4 (containing curcumin at 0.17 + 0.3, 0.34 + 0.2,
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0.55 + 0.2 and 0.75 + 0.1 mg/cm?, respectively). It was observed that the entire surface was rather rough,
with uniform appearance and no cracking. No significant microstructural differences existed for any film
samples in this study.

B(.L‘. fibers Homogenized BC fibers - Whatman filter paper #1 fibers

100pm k. 100pm -

100pm : 100pm

Figure 1. SEM images of: (A) BC fibers; (B) mechanically-disintegrated BC fibers; and (C) Whatman filter
paper No. 1 fibers at 10,000x magnification. Surface morphology of: (D) BCAGG-C1; (E) BCAGG-C2;
(F) BCAGG-C3; and (G) BCAGG-C4.

2.2. FT-IR Analysis

The interactions among the components of samples were investigated by FI-IR spectra (Figure 2).
The typical absorption bands of BC were -OH groups at 3392 cm™!, H-O-H bending of absorbed water
at 1647 cm™! and C-O-C stretching at 1061 cm ™! [18]. For FT-IR spectrum of alginate, the peaks at
3411, 1607 and 1423 cm~! were attributed to ~OH stretching, -COO- asymmetric stretching and -COO-
symmetric stretching, respectively. For gelatin, the peak at 3408 cm~! was attributed to the partially
overlapped stretching vibrations of O-H and N-H groups. The amide I (C=O (stretching, amide II (N-H)
bending and amide IIT (C-H) stretching, characteristic peaks of gelatin (protein), were clearly observed
at 1643, 1535 and 1239 cm™!, respectively. The major peaks of interest for curcumin were at around
3400 and 1601 cm™!. FT-IR spectra of pure curcumin showed a peak at 3413 cm ™!, denoted as phenolic
O-H stretching, and sharp peaks at 1601 cm™, indicative of C=C benzene stretching vibrations.

The FTIR results of all of curcumin-loaded films displayed all the characteristic bands of BC,
alginate, gelatin and curcumin components. The result indicates their bonding interactions.
Broad absorption bands between 3200 and 3550 cm™! were due to overlapping of -OH groups and -NH,
groups stretching vibrations [19]. The peaks of -OH stretching in the spectrum of curcumin-loading
composites were obviously shifted and intensity changed in the range of 3200-3500 cm~! as compared
to that of BCAGG. This is an indication of intermolecular interaction between phenolic groups of
curcumin and BCAGG matrix; therefore, curcumin likely interacted via hydrogen bonding interaction
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in the polymer matrix. The peaks at 1650, 1628, 1625 and 1616 cm™! of all curcumin-loaded composites
were assigned to the C=C stretching vibration of benzene rings, regarded as a characteristic peak of
curcumin [20]. The major peaks of interest for curcumin are at around 3500 and 1601 cm™'. FT-IR spectra
of curcumin showed a peak at 3513 cm™!, denoted as phenolic O-H stretching, and sharp peaks at
1601 cm™!, indicative of C=C benzene stretching vibrations [21].

A

1613

3400

G 1643
W
3411 1035
H 1607

1601
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4000 3600 3200 2800 2400 2000 1600 1200 800

Figure 2. FT-IR spectra of: (A) BCAGG; (B) BCAGG-C1; (C) BCAGG-C2; (D) BCAGG-C3; (E) BCAGG-C4;
(F) gelatin; (G) alginate; (H) BC; and (I) curcumin.

2.3. Fluid Absorption Capacity

The samples were completely submerged into PBS and artificial saliva in an effort to simulate
clinical conditions. Fluid uptake capacity is an important factor in maintaining the optimum moist
environment at the target site. Figure 3A,B shows that the fluid uptake ability decreased with
an increase in curcumin contents in both PBS and artificial saliva. During the first 6 h, the fluid
uptake ability in artificial saliva solution was slightly higher than that of PBS buffer uptake ability.
The fluid uptakes increased rapidly and reached maximum after 24 h of incubation. After 24 h of
incubation, BCAGG and BCAGG-C1 showed relatively higher PBS absorption compared to artificial
saliva (Figure 3B). The fluid absorptions were in the range of 100-700%. All samples were able to
maintain integrity throughout the 48 h of immersion (Figure 3C). The release of curcumin was not
observed in the testing mediums during the experimental study. The amount of released curcumin
was determined by UV-Vis spectrophotometry (Shimadzu UV-2550, Tokyo, Japan) at the wavelength
of 420 nm. All tests were done in triplicate. The results show that there was no curcumin in the
testing mediums. This is similar to observations of the previous report of curcumin loaded in
gelatin/curcumin films, in which curcumin did not diffuse out of the polymer matrix [22]. Due to
the high entanglement of mechanically-disintegrated BC fibers and good colloidal properties of
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BC/alginate/gelatin blend [23], curcumin was well embedded into the matrix. In this study, curcumin
was entrapped inside the cross-linked BCAGG network. During the drying process, water evaporated,
and a dense and stable structure of films was formed and entrapped curcumin within the matrix.
The FTIR result also indicate an intermolecular interaction between phenolic groups of curcumin and
BCAGG matrix. Because curcumin has poor solubility in water, it hardly dissolves in water-based
mediums. Therefore, curcumin was not released from the BCAGG-C films into PBS and artificial saliva.

1000 N
ge:‘ 800 M pBS
§ - Artificial saliva
:
i |
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BCAGG-C1 BCAGG-C2 BCAGG-C3 BCAGG-C4

Figure 3. Fluid absorption after the immersion at 37 °C in PBS (pH 7.4) and artificial saliva (pH 6.2) for
(A) 6 hand (B) 24 h; and (C) film samples after the immersion for 48 h.
2.4. Surface Wettability

The water contact angle of BCAGG was 49.5° [23], whereas those of BCAGG-Cs were 54.7-73.3°.
The water contact angle of curcumin-loaded films increased with increasing curcumin content, as shown
in Figure 4A-D. It was found that all hydrated films provided perfect coverage and neatly adhered to
the skin with good flexibility, as shown in Figure 4E,F, respectively.
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Figure 4. Water contact angles of: (A) BCAGG-C1; (B) BCAGG-C2; (C) BCAGG-C3; and (D) BCAGG-C4;
(E) film attachment to skin; (F) film flexibility; (G) WVTR; and (H) bioadhesion time.

2.5. Water Vapor Transmission Rate (WVTR)

Figure 4G shows that WVTR of curcumin- loaded films decreased with the addition of curcumin.
WVTRs of BCAGG-C films were around 300-800 g/m2/24 h.

2.6. Bioadhesion Time

Bioadhesion times of BCAGG and BCAGG-C films are shown in Figure 4H. BCAGG exhibited
more hydrophilic surface, leading to a faster rate of water absorption and higher adhesive performance
compared with the curcumin-loaded films. It was observed that the adhesion time decreased with the
addition of curcumin. The adhesion of the composite films lasted 0.5-6 h.
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2.7. Mechanical Properties

The mechanical properties of dry and hydrated samples are shown in Figure 5. Tensile strength
and Young’s modulus of the dry films were in the range of 80-170 and 7000-8000 MPa, respectively,
and the mechanical properties of the films decreased with increase in curcumin content. The mechanical
strengths were much lower in the wet state; however, it was observed that tensile strength and Young’s
modulus of hydrated curcumin-loaded films relatively increased in comparison to non-curcumin
loaded ones. Elongation at break of the films in both dry and wet states (Figure 5D) decreased with

curcumin loading content. Elongation at break of the hydrated films was in the range of 15-40%.
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Figure 5. Mechanical properties of films: (A) tensile strength of dry and hydrated films; (B) Young’s
modulus of dry films; (C) Young’s modulus of hydrated films; and (D) elongation at break (%) of dry
and hydrated films.
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2.8. In Vitro Cell Studies

The direct culture method was adopted to evaluate in vitro cytotoxicity of the fabricated films.
Cell viability after cultivation for 48 h is shown in Figure 6. All samples were nontoxic to normal
healthy cells (HaCaT and GF). According to ISO10993-5, the materials are classified as a noncytotoxic
material if cell viability is greater than 70%. An increase in cell number on BCAGG, BCAGG-C1 and
BCAGG-C2 was observed at 48 h incubation time. Along with curcumin loading, CAL-27 cell viability
on BCAGG-C2 and BCAGG-C3 decreased by almost half in comparison to the control, which appears
to be due to the anticancer property of curcumin. Morphologies of HaCaT, GF and CAL-27 are shown
in Figure 7. HaCaT and GF cells tended to grow in flat monolayer with cells oriented in a parallel
manner on coverslips. HaCaT and GF cells spread well on the fabricated films and retained their
structural and morphological characteristic of cells. HaCaT exhibited and maintained the polygonal
cell shape, which is typical of HaCaT cell morphology. GF cells tended to be randomly oriented,
elongated and growing into multiple layers. Increasing curcumin content, to some extent, induced some
cellular morphology changes. As shown in Figure 7, some GF cells exhibited a short spindle-shaped
morphology on BCAGG-C3 film. Some round cells of HaCaT were also observed on BCAGG-C3.
Meanwhile, CAL-27 cells displayed distinct morphological changes, including cell shrinkage, rounding
up, irregularity in shapes, ruffled cell membrane surface and partial detachment on BCAGG-C films.
CAL-27 cells were isolated, with the presence of cellular debris.

Cell viability (%)

40
20
0

control BCAGG BCAGG-C1 BCAGG-C2 BCAGG-C3
OHaCaT oGF mCAL-27

Figure 6. Cell viability (%) of HaCaT, GF and CAL-27 at 48 h after seeding.
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Figure 7. SEM images of HaCaT, GF and CAL-27 on film samples for 48 h (scale bar = 10 pum).
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2.9. Antibacterial Tests

The results of antibacterial tests are shown in Figure 8A,B. BCAGG-C1, BCAGG-C2 and BCAGG-C3
films as well as commercially available antibacterial wound dressing, Bactrigra® were tested against
E. coliand S. aureus. From our preliminary study, BCAGG had no antibacterial activities. By loading
curcumin into the biocomposite matrix, the antibacterial activities against E. coli and S. aureus were
enhanced with the increase in curcumin concentration. The bacterial counts of E. coli and S. aureus cells
from 48 h incubation on surface of BCAGG-C3 were comparable to those of the commercial wound
dressing. It was noticed that the composite films had greater inhibition effect against Gram-positive
bacteria (S. aureus) than Gram-negative bacteria (E. coli).

A

u E. coli w8 aureus

%

Bacterial counts
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=

BCAGGC-1

BCAGG-C2

BCAGG-C3

Bactrigra®

E. coli

S. aureus

BCAGG-C2 BCAGGC-3 Bactrigra®

Figure 8. (A) Number of viable bacteria cells on the sample surface; and (B), agar plates of E. coli and
S. aureus colonies at 48 h incubation on BCAGG-C2, BCAGG-C3 and Bactrigra®A

3. Discussion

The fibrillated BC appeared highly entangled and formed a web-like network structure. The high
aspect ratio fibers were suitable for applying as a reinforcing agent in composite materials [23].
BCAGG films demonstrated a uniform structure. According to SEM analysis, there was no significant
effect of curcumin loading on the surface morphology. A good distribution of curcumin without
agglomerations was obtained. This suggests reasonably good compatibility between curcumin and
other polymers in the matrix.

The FTIR results of all curcumin-loaded films show characteristic absorption bands of curcumin,
suggesting that the films should retain the functions of curcumin. It was found that there were no
additional peaks, excluding the specific bands of BC, alginate, gelatin and curcumin. However, typical
peaks of curcumin-incorporated film were shifted to some extent as compared to BCAGG film.
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The results are in accordance with the previous report [24]. Similar observations were reported in
gelatin/curcumin composite films [25], in which the FT-IR and NMR results indicate the hydrogen
bonding between curcumin and gelatin. According to the previous work of BC-alginate matrix,
the slight shift and intensity changes were observed due to intermolecular hydrogen bonding formation
between anionic chains of BC and alginate [6]. The opposite charge of polyanionic polysaccharide
chains and positively charged gelatin could electrostatically attract each other, leading to the formation
of stable polyelectrolyte complexes [18]. These findings were consistent with the previous study on
complex formation between oppositely charged macromolecules [26]. The amino groups of gelatin
and carboxyl groups of alginate had electrostatic interactions with each other. In addition, it was
reported that cellulose could form hydrogen bonding with alginate and gelatin within the network
and enriched a dense and rigid network structure [27]. Curcumin-loaded BCAGG depicted similar
characteristic peaks of all parental molecules. The results show that there was no new peak generated
or disappeared after the addition of curcumin. However, small shifts and intensity changes were
observed, which might be attributed to local modifications leading to small variations of rotation and
vibration frequencies via hydrogen bonds. During the drying step, a dense and stable structure of
films was formed and curcumin was entrapped inside the cross-linked BCAGG network. In addition,
it was found that the peaks of -OH stretching in the spectrum of curcumin-loading composites were
obviously shifted and intensity changed in the ranges of 3200-3500 and 1650~1616 cm™! as compared to
that of BCAGG, which indicated the intermolecular interaction between phenolic groups of curcumin
and BCAGG matrix. Therefore, curcumin likely interacted via hydrogen bonding in the polymer
matrix. The negatively charged groups could interact with -OH groups of curcumin through hydrogen
bonding [28].

The fluid uptake ability of the films, which decreased with the increase in curcumin loading,
can be attributed to hydrophobic property of curcumin. It was also found that curcumin did not
diffuse out of the films throughout 48 h immersion in PBS and artificial saliva. It was previously
reported that cellulose crystals acted as a diffusion barrier that retarded the release of curcumin from
the film samples [12]. Hydrogen bonding interactions within the film matrix restrict the relaxation
and motion of polymeric chains. Such physical crosslinks would impede water molecules diffusion
and retard curcumin release. At the beginning, the fluid uptake ability in artificial saliva solution was
slightly higher than that of PBS buffer. The fluid of artificial saliva, which contains carboxymethyl
cellulose (CMC) as a viscosity modifier to mimic human saliva, had better wetting properties on the
material surface. CMC is commonly known as humectant, which is a substance that actually bonds
with water molecules to increase the water content to itself. The fluid uptakes increased rapidly and
reached the maximum after 24 h of incubation. Alginate does not swell in acidic environments but
possesses hydrophilic and water retaining properties in neutral or mildly alkaline environments [29].
Gelatin/polyglycerol sebacate copolymer hydrogels were also found to swell less under acidic pH
conditions [30]. Similar behavior was also reported for calcium alginate/chitosan bi-polymeric beads
in acidic stimulating intestinal fluid [31]. Under acidic conditions, the amino groups were protonated
and the electrostatic interactions between carboxyl groups (COO-) within the polymeric network and
protonated amine groups (-NHj3+) were strengthened, resulting in a denser structure with lower water
uptake. Consequently, the films without or with low curcumin loading (BCAGG and BCAGG-C1)
exhibited higher PBS absorption than that of artificial saliva after the 24 h immersion in the fluids.

Typically, wound pH values vary from 5.5 to 7.8. After prolonged periods, it will settle at
pH 7.4-7.0 [32]. Wound dressing absorption capacity is important for wound healing. According to
the study of absorption capacity of commercial super-absorbent dressings [33], the fluid absorption
capacity was found in a range of 50-220%. The curcumin-containing films developed in this study
were classified as thin film. It was demonstrated that the films could adhere and stick directly to skin
(without adhesive) with high fluid uptake ability in the range of 100-700%.

The composite films became more hydrophobic with the addition of curcumin. Generally, surfaces
with a water contact angle of less than 90° are considered hydrophilic, while those with a water contact
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angle greater than 90° are considered hydrophobic. To create sufficient film adhesion, liquid has to
both wet the contact surface and flow easily over the entire surface. Topical drug carrier films should
be capable of adhering to surfaces in order to bring drugs in contact with the target site for a sufficient
period of time. Surface wettability also influences protein adherence, as well as cell attachment and cell
proliferation, and it is one of the critical factors in determining cell behavior. Based on the hydrophilic
properties, all hydrated films in this study provided perfect coverage and were able to neatly adhere to
the skin. The composite films were also able to cope with curves and uneven textures.

Diffusion of water vapor through films affects the barrier properties of those films. Topical films in
biomedical applications should be occlusive to bacteria and viruses; however, water vapor, oxygen and
carbon dioxide should be easily exchanged. Films are supposed to allow moisture to evaporate and to
maintain normal skin function under the films. High WVTR films lead to quick moisture loss, and they
cause wound dryness, while low WVTR might cause exudate storing, which may retard the wound
healing process [34]. Intact human skin WVTR ranges 240-1920 g/m?/24 h, whereas the WVTR of
an uncovered wound is around 4800 g/m2/24 h [35]. WVTR values of existing commercial film and
hydrocolloid dressings range between 436 and 900 g/m?/24 h [36,37]. Injured skin (first degree to third
degree burns) can range from 278.4 to 4274 g/m?/24 h [38]. The WVTR characteristic of the fabricated
films in this study was found to be comparable to human skin and commercial wound dressings.

Adhesion of film to the surface is an important key factor for retaining the film on the target site.
It was demonstrated that the composite films presented good adhesion properties and maintained
their integrity on the target sites. For the further application as oral wound dressing, the films were
submerged into artificial saliva. It was found that hydrated films adhered well to the mucosa surface,
and the lack of air between surfaces was attributed to good surface wettability. A vacuum system is
formed and the external air pressure keeps the material and surface together, allowing the films to
maintain intimate contact. The functional groups of hydrophilic polymers such as hydroxyl, carboxyl
and amine groups are able to form hydrogen binding between the material and superficial surfaces [39].
In addition, positive charges of gelatin molecules were able to form electrostatic bonds with the negative
charge of mucosal surfaces. Therefore, the developed films can be applied as adhering films for the oral
cavity. Once films are place in the mouth, they adhere strongly, maintaining moisture without causing
drying. Previously, the in vitro adhesion residence time of alginate-based mucoadhesive bi-layered
buccal patches for antimigraine treatment reportedly varied from 20 to 25 min [40]. Another study on
mucoadhesive patches containing a miconazole drug reported that the adhesion residence time was
2 h [41]. It has been shown that the fabricated film in this work has advantages in terms of flexibility
and long bioadhesion residence time.

The mechanical properties of the films decreased with the increase in curcumin content. This was
possibly due to the disruption of hydrogen bonding between BC fibrils by the addition of an interfering
compound and a decrease in intermolecular interactions between polymeric backbone chains and
the presence of additives. The dispersed curcumin particles restrict the motions of polymeric chains,
thus reducing their strength and elongation tendencies. Similar patterns of changes in mechanical
properties have been observed in other studies. For example, mechanical properties were reduced
by the integration of turmeric extract into chitosan films [19]; tensile strength, Young’s modulus and
elongation at break all tended to decrease as a function of increasing curcumin loading in BC film [16];
and phenolic-protein inter-chain interaction resulted in a decline in flexibility of gelatin films [42].

Mechanical behavior after hydration is also important in predicting the in vivo clinical performance
of the films. All samples in hydrated condition were found to be softer and more flexible compared
to samples tested in the dry condition. Those results suggest that hydration of samples before
use could provide the samples with more flexibility. Under hydrated condition, clusters of water
molecules could fill intervening voids in the matrix. Water behaved as a plasticizer by creating bonds
with hydrophilic groups of the polymers resulting in the increase of ductility. It was observed that
mechanical strength of hydrated curcumin-loaded films increased in comparison to non-curcumin
loaded ones. Curcumin solid content increased rigidity of the polymeric matrix. Curcumin molecules
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partially limit the diffusion of water molecule into the matrix. This is possibly due to interlocking effects,
such as micro-pins within the polymeric matrix [43]. Curcumin restricts the segmental motions of the
polymer chains, leading to the increase in matrix stiffness. Under wet environment, water molecules
penetrated the composite and diffused along fiber-matrix interfaces causing debonding between fiber
and matrix [44]. Mechanical properties showed that the fabricated films possessed the appreciable
strength and were conformable enough for practical use. This good balance between stiffness and
elasticity needs to be achieved for the clinical approach. Film should be stiff enough to bear forces
and maintain its integrity during clinical uses. Meanwhile, a very stiff film does not allow for good
clinical utilization. The design and adoption of leave-on skin applications should be a good match
with natural skin in terms of mechanical strength and flexibility. The oral mucosa possessed a wide
range of possible elastic modulus from 0.06 to 8.89 MPa [45]. Typically values of 1-5 MPa were
adopted for simulations [46]. Tensile strength and Young’s modulus of commercial wound dressings
are 0.9-28.3 and 0.08-8.85 MPa, respectively [47,48]. Based on the mechanical characteristics exhibited
by the commercial benchmark, BCAGG, BCAGG-C1, BCAGG-C2 and BCAGG-C3 have appropriate
mechanical characteristics for application as wound dressings.

Overall, cell growth of HaCaT and GF exhibited consistent trends without great differences among
all samples. Both HaCat and GF cells tended to orient themselves and presented numerous cellular
extensions and 3D-like structure that more closely resemble in vivo tissue. The collagen fibers in
the wound tissue will organize along the stress lines of injury. The collagen fibers in scar tissues
are arranged in parallel to the skin surface, as opposed to a non-parallel conformation in healthy
skin [49]. Matrix stiffness plays an important role in the cell signaling that regulates cell behavior.
Substrate rigidity regulated cancer cell invasiveness [50]. Breast cancer cells exhibited increased
proliferation and migration through stiffer surface [51]. The migration speed of U-474 MG human
glioblastoma cancer cells increased as substrate stiffness increased [52]. In most models of cell spread,
cells must generate traction forces at adhesion sites so that cells can be stretched. Traction forces
are not able to form without adequate external resistance from a soft substrate. In this study,
CAL-27 cell viability gradually decreased on non-curcumin loaded BCAGG. Possibly, stiffness-related
effects prevailed over hydrophilic and surface properties. The number of CAL-27 cells significantly
dropped in curcumin-loaded BCAGG. This was attributed to the synergistic effect of stiffness and
addition of curcumin. It was postulated that functional adaptation was acquired by the cancer cells
to survive and thrive in the altered environment. Curcumin has anticancer activity against oral
squamous cell carcinoma (OSCC) via both autophagy and apoptosis [53]. It has been suggested that,
during cellular stress, to survive starvation or environmental toxicity, cells utilize autophagy to adapt
to the microenvironment. Autophagy due to excessive stress could lead to cell death. According to
our previous report, the release of curcumin from curcumin-loaded BC films showed strong cytotoxic
effect against A375 human melanoma cancer cells, without significant cytotoxic effect against human
keratinocytes and human dermal fibroblasts [16]. In this study, although no significant release of
curcumin was observed in PBS and artificial saliva, curcumin-loaded BCAGG films (BCAGG-C2 and
BCAGG-C3) showed cytotoxicity against oral cancer cells (CAL-27), but non-cytotoxicity to HaCaT
and GF cells. Since curcumin was not released, the regulation of this response should be from the
contact and interaction of curcumin to some kinds of cell surface molecules, which then modulated
the cell behaviors. Recent studies demonstrated that curcumin can bind to cell membrane-bound
toll-like receptors (TLRs) [54,55]. Curcumin demonstrates an antagonist effect on the TLR2 and
TLR4 downstream signaling pathway resulting in an anti-inflammatory effect or induction of cell
apoptosis [54]. TLR2 and TLR4 are found in several cell types including oral epithelial cell, gingival
fibroblast and with overexpression by oral cancer cells [56-58]. Curcumin effectively modulates the
TLR response and thereby exerts its potent therapeutic effects against a range of diseases such as
inflammation, infection and autoimmune diseases including cancer [59]. Curcumin also has abilities to
induce cell apoptosis, suppress the expression of multiple oncogenes and transcription factors inducing
epithelial-to-mesenchymal transition (EMT) in cancer cells through interfering with the binding of Wnt
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to its cell surface receptor in the Wnt/B-catenin signaling pathway, suggesting curcumin as a potential
target for anticancer therapies [60]. A further study should be performed find the actual mechanism
on cancer viability of curcumin-loaded film.

The curcumin-loaded films had substantial antibacterial activity against E. coli and S. aureus. It was
noticed that the composite films had greater inhibition effect against Gram-positive bacteria (S. aureus)
than Gram-negative bacteria (E. coli) Several reports also indicate that curcumin is more effective on
Gram-positive than Gram-negative bacteria. Bacteriostatic of gelatin/curcumin composite films showed
stronger activity against Gram-positive than Gram-negative ones. Curcumin-loaded BCAGG films may
possibly be identified as self-disinfecting, bacterial resistant composites as they did not accumulate
bacteria growth over their surfaces. They could also be categorized as a passive antibacterial material
as they did not release antimicrobial agents to the environment yet were able to inhibit bacterial growth.
The alteration in antibacterial effect might be due to the difference in bacteria cell membrane structures.
Gram-positive bacteria were found to be more susceptible to many natural antibacterial products [61,62].
Gram-positive bacteria have a thicker layer of peptidoglycan. On the other hand, Gram-negative
bacteria have a cell wall composed of a thin layer of peptidoglycan surrounded by an outer membrane.
The outer membrane of Gram-negative bacteria contains lipopolysaccharide, in addition to proteins
and phospholipids [63]. The distinctive structure of the Gram-negative bacteria outer membrane could
prevent some antimicrobial agents from entering to the cell. The results in this study demonstrate
that curcumin exhibits some antibacterial activities despite being trapped in a biocomposite matrix
of BCAGG. Auto-oxidation, one of the bactericidal properties of curcumin, could produce reactive
oxygen species (ROS) such as hydrogen peroxide and superoxide, thereby disrupting integrity of the
bacterial cell wall leading to cell death. Only the contact between the curcumin and bacterial cells is
required for this mechanism as these free radicals have a short half-life [64]. Previously, it was shown
that binding of curcumin, an amphipathic and lipophilic molecule, to the bacterial cell wall increases
the cell membrane permeabilization of S. aureus and E. coli causing cell membrane damage and leading
to cell lysis. This mode of antibacterial activity of curcumin on Gram-positive bacteria is more effective
than that on Gram-negative bacteria according to the composition of cell wall [65]. However, further
studies should be clarified for the definite mechanisms of action by the curcumin loaded film.

4. Materials and Methods

4.1. Preparation of Bacterial Cellulose/Alginate/Gelatin Films Incorporated with Curcumin

The preparation of BC/alginate/gelatin composite (BCAGG) was performed according to our
previous work [23]. Films of BCAGG were fabricated from a blend of the BC, alginate and gelatin
at a weight ratio of 60:20:20, added with glycerol at 2 g/10 g of gelatin solution. To prepare the
curcumin-loaded BC/alginate/gelatin (BCAGG-C), solutions of curcumin (>95% purity, Sigma-Aldrich,
St. Louis, MO, USA) at concentrations of 2, 4, 6 and 8 mg/mL were prepared by dispersing curcumin in
absolute ethanol. Curcumin solutions of 1 mL were added into 100 g of BC/alginate/gelatin blends,
and the mixtures were added with glycerol at 2 g/10 g of gelatin solution. All mixtures were thoroughly
stirred together for 4 h until homogeneous mixtures were obtained. The mixtures were placed in a
14.5-cm diameter sterile Petri-dish (40 g/plate) and air-dried at room temperature for 24 h. After that,
all dried films were cross-linked in a 1% (w/v) solution of calcium chloride for 1 h. The films were then
rinsed with DI water and dried at room temperature (30 °C). The films were then placed in airtight
containers at room temperature. BCAGG-C1, BCAGG-C2, BCAGG-C3 and BCAGG-C4 represented
BCAGG-C prepared with 2, 4, 6 and 8 mg/mL curcumin solution, respectively. The actual curcumin
content in each film was also determined. Each sample (2 cm X 2 cm) was immersed in 10 mL absolute
ethanol and stirred at 100 rpm for 6 h and 1 mL of supernatant was then collected. The actual content
of curcumin was quantified by UV-visible spectrophotometry (Shimadzu UV-2550, Tokyo, Japan) at
the wavelength of 420 nm.
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4.2. Characterization of Composite Films

Scanning Electron Microscope (SEM) was used to observe morphology of the samples. Films were
cut and sputter-coated with gold in a Balzers-SCD-040 sputter coater (Balzers, Liechtenstein).
Surface feature analysis was visualized using a JSM-5410LV scanning electron microscope (JOEL,
Japan) operated at an acceleration voltage of 15 kV.

The information on chemical structural of the composite films was collected by FT-IR analysis
using Spectrum One FI-IR spectrometer (PerkinElmer, Waltham, MA, USA). The dried samples were
mixed with KBr and compressed into semitransparent KBR pellets before the measurement. The FT-IRs
of samples were analyzed within the range of 4000-800 cm™! at a scanning resolution of 2 cm™!.

Fluid uptake ability of the samples was measure by immersing the weighed samples in PBS
(pH 7.4) and artificial saliva (pH 6.2) at 37 °C for 6 and 24 h. Excess fluid on the sample surface was
removed by blotting out with tissue papers. The weights of wet samples were then recorded. All tests
were done in triplicate. Fluid absorption capacity was calculated using the following equation:

(Ws — Wd)

HWAC = Wd

x 100
where Wd and Ws are the weights of dry sample and wet sample, respectively.

Surface wettability of the films was evaluated as static water contact angle using OCA 20 contact
angle analyzer (Dataphysics, Filderstadt, Germany). Each of samples was placed on the platform of
the contact angle analyzer just below the needle, from which a 2 uL. water droplet was dispensed.
The contact angle was measured in degrees using the SCA20 software. Measurements were performed
at least 6 different locations for each sample.

WVTRs of samples were analyzed by water vapor permeability analyzer, PERMETRAN-W®
model 398 (Mocon, Minneapolis, MN, USA). The test condition followed ASTM E398-03 standard.
The determination of WVTR was carried out at 38 °C and 98% relative humidity. The test specimen was
sealed to the open mount of test dish containing a desiccant and the assembly placed in a controlled
atmosphere. Periodic weighting was performed to determine the rate of water vapor movement
through the specimen into the desiccant.

In vitro mucoadhesion time of samples was evaluated by assessing the time for samples to detach
from the porcine buccal mucosa. The tests were based on modified method of the previous work [40].
The porcine buccal mucosa was bought from a local butcher house and fixed on the internal side of a
well-stirred beaker containing 50 mL of artificial saliva maintained at 37 °C. The samples were wetted
with artificial saliva and adhered to buccal mucosa. The time for detachment of the samples from
buccal mucosa was recorded and taken as in vitro mucoadhesion time.

The tensile strength, Young’s modulus and elongation at break of dry and hydrated films were
measured by an INSTRON 5567 Universal Testing Machine (INSTRON, Norwood, MA, USA) equipped
with a 1.0 kN load cell. Hydrated samples were prepared by immersing dry films in DI water for
24 h prior to testing. The samples were cut into strip-shaped specimens with a width of 10 mm and a
length of 10 cm. The test conditions in this assay followed ASTM D882. The tensile strength, Young’s
modulus and elongation at break values were reported as average values determined from at least
six specimens.

Human keratinocyte (HaCaT), human oral cancer (CAL-27) cell lines and primary human gingival
fibroblasts (GF) were used to evaluate in vitro cytocompatibility as a direct contact test. Human primary
gingival fibroblasts (GFE, passage 2) were kindly provided by the Department of Anatomy, Faculty of
Dentistry, Chulalongkorn University, Thailand. All cell types were cultured in DMEM supplemented
with 10% v/v FBS and 1% of antibiotics in a humidified 37 °C incubator containing 5% (v/v) CO,. The cell
cultures of 5 x 10* cells/well were seeded on each film placed in 24-well plates. Cells were allowed
to proliferate for 48 h. Cells cultured on glass coverslips were served as control groups. The relative
cell viability was evaluated by MTT assay. The optical densities were measured by a Multiskan EX
microplate reader (Thermo Scientific, West Columbia, SC, USA) at wavelength of 570 nm. To observe
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cell morphology on samples, films containing cells were washed with PBS and fixed in 2.5 vol %
fixative solution. The samples were dehydrated in serial dilutions of ethanol afterwards and dried in an
automated Leica EM-CPD300 critical point dryer (Leica Microsystems, Wien, Austria). Samples were
then sputter-coated with gold and observed under a JSM-5410 Scanning Electron Microscope (JEOL,
Tokyo, Japan).

Antibacterial testing was carried out according to Japanese International Standard, JISZ2801 [56].
The antibacterial activity analysis of all composite films was tested against Gram-positive S. aureus
(ATCC 29213) and Gram-negative E. coli (ATCC 25922). Briefly, bacteria were suspended in nutrient
broth medium. After the cultivation, the bacterial suspensions were diluted with some amount of
sterilized water to obtain a suspension with the range of bacteria concentration of 1.6-3.1 x 10° cfu/mL.
The bacteria suspension of 0.040 mL was dropped on the surface of each sample, which was horizontally
placed on a sterilized petri dish. Each sample size was 5 x 5 cm?. The samples were subsequently
placed in an incubator and were incubated for 48 h at 37 °C and relative humidity of 90%. After 48 h of
incubation, the surfaces of samples were rinsed to harvest bacteria exposed to the samples. The numbers
of surviving bacteria on the surface of samples were counted after 48 of incubation by the standard agar
plate colony counting method. The images of the agar plates were captured. The above experiments
were done in triplicate.

All results were reported as mean + standard deviation. Statistical analysis was performed using
Minitab 17 software (Minitab Inc., State College, PA, USA). The level of statistical significance for all
tests was set at p-value < 0.05.

5. Conclusions

In this study, to develop a multifunctional biopolymer composite film, curcumin was integrated
into BCAGG composite film. SEM images indicated a uniform structure of the composites.
Mechanical properties showed that BCAGG-C films possessed the appreciable strength and flexibility
for practical use as wound dressings. Hydrated films could adhere firmly onto the skin. In vitro
mucoadhesion time was found in the range of 0.5-6 h with porcine mucosa as model membrane
under an artificial saliva medium. The release of curcumin was not observed in the testing media
during 48 h immersion in PBS and artificial saliva, where the fluids uptakes were in the range
of 100-700%. Despite being trapped within the biopolymer matrix composite, curcumin could
possess useful biological activities. The curcumin-loaded films demonstrated antibacterial activities
against E. coli and S. aureus infection. The films showed anticancer activity against oral cancer cells
(CAL-27), but non-cytotoxicity to HaCaT and GF cells. Therefore, BCAGG-C films have potential
future applications as wound care dressings and oral mucoadhesive patches for periodontitis or oral
cancer treatment.
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Abstract: Biobased monomers have been used to replace their petroleum counterparts in the
synthesis of polymers that are aimed at different applications. However, environmentally friendly
polymerization processes are also essential to guarantee greener materials. Thus, photoinduced
polymerization, which is low-energy consuming and solvent-free, rises as a suitable option. In this
work, eugenol-, isoeugenol-, and dihydroeugenol-derived methacrylates are employed in radical
photopolymerization to produce biobased polymers. The polymerization is monitored in the absence
and presence of a photoinitiator and under air or protected from air, using Real-Time Fourier Transform
Infrared Spectroscopy. The polymerization rate of the methacrylate double bonds was affected by
the presence and reactivity of the allyl and propenyl groups in the eugenol- and isoeugenol-derived
methacrylates, respectively. These groups are involved in radical addition, degradative chain transfer,
and termination reactions, yielding crosslinked polymers. The materials, in the form of films, are
characterized by differential scanning calorimetry, thermogravimetric, and contact angle analyses.

Keywords: biobased monomer; photoinduced-polymerization; eugenol-derived methacrylate

1. Introduction

The need for more environmentally friendly materials and processes has led to the development
of suitable biobased building blocks to produce polymers [1]. However, the use of energy-efficient
polymerization techniques is also paramount. Photoinduced polymerization is a suitable option, as it
allows fast processes, low energy consumption, room temperature reactions, and solvent-free conditions
with the concomitant reduction or elimination of volatile organic compounds (VOCs) [2]. Thanks to
these advantages, it has found wide application in industrial processes. It is an established technique
in the fields of coatings, inks, adhesives, and wood finishing [3]. Products from photopolymerization
are present in everyday life, such as contact lenses [4], filling for dental cavities [5], and credit cards [6].

Photopolymerization processes are also characterized by spatial and temporal control, which
means that they only occur in the irradiated area and they are stop-and-go reactions, i.e., they start and
stop simply by switching on and off the light [7]. Therefore, they are key reactions for the emerging
additive manufacturing technologies [8-10]. For most applications, conventional radical reactions
(proceeding via propagation of macromolecular radicals after initiation triggered by irradiation) are
employed. Most monomers do not produce any radical initiating species with sufficiently high yields
under light irradiation; thus, a photoinitiator (PI) may be required [3]. Most PIs form radicals either
by homolytic cleavage or by hydrogen abstraction. Then, the radicals initiate the polymerization by
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reacting with the monomers. The most commonly used monomers in radical photopolymerization are
acrylates and methacrylates. In search of sustainability, it is crucial to replace oil-based monomers
with bio-based ones produced from renewable sources. Among the available biobased building blocks,
some natural molecules can undergo autooxidation reactions, cyclization, isomerization, dimerization,
and oligomerization in the presence of light [11,12]. However, most of these require being suitably
functionalized prior to photoinduced polymerization processes. The introduction of polymerizable
functions on biobased building blocks is thus a crucial step.

Recently, the use of naturally occurring phenols, such as eugenol and eugenol-derivatives,
has gained attention for producing biobased monomers, as they can be obtained by lignin
depolymerization [13-15]. In addition, eugenol-derived monomers are attractive because they possess
antioxidant, antiseptic, and antibacterial properties [16,17], which could be exploited in photopolymers
for dentistry or food packaging [18]. In particular, isoeugenol has a higher antibacterial activity than
eugenol and is not genotoxic [19]. However, as many other biobased building blocks, eugenol and its
derivatives do not possess functional groups that react readily through photoinduced polymerization.
In addition, phenols scavenge free radicals and inhibit polymerization [20,21]. Thus, suitable functional
groups must be inserted to avoid this inhibition and promote polymerization.

Besides the functionalization of eugenol with epoxy groups for cationic photopolymerization [22-24],
methacrylate functional groups have also been introduced in the molecule. By reacting to the allylic
double bond with 3-mercaptopropionic acid and thiomalic acid (via thiol-ene chemistry) and then
reacting to the resulting carboxylic acid product and phenol group of eugenol with glycidyl methacrylate,
eugenol methacrylic derivatives were obtained. These monomers were then used in photoinduced
copolymerization with AESO (acrylated epoxidized soybean oil) to produce biobased coatings [25].
Moreover, allyl-etherified eugenol-derivatives were copolymerized through thiol-ene reactions with
pentaerythritol-based primary and secondary tetrathiol and with isocyanurate-based secondary trithiol, to
prepare crosslinked polymers [26]. Similarly, allyl-etherified eugenol and linalool were copolymerized with
trimethylolpropane tris(3-mercaptopropionate) to form crosslinked networks endowed with antioxidant
and antibacterial properties [18]. Later, a trifunctional allyl compound, tris(4-allyl-2 methoxyphenolyl)
phosphate, was synthesized and reacted with thiols with two to four functionalities via thiol-ene chemistry
and the influence of crosslink density on the different materials was studied [27]. Thiol-ene chemistry
was also employed to covalently attach eugenol through its allylic double bond to a limonene-derived
polymer network and prepare antibacterial coatings [28].

An easy two-step synthetic alternative to produce methacrylated eugenol derivatives was described
in a previous work [29]. A methacrylate group was introduced in eugenol structures taking advantage
of its phenol group. Ethoxy eugenyl methacrylate (EEMA), ethoxy isoeugenyl methacrylate (EIMA) and
ethoxy dihydroeugenyl methacrylate (EDMA) (Figure 1) were synthesized and successfully employed
in solution and emulsion polymerization [29,30].

0/\/0# O/\/O# O/\/OWJL

0 0 _0 o 0 o)

| EEmA EIMA EDMA

Figure 1. Eugenol-derived methacrylates.

Biobased polymers obtained in the form of homogeneous and transparent films are potentially
interesting for industrial development and could find application in coatings, food packaging or
dentistry. Therefore, in the present article, we investigate the photopolymerization of films of
these eugenol methacrylates under irradiation in different conditions: with or without the radical
photoinitiator and in the presence or in the absence of air. Moreover, the conversion of the methacrylic

68



Molecules 2020, 25, 3444

double bond of the three monomers as well as the conversion of the allylic (EEMA) or propenyl (EIMA)
double bonds are monitored, and the properties of the polymers are tested.

2. Results and Discussion

2.1. Kinetic Monitoring of Photoinduced Polymerization of Eugenol-Derived Methacrylates

The photoinduced polymerization of ethoxy eugenyl methacrylate (EEMA), ethoxy isoeugenyl
methacrylate (EIMA) and ethoxy dihydroeugenyl methacrylate (EDMA) was conducted by irradiating
the monomers spread on a solid substrate in the form of films. Different experimental conditions were
investigated. At first, the reactions were attempted in the absence of any photoinitiator (PI). Avoiding
the use of Pl is a crucial step in the development of new products for many real life applications
(e.g., inks for food packaging, dental materials) as photoinitiators decompose into harmful species
which can uncontrollably migrate [31]. Then, reactions were done in the presence of two different
Norrish Type I photoinitiators. Azo-initiators, largely used in radical polymerization, can also be
used as photoinitiators. However, they have been reported to have low efficiency compared to acyl
photoinitiators [32]. Thus, Darocur 1173 and Irgacure 819 have been selected. As the reaction proceeds
via a radical mechanism, the effect of oxygen was studied by irradiating the monomers either in the
presence or absence of air. Experiments in the absence of air were carried out by covering the monomer
films with a polypropylene (PP) film. This is a common strategy to protect polymerization samples
from oxygen and reduce inhibition [33].

2.1.1. Photopolymerization Without Photoinitiator

The kinetics of the reactions of the eugenol-derivatives EDMA, EEMA, and EIMA were monitored
by Real-Time FT-IR in transmission mode while they were exposed to a UV-light source (L9566-02A,
240 to 400 nm, 260 mW cm‘z) [34] in the presence of air or in the absence of air. The band corresponding
to the methacrylate double bond at 1638 cm™! (C=C stretching vibration) [35], and the aromatic band at
1514 cm™! (C-H aromatic in-plane bending) [36] as reference, were monitored over the irradiation time.
The conversion of the methacrylate double bonds (MDB) for EDMA, EEMA, and EIMA are presented in
Figure 2. Simultaneously, the conversion of the allylic double bonds (ADB) from EEMA and propenyl
double bonds (PDB) from EIMA were monitored using the bands at 995 cm™! and 960 cm™! respectively.
The results comparing allylic and propenyl double bond conversion with regards to the presence or
absence of air are plotted in Figure 3.

Without Photoinitiator

-
1=
S

Methacrylate Double Bond Conversion (%)

Irradiation time (min)
----- EDMA Air protected MDB - - = EDMAAir MDB
— — —EEMA Air protected MDB — - -EEMA Air MDB
— — EIMA Air protected MDB — - - EIMA Air MDB

Figure 2. Methacrylate double bond (MDB) conversion of eugenol-derived monomers versus irradiation
time in the absence of photoinitiator.
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Figure 3. Allylic (ADB) and Propenyl double bond (PDB) conversion of eugenol-derived monomers
versus irradiation time in the absence of photoinitiator.

Figure 2 shows that the methacrylic double bonds (MDB) of all monomers can react upon light
exposure even in the absence of any photoinitiator. This is not surprising, as it has been previously
reported that (meth)acrylates could undergo photopolymerization without a photoinitiator due to
self-initiation [37-40]. Interestingly, the final conversion of MDB and the conversion rate (i.e., the
slope of the conversion versus time curve) were different for the three monomers. The reactivity
trend is as follows: EIMA >> EDMA > EEMA. EIMA was the most reactive monomer (higher slope,
final conversion of 59%), while the conversion of EDMA and EEMA remained low reaching only
22% and 12% respectively at the end of the irradiation (Table 1). Conversion rates of EDMA and
EEMA were much lower than that of EIMA. The different reactivities of the MDBs may be explained
by the difference in the UV absorption spectra of the monomers (Figure S4). The monomers UV
absorption curves overlap with the emission spectrum of the Hg lamp used as irradiation source [34].
The absorption of EIMA is significantly higher than that of EDMA and EEMA. EIMA is thus more likely
to undergo faster self-initiation. To confirm that the monomers self-initiate due to UV absorption [37],
further polymerization experiments protected from air were performed under UV irradiation but using
a filter to stop wavelengths below 365 nm. As expected, since the monomers absorb below 320 nm,
no reaction was observed for any of the monomers. These experiments confirmed the hypothesis of
self-initiation responsible for the polymerization occurring in the absence of PI.

Besides the methacrylic group, the reactivity of the allyl and propenyl groups, present in EEMA and
EIMA respectively, were studied during photopolymerization processes protected from air (Figure 3).
Indeed, allylic and propenyl double bonds can experience secondary reactions such as (degradative)
chain transfer reactions (allylic hydrogen abstraction produce poorly-reactive highly-stabilized radicals)
and radical addition (cross-propagation) (Figure 4) [29,41-43]. The radicals formed from these secondary
reactions can undergo further propagation or termination yielding branched and even crosslinked
polymers (in the case of termination by combination). In the absence of air, the propenyl double
bond (PDB) of EIMA was quite reactive and reached nearly the same conversion as the methacrylic
double bonds (58%). On the other hand, the allylic double bond (ADB) of EEMA displayed a very
low conversion (6%). For this monomer, a lower reaction rate and MDB conversion were obtained
(Figure 2). EEMA allylic hydrogens can be abstracted and form highly stabilized radicals (main
secondary reaction). This affects the propagation rate as the corresponding radicals become less
reactive (degradative chain transfer). This effect was not seen for EIMA, implying that PDB reacts
mainly though cross-propagation reactions between propenyl and methacrylic groups.
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Table 1. Methacrylate (MDB), allylic (ADB) and propenyl (PDB) double bond conversions under
different conditions of irradiation.

Conversion (%)

Monomer Condition 220-600 nm 365 nm
Without PI Darocur 1173 Darocur 1173 Irgacure 819
EDMA
MDB 22 100 94 96
EEMA .

MDB Air protected 12 66 74 76
EIMA MDB 59 100 65 78
EEMA ADB 6 7 6 3
EIMA PDB 58 56 40 12

EDMA
MDB 35 61 8 8
EEMA

MDB Under air 66 81 0 7
EIMA MDB 86 92 39 40
EEMA ADB 49 64 2 9
EIMA PDB 68 76 58 30

Scavenging reactions: Poorly reactive
radical
0 0
—_—
SR H—
ROO H ‘
ROOH

ROOH

Crosspropagation reactions:

o\ O\
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g ° \
o Further propagation
R R or R
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SN oL /
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Figure 4. Scavenging and cross-propagation reactions on allylic and propenyl double bonds of
eugenol-derived methacrylates.

Branched or crosslinked
polymers

Figure 2 shows that the methacrylate double bond conversions under air have different profiles
compared to those of the polymerization protected from air. Changes in the curve slope are visible,
signaling a noticeable variation of the speed of the reaction during the irradiation. This behavior is
particularly clear for EIMA and to a lower extent for EEMA (Figure 2), but it is negligible for EDMA.
The sigmoidal profile appearing in the curves is caused by the occurrence of two polymerization
regimes. These are due to the formation of hydroperoxides in the presence of oxygen, as reported
in literature [44]. Indeed, radicals produced by irradiation of the monomers can react with oxygen
according to Equations (1)—(3).

R + 07 — ROy (1)
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ROy + RH — RO»H + R’ 2)
ROH™ RO + HO' 3)

Once peroxyl radicals (RO;) are formed (Equation (1)), hydroperoxides (RO,H) are generated by
hydrogen abstraction (Equation (2)) [33]. The three monomers possess abstractable hydrogen atoms:
bis-allylic hydrogens in EEMA (Ph- CHz- CH= CH,), propenylic hydrogens in EIMA (Ph- CH= CH-
CHj3), and benzylic hydrogens in EDMA (Ph- CH,- CH,- CHj3). Hydroperoxides react slowly, therefore
oxygen is often described as an inhibitor of radical polymerization. The phenomenon is particularly
severe in photopolymerization when monomers are irradiated in films. In such a situation, a large
area is exposed to oxygen, and oxygen can be continuously replaced by diffusion at the surface of
the reacting formulation. However, hydroperoxides can decompose, through continued irradiation,
to produce new radicals (Equation (3)) that are able to trigger additional initiation and a second
polymerization regime [44]. Herein, IR analyses confirmed the hydroperoxides formation during the
photopolymerization reactions carried out in the presence of air (Figures 5S12-514).

Contrary to what was expected, all the monomers showed a higher MDB conversion in the
presence of air than in the absence of air. During the first minute of irradiation, EEMA and EDMA
displayed very similar MDB conversion under air or protected from air. However, conversion increased
significantly at higher irradiation time in the presence of air. Specifically, for EEMA, MDB final
conversion reached 66% under air (and only 12% when protected from air over the same irradiation
time). For EDMA, the final conversion was 35% in the presence of air and 22% when protected from air
(Table 1). Finally, for EIMA, the MDB conversion and conversion rates under air were always higher
than in the absence of air from the onset of irradiation. Similarly to EEMA, after the first polymerization
regime, the conversion rate of EIMA MDB increased (producing a second polymerization regime) and
a final conversion of 86% was reached (59% in the absence of air).

Figure 3 shows that EEMA ADB are consumed up to 49% in the presence of air, while they are
almost non-reactive in the absence of air. This can explain the high reactivity of the EEMA MDBs
under air. Allylic double bonds undergo hydrogen abstraction leading to radicals that can react with
oxygen to form peroxy radicals which scavenge oxygen and thus prevent the oxygen inhibition of
MDB polymerization. The peroxy radicals can then form hydroperoxides that decompose to provide
additional radicals for further MDB polymerization. In the case of EIMA, the conversion of PDB
reached relatively high values both under air (68%) and while air-protected (58%) and was always
higher under air, independent of the irradiation time (Figure 3 and Table 1). PDB can be consumed
not only by the formation of peroxy and hydroperoxy radicals when oxygen is present but also by
cross-propagation reactions (Figure 4). Noteworthy is that only a slightly higher consumption of PDB
was observed in the polymerizations carried out under air compared to the polymerizations protected
from it. This suggests that although hydroperoxides are formed under air, cross-propagation is the
main secondary reaction.

In addition, higher conversion of the monomers under air can also be related to the formation
of ozone induced by the UV irradiation at 242 nm and its subsequent photolysis into singlet oxygen
(10,) [45,46]. Singlet oxygen can react with the ADB and PDB of both EEMA and EIMA, again forming
peroxy radicals and hydroperoxides which dissociate into other radicals [47-50].

Styrene can polymerize in the absence of a photoinitiator, due its capacity to form charge-transfer
complexes with oxygen [51,52]. These complexes lead to the production of peroxides eventually leading
to the production of radicals. Recently, Krueger et al. [53] concluded that in photoinitiator-free styrene
polymerizations, oxygen reacts photochemically with styrene at the beginning of their polymerization
reactions but that peroxides are not the sole source of radical formation. The photochemical radical
generation via photo electron transfer (PET) requires a donor-acceptor pair. In the absence of oxygen, the
PET between styrene-polystyrene leads to the generation of radical ions continuing the polymerization
in the absence of PI. A similar process could occur in the case of isoeugenol. Moreover, the triplet state
of isoeugenol derivatives has been suspected to produce singlet oxygen able to react with the double

72



Molecules 2020, 25, 3444

bond to form dioxetane, which can cleave to produce aldehydes [52,54]. Nonetheless, no increment or
change was noticed in the bands at 2827 cm~! and 2725 cm™!, corresponding to the Fermi resonance
characteristic of aldehydes. Hence, the consumption of PDB does not follow this pathway here.

To avoid the absorption of light by the monomers and the possible formation of ozone,
further polymerization experiments under air were performed using a 355-375 nm bandpass filter.
Unsurprisingly, no reaction was observed for any of the monomers, since neither monomer homolytic
cleavage nor ozone production (both leading to radicals) occur at this longer irradiation wavelength.

In conclusion, the eugenol-derived methacrylates can photopolymerize in the absence of the
photoinitiator both in the presence or absence of air as long as the irradiation wavelengths are short
(from 220 to 355 nm). The presence of oxygen (while irradiating at short wavelengths <365 nm) leads
to higher conversion of the methacrylic, allylic, and propenyl double bonds of the eugenol-derived
methacrylates as a consequence of the production of hydroperoxides and their decomposition. The
presence of ADB and PDB causes secondary reactions such as allylic hydrogen abstraction and
cross-propagation which could lead to branched or crosslinked structures.

2.1.2. Photopolymerization with Photoinitiator

Experiments proceeded with the use of common photoinitiators. Darocur 1173 was added to the
monomers at 2% wbm (weight based on monomer). It is a Norrish Type I photoinitiator that undergoes
homolytic cleavage to produce two carbon-centered radicals (Figure 5 and Figure S5).

A N
— °
HO™* +
HO

Figure 5. Homolytic cleavage under light of Darocur 1173.

The evolutions with irradiation time of the MDB conversions of the three monomers for the
photopolymerizations carried out in the presence and in the absence of air using Darocur 1173 are shown
in Figure 6. The evolutions with time of the conversions of ADB and PDB in the same conditions are
displayed in Figure 7. The comparison of these data with those observed for polymerizations carried out
in the absence of the photoinitiator demonstrates, as expected, that the PI accelerates the polymerization.
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Figure 6. Methacrylate double bond (MDB) conversion of eugenol-derived monomers versus irradiation
time in the presence of Darocur 1173.
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Figure 7. Allylic (ADB) and propenyl double bond (PDB) conversion of eugenol-derived monomers
versus irradiation time in the presence of Darocur 1173.

In the absence of air, the conversion of EDMA MDB was fast and reached 100%. The polymerization
rates of the difunctional methacrylates, EEMA and EIMA, were slower. EEMA MDB conversion reached
66%, whereas that of EIMA MDB reached 100% although at a lower rate than EDMA (Table 1). In the
case of EEMA, radicals were presumed to be consumed by the allyl groups (degradative chain transfer),
even to a small extent, to form highly stabilized radicals that resulted in a lower polymerization rate and
ultimately in termination reactions limiting the conversion. No increment or appearance of the band at
960 cm™! corresponding to the propenyl double bonds was observed, suggesting that the isomerization
of EEMA into EIMA does not occur under these experimental conditions. In addition, the conversion
of allylic double bonds to propenyl double bonds would lead to the decrease of the 995 cm™~! peak area
(corresponding to allylic double bond), which did not occur, as conversion was <10%. In the case of
EIMA, the PDBs were consumed up to 56% (Table 1) most likely via cross-propagation (vide supra).
This cross-propagation slightly slows down the polymerization but does not prevent the quantitative
conversion of EIMA MDB. Moreover, as discussed above, EIMA has a higher absorption than EEMA
and forms propagating species by itself, thus enhancing the conversion.

In the presence of air, the polymerization rates were lower than those observed for polymerizations
carried out in the absence of air. This decrease of the polymerization rate was likely caused by oxygen
inhibition. EDMA was strongly inhibited by air and presented the lowest MDB conversion (61%).
EIMA and EEMA were less affected and reached high conversions: 92% and 81%, respectively (Table 1).
As previously discussed, reactions with oxygen can lead to the formation of hydroperoxides, which
decompose, causing a second polymerization regime. The corresponding sigmoidal curve is observed
quite clearly for EEMA, but not for EIMA. In addition, the conversion of PDB was higher than that
of ADB (76% and 64% respectively, Figure 7). PDBs were also highly consumed when protected
from air (56%), while ADBs were not (7%). This may be because cross-propagation is the dominant
reaction in the consumption of PDBs (only a fraction might be consumed by hydrogen abstraction
or hydroperoxide formation). In contrast, in the case of EEMA, for which bis-allylic H-abstraction
and radical termination dominate, the absence of air limits the overall polymerization. However, in
the presence of air, hydroperoxide dissociation provides the necessary radicals to continue EEMA
MDB polymerization.

The effect of the monomer light absorption and the possible formation of ozone on the kinetics of
polymerization remained to be investigated. Thus, a bandpass filter centered at 365 nm, preventing
monomer light absorption and ozone formation (<242 nm) was again used to irradiate the formulations.
Experiments with Darocur 1173 were performed and results are shown in Figures 8 and 9.
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Figure 8. Methacrylate double bond (MDB) conversion of eugenol-derived monomers with irradiation
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Figure 9. Allylic (ADB) and propenyl double bond (PDB) conversion of eugenol-derived monomers
with irradiation time in the presence of Darocur 1173, irradiation under A = 365 nm.

In the presence of air, almost no conversion of MDB could be measured for EEMA and EDMA
(conversion <10%, Figure 8 and Table 1). Similar results were observed for EEMA ADB with a
conversion close to zero (2%, Figure 9 and Table 1). In the presence of the filter, the production of
radicals by cleavage of the photoinitiator was strongly diminished and the scarce quantity of radicals
could quickly be quenched by oxygen, while no peroxides nor hydroperoxides could be generated [33].
Nevertheless, the considerable consumption of both EIMA MDB and PDB (39% and 58% respectively,
Table 1 was observed in spite of the presence of oxygen. This may be explained by the formation of
charge-transfer complexes of EIMA with oxygen (as reported for styrene [51,52]) which lead to the
production of radicals and allow propagation.

In the absence of air, both the polymerization rate and the final conversion increased significantly.
MDB conversion followed the trend: EDMA (94%) > EEMA (74%) > EIMA (65%) (Table 1). The
polymerization rate was lower than that observed for the reaction carried out using light, including
shorter irradiation wavelengths (i.e., without filter). This may be explained by a lower radical
production both from Darocur 1173 (which absorbs weakly at 365 nm) and from the monomers
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(which do not absorb at 365, see Figure S4). Moreover, the irradiance decreases because of the
filter (78 mW.cm~2 UVA). However, contrary to the experiments carried out without filter, EIMA
showed lower MDB conversion than EEMA. This means that EIMA UV light absorption and cleavage
(responsible for the reaction in the absence of PI) contribute to the formation of reactive species.
Moreover, the consumption of the PDBs reached 40% (Table 1), while ADB consumption remained
low (6%).

The comparison of the results of the polymerizations irradiated with and without filter using
Darocur 1173 (Norrish Type I photoinitiator) suggests that the monomer absorptions play an
important role in their reactivity, especially for EIMA. Moreover, in the presence of air, reactions of
peroxides and hydroperoxides, ozone formation and photolysis to singlet oxygen, contribute to the
polymerization mechanism.

In a final study, a passband filter centered at 365 nm and another Norrish type I PI with high
absorption at longer wavelengths (absorption in the UVA region), Irgacure 819 [55] were used. The
results obtained in the different conditions (with and without air) are gathered in the SI (Figures S16
and S17). In this case, the potential cleavage of the methacrylates was prevented by the pass band filter
and oxygen inhibition or the production of hydroperoxides was avoided by protecting the samples
from air. In addition, the flux of radicals had been raised by using Irgacure 819, which has a higher
molar extinction coefficient and quantum yield than Darocur 1173 in the UVA region [55]. A behavior
similar to that of Darocur 1173 was observed.

The experiments executed in different conditions (with or without initiator, in the presence and
absence of air, with or without filter) revealed that EDMA polymerization was always strongly inhibited
in the presence of air. On the contrary, the presence of the pending allylic (EEMA) or propenyl (EIMA)
double bonds could produce a second polymerization regime due to dissociation of hydroperoxides
(formed in-situ in the presence of air under shorter (<320 nm) wavelength irradiation). It was also
shown that the dominant reaction mechanism for PDB is cross-propagation rather than hydrogen
abstraction or hydroperoxide formation, as they were consumed to a high extent even in the absence of
air. The polymerization of EIMA was the least affected by air.

2.2. Polymers Characterization

Properties of the polymers prepared by photoinduced polymerization in the presence of Darocur
1173, both in the presence and absence of air, were measured (Table 2). The polymerization conditions
(i.e., use of a UV irradiation spectrum from 320 to 390 nm and of Darocur 1173 as PI) were selected to
guarantee high conversions. Polymers obtained from EDMA had a linear structure and were soluble
(gel content = 0%). In contrast, polymers from EEMA and EIMA were crosslinked and completely
insoluble (gel content = 100%), suggesting that the unreacted functional groups potentially present
(when the conversion was not quantitative, as reported in Table 52) were dangling from the network
and that no free oligomer or monomer were present. The glass transition temperature did not vary
much between the samples irradiated in the presence or in the absence of air except for poly(EDMA)
prepared by irradiation under air. In this case, the presence of oligomers or unreacted monomer
plasticized the resulting polymer and reduced its Tg. The obtained Tgs were in agreement with the
results previously obtained with polymers prepared by emulsion polymerization [30].
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Table 2. Thermal properties, gel content, and contact angle of homopolymers produced with

Darocur 1173.
Polymerization Gel Content o o Contact Angle Contact Angle
Monomer Condition (%) T €O Taso CC) DI Water (°) Hexadecane (°)
EDMA with air 2 8 236 92 24
no air 3 23 269 84 30
EEMA with air 100 35 298 89 33
no air 98 34 294 85 34
EIMA with air 100 56 246 85 24
no air 100 58 258 82 25

The TGA results showed that the starting degradation temperatures of the polymers were always
higher than 230 °C (Figures 10 and 11). Polymerization carried out in the presence of air led to
crosslinked poly(EEMA) with higher decomposition temperatures, due to a higher consumption of
ADBs. A slightly lower degradation temperature was registered for poly(EIMA) prepared in the
presence of air but both polymers (produced under air or in the absence of air) exhibited complex
profiles, indicating complex polymeric architectures. Their glass transition temperatures (ranging from
8 °C and 58 °C) as well as their degradation temperatures (above 230 °C) make these materials suitable
for application in coatings.

Polymerization under air
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Figure 10. Thermogravimetric analysis of the different eugenol-derived methacrylates polymers from
polymerization with Darocur 1173 under air (1° derivative).
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Figure 11. Thermogravimetric analysis of the different eugenol-derived methacrylates polymers from
polymerization with Darocur 1173 protected from air (1° derivative).
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The water and hexadecane contact angles (Table 2) indicated that the wettability of all the
polymers were independent of the structure. The polymers were almost hydrophobic and displayed
moderate oleophilicity.

3. Materials and Methods

3.1. Materials

Ethoxy eugenyl methacrylate (EEMA), ethoxy isoeugenyl methacrylate (EIMA), ethoxy
dihydroeugenyl methacrylate (EDMA) monomers (Figure 1) were synthesized as described in a
previous article from our group [29]. Toluene (>98%) was purchased from Sigma-Aldrich (Milano,
Italy). The radical photoinitiators 2-hydroxy-2-methylpropiophenone (tradename Darocur 1173) and
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (tradename Irgacure 819), kindly given by Badische
Anilin und Soda Fabrik (BASF) (Ludwigshafen, Germany) were used as received. Darocur 1173 and
Irgacure 819 structures are presented in Figure 12.

Figure 12. Photoinitiators (a) Darocur 1173 (b) Irgacure 819.

3.2. Photoinduced Polymerization of Eugenol Derived Methacrylates

3.2.1. Samples Preparation

To monitor the photopolymerization kinetics of each monomer, a mixture of monomer and PI at
2% wbm (weight based on monomer) was spread over a silicon wafer using a rod coater, forming a
film with a thickness of 10 um. Samples were irradiated up to 9 min either under air or protected from
air with a 30 pm-thick polypropylene (PP) film.

3.2.2. Kinetics Monitoring

Photopolymerization was monitored using Real-Time Fourier Transform Infrared (FT-IR)
spectroscopy on a Nicolet iS50 spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The spectra were acquired in transmission mode, in the 6504000 cm ™! range, with 1 scan per spectrum
and a resolution of 4 cm™'.

A high-pressure mercury-xenon lamp Lightning Cure LC8 from Hamamatsu equipped with a
flexible light guide was used as UV-light source (L9566-02A, 220 to 600 nm) [34] and an EIT Powerpuck®
II radiometer (EIT, LLC., Leesburg, VA, USA) was used to measure the UV irradiance. The samples
were irradiated with 260 mW cm~2 (sum of UVA, UVB, UVC, UVV). In some experiments, light was
filtered using a A9616-07 filter (Hamamatsu, Shizuoka, Japan) with a transmittance wavelength of

355-375 nm (centered at 365 nm) The filtered light had and intensity of 78 mW cm™~2 (UVA).

3.2.3. Conversion Determination

The methacrylate double bonds (MDB) conversion was monitored using the band at 1638 cm™!,
the allylic double bonds (ADB) conversion was monitored using the band at 995 cm™!, and the propenyl
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double bonds (PDB) conversion was determined using the 960 cm™! band (Figure S1) [26,36,56,57].
Each conversion was calculated using the following Equation (4):
Ai:x
Conversion%;—y = 100 x (1 — Reﬁ:‘;q ) (4)
Ref. .Atzo

Where A is the absorbance of the IR band of the functional group monitored during irradiation;
Ref A is the absorbance of the band of the aromatic ring (C-C stretching) taken as a reference (1540 cm™
to 1490 cm™1).

Absorbances were estimated as the area of the vibrational bands under examination. Data
were processed using OMNIC software (Madison, WI, USA). All curves were smoothed using the
Savitzky-Golay method with 20 points window and second polynomial order. For the determination
of EEMA methacrylate double bonds conversion, an approximation was made as peaks corresponding
to the allylic and methacrylate double bond superimposed at circa 1638 cm™!. The calculation details
are explained in SI (Figures S2 and S3 and Table S1).

3.3. Characterization Methods

Samples for thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and gel
content were prepared by coating a glass slide with 200 um films and irradiating it for 10 min using a
DYMAX 5000 EC UV flood lamp (Dymax Corporation, Torrington, CT, USA) in the range of 320 to
390 nm with an intensity on the sample of 156 mW cm~2 (UVA and UVV).

IR spectra to determine the conversion were acquired on a Thermo Scientific Nicolet 6700 FTIR
apparatus (Madison, W1, USA) in the 6504000 cm™! range, with 32 scan per spectrum and a resolution
of 4 cm™! (using attenuated total reflectance technique, ATR) on both faces of the film: the one exposed
to the atmosphere and the one in contact with the glass slide.

Ultraviolet and visible spectroscopy (Figures S4 and S5): UV-Vis spectra were recorded on a
Varian Cary 50 Scan spectrophotometer (Victoria, Australia) from 200 to 800 nm with a scan rate of
4800 nm min~1.

Thermogravimetric Analysis: TGA was performed on 5-10 mg samples on a TGA Q50 apparatus
from TA Instruments (New Castle, DE, USA) from 20 °C to 580 °C, in an aluminum pan, at a heating
rate of 20 °C min~!, under nitrogen.

Differential Scanning Calorimetry: (Figures S6-511) DSC measurements were performed on
10-15 mg samples, under nitrogen atmosphere, with a Netzsch DSC 200 F3 instrument (Selb, Germany)
using the following heating/cooling cycle: first cooling ramp from room temperature (ca. 20 °C) to
—40 °C at 20 °C min~!, isothermal plateau at —40 °C for 10 min, first heating ramp from —40 to 150 °C
at 20 °C min~!, second cooling stage from 150 to —40 °C at 20 °C min~}, isothermal plateau at —40 °C
for 10 min, second heating ramp from —40 to 150 °C at 20 °C min ", third cooling stage from 150 to
—40 °C at 20 °C min~!, isothermal plateau at —40 °C for 10 min, third heating ramp from —40 to 150 °C
at 20 °C min~! and last cooling stage from 150 °C to room temperature (ca. 20 °C). T¢ values are given
from the evaluation of the third heating ramp. Calibration of the instrument was performed with noble
metals and checked with an indium sample.

Gel content measurements: The gel content of the polymers was measured by placing
approximately 30-50 mg of polymer in a Teflon pocket which was subsequently immersed in 10 mL of
toluene for 24 h, then dried in a ventilated oven at 50 °C for 4 h. The gel content was calculated based
on the initial (W;) and final (Wj) polymer mass according to Equation (5).

W/ x 100

Gel content(%) = —— (5)
1
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4. Conclusions

Three eugenol-derived methacrylates (EDMA, EEMA, EIMA) were polymerized via
photopolymerization without a photoinitiator and with two Norrish Type I photoinitiators (Darocur
1173 and Irgacure 819), under air or without air. Their polymerization behavior under the different
conditions was described. The monomers were shown to polymerize in the absence of a photoinitiator,
especially in the presence of oxygen, due to self-initiation and oxidation reactions. In the presence of
air, EIMA showed the highest conversions in any of the conditions studied. The second polymerization
regimes, due to the formation and photolysis of hydroperoxides, were observed upon irradiation at
a wavelength shorter than 365 nm in air with or without PIL. This effect was clearly visible for EIMA
and EEMA. Moreover, both allylic and propenyl double bonds were reactive in the presence of air. In
addition, PDBs were shown to be predominantly polymerized via cross-propagation reactions while
ADBs were mainly consumed under air via hydrogen abstraction and hydroperoxides formation. In
the absence of air and using PI, EDMA reached the highest conversions. To eliminate the self-initiation
of the monomers as well as the formation of hydroperoxides, a 365 nm passband filter and air-protected
conditions were used. Under these conditions, the polymerization rate followed the order EDMA >
EEMA > EIMA. EEMA displayed a significant reduction of the propagation rate, due to the formation of
highly stabilized bis-allylic radicals. EIMA exhibited a lower MDB conversion, due to cross-propagation
with the PDB. The polymers properties indicated that their use in applications in coatings and in
dentistry could be envisaged.

Supplementary Materials: The following are available online. Figure S1. IR spectra in transmission of the
different eugenol derived methacrylates: (A) EDMA, (B) EEMA and (C) EIMA, Figure S2. Eugenol, ethoxy
eugenol, and ethoxy eugenyl methacrylate, Table S1. Normalization of the allylic band area for Eugenol and
EE, Figure S3. ATR Spectra of eugenol, ethoxyeugenol, and ethoxy eugenyl methacrylate, Figure S4. UV
absorption spectra of the eugenol-derived methacrylates, in acetonitrile 0.002 wt%, Figure S5. UV absorption
of photoinitiators, Figure S6. DSC measurement of poly(EDMA) obtained from photoinduced polymerization
with Darocur 1173 (2% wbm) under nitrogen, Figure S7. DSC measurement of poly(EDMA) obtained from
photoinduced polymerization with Darocur 1173 (2% wbm) under air, Figure S8. DSC measurement of poly(EEMA)
obtained from photoinduced polymerization with Darocur 1173 (2% wbm) under nitrogen, Figure S9. DSC
measurement of poly(EEMA) obtained from photoinduced polymerization with Darocur 1173 (2% wbm) under
air, Figure 510. DSC measurement of poly(EIMA) obtained from photoinduced polymerization with Darocur
1173 (2% wbm) under nitrogen, Figure S11. DSC measurement of poly(EIMA) obtained from photoinduced
polymerization with Darocur 1173 (2% wbm) under air, Figure S12. FT-IR spectra at time = 0 and time = 9 min
denoting the formation of hydroperoxides during photopolymerization of EEMA in the absence of PI under
air, Figure S13. FT-IR spectra at time = 0 and time = 9 min denoting the formation of hydroperoxides during
photopolymerization of EIMA in the absence of PI under air, Figure S14. FI-IR spectra at time = 0 and time = 9
min denoting the formation of hydroperoxides during photopolymerization of EDMA in the absence of PI under
air, Figure S15. Irgacure 819, its homolytic cleavage under light, Figure S16. Methacrylate double bond conversion
for eugenol-derived monomer versus irradiation time with Irgacure 819 and filter (dotted lines = irradiation
under air; solid lines = irradiation with air protection), Figure S17. Allylic and propenyl double bond conversion
for eugenol-derived monomers versus irradiation time with Irgacure 819 and filter (dotted lines = irradiation
under air; solid lines = irradiation with air protection), Table S2. Monomer conversion of films used for polymer
characterization (by ATR-FTIR).
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Abstract: Renewable nanocellulose materials received increased attention owing to their
small dimensions, high specific surface area, high mechanical characteristics, biocompatibility,
and compostability. Nanocellulose coatings are among many interesting applications of these materials
to functionalize different by composition and structure surfaces, including plastics, polymer coatings,
and textiles with broader applications from food packaging to smart textiles. Variations in porosity
and thickness of nanocellulose coatings are used to adjust a load of functional molecules and particles
into the coatings, their permeability, and filtration properties. Mechanical stability of nanocellulose
coatings in a wet and dry state are critical characteristics for many applications. In this work,
nanofibrillated and nanocrystalline cellulose coatings deposited on the surface of polymer films
and textiles made of cellulose, polyester, and nylon are studied using atomic force microscopy,
ellipsometry, and T-peel adhesion tests. Methods to improve coatings’ adhesion and stability using
physical and chemical cross-linking with added polymers and polycarboxylic acids are analyzed
in this study. The paper reports on the effect of the substrate structure and ability of nanocellulose
particles to intercalate into the substrate on the coating adhesion.

Keywords: nanocellulose; polymer; coating; textile; adhesion

1. Introduction

Cellulose is the most abundant [1,2], renewable, biodegradable, and environmentally friendly
organic material found in nature with great potential for the development of new applications with
minimal health, environmental, or safety concerns [3]. Plant cell walls are composed of assembled
cellulosic fibrils that are stabilized by intra- and interchain hydrogen bonds and van der Waals
forces [4]. The fibrils are semicrystalline cellulose with 50-75% crystalline regions [5]. The fibrils can
be separated by mechanical [2,6-10], chemical [11-13], or a combination of both treatments [14] to
make cellulose nanoparticles in the form of nanofibers (nanofibrillated cellulose, NFC) or whiskers
(nanocrystalline cellulose, NCC) [15,16] forming hydrogels in water. These nanoparticles, owing to their
dimensions, shape, and high mechanical characteristics, attracted great interest in the engineering of
nanostructured materials [14,17-21]. Nanocellulose-based materials, including coatings, were explored
for many applications, such as packaging films [22-26], engineered composites [27], adsorbents [28],
materials for health care [29], cosmetics [30], thermal insulation [31], paper [32], and filtration [33,34].

For time immemorial, one of the traditional application of the cellulosic material is the textile
industry. Cotton, linen, hemp, and many other plant fibers are the major feedstock for the most
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demanded and comfortable cloth. In recent decades, there is a clear disposition for the shift from
conventional clothing to smart textiles that integrate emerging technologies, such as communication
devices, flexible electronics, and sensors [35]. Importantly, strong environmental and societal concerns
demand a shift to the development of renewable and compostable materials along with sustainable
technologies with minimal negative environmental impact [36]. A combination of wearable clothing
systems and sustainability is advancing innovation in the traditional areas of textile manufacturing
by endowing textiles with functional properties to address current health, safety, and environmental
concerns associated with the textile industry.

Nanoscale dimensions and large specific surface of NFC and NCC allow them to intercalate
into hierarchically organized fibrous structures, such as woven, knits, nonwoven, and composite
textiles. Hence, nanocellulose materials can deliver functional molecules or particles bearing
functionality covalently bonded or physically entrapped (caged) into a nanocellulose particle network.
The functionalized NFC and NCC network is subsequently anchored to the textile surfaces via
hydrogen/covalent bonds and physical interlocking. This method of functionalization of natural
and synthetic fibers and fabrics is an environmentally sound approach without compromising the
compostability and biocompatibility of the compostable textiles. For example, we have recently
demonstrated that dyeing of textiles using NFC particles conjugated with commonly used reactive
dyes can decrease the use of water, salts, and alkali by one order of magnitude with no change of the
textile performance such as colorfastness referred to as conventional textile dyeing technology [37-39].

The key aspects of NFC and NCC textile coatings are adhesion and mechanical stability
during dry (wearing due to abrasion) and wet (laundry) conditions. Cellulose has a natural
self-adhesive characteristic, which relies primarily on interchain hydrogen bonding between
hydroxyl groups of the adjacent cellulose chains and between cellulose chains and polymers
of the textile, entanglements (specifically for NFC), and interlocking through the entanglement
and intercalation into the fabric structures [40,41]. Many pretreatment methods such as plasma,
ozone, and exposure to alkali solutions were successfully used for the materials incapable of the
formation of hydrogen bonds with nanocellulose. For example, the treatment of polypropylene with
ozone resulted in an improved adhesion to NCC owing to the hydrogen bonds with the oxidized
surface of polypropylene bearing hydroxyl, carboxylic, and other oxygen-containing functional
groups [42]. Nevertheless, strongly hydrogen-bonded nanocellulose materials swell in an aqueous
environment [43,44]. The swelling can cause film degradation and loss of functional properties bound
to the nanocellulose coatings. Therefore, it is important to understand the effect of nanocellulose
swelling on the coating stability and develop methods for mitigating this problem.

This paper reports on a systematic study of adhesion and adhesion resistance to swelling (in water)
of NFC and NCC thin film coatings on the surface of polymer films and fabrics made of cellulose
(CL), cotton, poly(ethylene terephthalate) (PET), and nylon 6,6 (PA 6,6). We studied several methods
for improvement of the adhesion and coating’s stability, such as the use of a cationic polyelectrolyte
poly(ethylene imine) (PEI), functional copolymers, and covalent cross-linking to elucidate major
mechanisms for the improvement of the stability of nanocellulose coatings via combinations of adhesive
and cohesive properties of the coatings. PEI is added to enforce the physical network of nanocellulose
particles and nanocellulose-polymer substrate (films and textiles) interfaces via strong hydrogen bonds
between primary and secondary amino groups of PEI and hydroxyl, amide, and ester groups of
nanocellulose and textile materials (PET and nylon). A functional polymer—a copolymer of glycidyl
methacrylate (GMA) and oligo(ethylene glycol) methacrylate (OEGMA) (P(GMA-OEGMA))—was
selected and synthesized based on the compatibility with nanocellulose hydrogels, the ability to form
hydrogen bonds with cellulose, and functional epoxy groups to cross-link the polymer and form a
network for reinforcing of the coating. Alternatively, a commonly used cellulose-crosslinking method
with polycarboxylic acids was applied to probe the effect of cross-linking on the coating stability.
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2. Results and Discussion

2.1. Fabrication of Uniform Nanocellulose Coatings on the Surface of Polymeric Materials

The formation of nanocellulose coatings on the surface of fabrics is affected by the infiltration of
nanocellulose hydrogels into a complex structure of the fabric. The permeation dynamics of hydrogels
depends on the fabric density, structure of the yarn, interfacial tension, and rheological properties of the
hydrogel. Many of these complications can be eluded using single filament fibers for coating, where the
film formation is only limited by the wetting thermodynamics and rheology of the hydrogel. For low
nanocellulose concentrations (<1%), when the hydrogel viscosity is low, it spreads over the fiber surface
and forms an enclosed nanocellulose coating upon evaporation of water, as can be observed from the
scanning electron microscopy (SEM) images of the coated polyester, cotton, and nylon single fibers
(Figure 1). The image of a nylon fiber (Figure 1c) exhibits a peeled off NFC film at the edge of the cut
fiber surface visualizing the coating film morphology and thickness. The peeled fraction of the coating
corroborates a uniform layer of NFC around the fiber surface.

(a) (b) (c)

Figure 1. Scanning electron microscopy (SEM) images of (a) poly(ethylene terephthalate) (PET),
(b) cotton, and (c) nylon 6,6 (PA 6,6) single fibers coated with nanofibrillated cellulose (NFC).
Arrows point to the peeled fraction of the NFC coating.

The results of the experiments with single filament fibers show the formation of uniform smooth
coatings over the fiber surface (Figure 1a,b). This uniform coating of NFC justifies the use of model flat
substrates (e.g., polymer films) to probe morphology, adhesive behavior, and stability of nanocellulose
coatings on the surfaces of different polymeric materials to monitor the coating structure and changes
upon different treatment methods. Figure 2 exhibits differences in the surface morphology of NFC and
NCC coatings on the Si-wafers. NFC coatings show a higher roughness owing to the higher particle
size polydispersity in contrast to smoother and more uniform NCC coatings.

(a) (b)
Figure 2. SEM images of the morphology of (a) NFC and (b) nanocrystalline cellulose (NCC) spin-coated
on the Si-wafers.
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In this work, we used plane polymer films made of CL, PET, and PA 6,6 polymer solutions
deposited on the surface of polished Si-wafers to minimize possible effects of the surface roughness of
the substrate on the film formation. We prevented possible instabilities that could originate from a poor
polymer-Si-wafer adhesion via the strengthening of the polymer-Si-wafer interactions by pretreatment
of the Si-wafers with PEI polycations prior to deposition of the CL, PET, and PA 6,6 polymer films.
Thickness and surface roughness of the polymer films were estimated with ellipsometry and atomic
force microscopy (AFM) (Figure 3). The root mean square (RMS) roughness of the films did not exceed
7 nm, with the highest roughness observed for the cellulose films.

7.0nm

4 -20.0 nm 8 -5.0nm -7.0 nm

0.0 Height Sensor 5.0 ym 0.0 Height Sensor 0.0 Height Sensor 5.0 ym
Roughness (Root Mean Squared): 6.59 Roughness (Root Mean Squared): 1.17 Roughness (Root Mean Squared): 2.19

(a) (b) (c)

Figure 3. Representative atomic force microscopy (AFM) images of about 50-180 nm thick spin-coated
films of (a) cellulose (CL), root mean square (RMS) roughness is 6.59 nm; (b) nylon, RMS roughness is

5.0 ym

1.17 nm; and (c) PET, RMS roughness is 2.19 nm on the surface of the Si-wafers.

NFC and NCC films were deposited (spin-coated) on the surface of the polymer-coated Si-wafers
using several different protocols (Figure S1). (i) Protocol 1: NFC and NCC aqueous dispersions
were deposited on the CL, PET, and PA 6,6 coated Si-wafers; (ii) Protocol 2: NFC and NCC aqueous
dispersions were deposited on the PEI pretreated CL, PET, and PA 6,6 coated Si-wafers; (iii) Protocol
3: NFC and NCC aqueous dispersions were mixed with PEI, and spin-coated on the CL, PET and
PA 6,6 coated Si-wafers; and (iv) Protocol 4: NFC and NCC aqueous dispersions were mixed with
P(GMA-OEGMA) copolymer, spin-coated on the CL, PET, and PA 6,6 coated Si-wafers. In all cases,
the nanocellulose coatings were annealed after the deposition at 120 °C for 1 h.

The NFC and NCC coatings were prepared first using Protocol 1. We discovered a poor coverage
of the PET and PA 6,6 surface with the nanocellulose materials. Then, we applied PEI pretreatment of
all polymer substrates in Protocol 2 to improve wetting and coverage with nanocellulose. NFC- and
NCC-coated samples from Protocol 2 are labeled as PEI-NFC and PEI-NCC, respectively.

Alternatively, we applied two different protocols to improve the adhesive and cohesive properties
of nanocellulose coatings. According to Protocol 3, we mixed NFC and NCC hydrogels with PEI
in solutions prior to the deposition on the polymer surfaces. Obtained by Protocol 3, NFC- and
NCC-coated samples are labeled as NFC+PEI and NCC+PEI, respectively. Protocol 4 was used to mix
NFC and NCC hydrogels with P(GMA-OEGMA) copolymer solutions; the samples were labeled as
NFC+CP and NCC+CP, respectively.

To summarize the nanocellulose coatings preparation, the resulting films are multilayered
structures constituted of the Si-wafer substrate, a native SiO; layer (0.5-1 nm), PEI adsorbed layer
(typically 0.2-0.5 nm thick), polymer coating (CL, PET, or PA 6,6, typically 50-180 nm thick), and a
nanocellulose (NFC or NCC) top layer with or without mixing with PEI or the copolymer. In some
samples, the polymer layers are pre-coated with PEI (Protocol 2) before applying NC coatings.
Representative 3D-plots for the layered structures obtained with imaging ellipsometry demonstrate
uniform layered structure across the multicomponent coatings (Figure 4).
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Cellulose * PEI-NCC

ose + P(GMAOEGMA]-NFC

Cellule

(a) (b)

Figure 4. Representative examples of 3D-plots of layer-by-layer ellipsometric mapping of nanocellulose
films on the polymer-coated Si-wafers constituted of the layers: (a) native SiO, (1 nm), poly(ethylene
imine) (PEI) (1 nm), cellulose film (150 nm), PEI (1 nm), and NCC (20 nm); (b) native SiO, (1 nm),
PEI (1 nm), CL (180 nm), PEI (1 nm), and NFC-copolymer of glycidyl methacrylate (GMA) and
oligo(ethylene glycol) methacrylate (OEGMA) (P(GMA-OEGMA)) mixture (40 nm).

2.2. Mechanisms of the Nanocellulose Coating Degradation in a Wet State

In aqueous solution, nanocellulose coatings become swollen owing to the strong hydrogen
bonding of water molecules and cellulose [44]. The developed osmotic pressure, in combination
with share forces, can cause complete defoliation of the coatings from the substrate surface or partial
delamination. The prevalence of one of the two mechanisms of degradation is defined by the balance
of adhesive and cohesive interactions in the film. The complete or very large depletion of the film
materials is likely associated with adhesive failure, while fractional losses or partial delamination of
the coating film are caused by cohesive failure.

The stability of the deposited NFC and NCC films in an aqueous environment was estimated
with a simple test. The coated samples were exposed to 50 °C aqueous solution at stirring for 1 h.
Comparing the AFM images of the film before and after exposure to the aqueous medium in most
cases did not reveal changes in the film morphology (Figure 5). For these nanocellulose coatings,
we monitored changes in average film thickness. Only in the case of very poor adhesion, as for
untreated PET and some PA 6,6 substrates, the AFM images demonstrate a low surface coverage by
NFC and NCC, respectively (Figures 6 and 7). For these coatings, we monitored the surface coverage
using an AFM “flooding analysis”—a statistical method where the polymer coating layer is set as a
threshold and the surface areas of all other structures above the threshold are added to estimate the
overall coverage with the nanocellulose material.
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150.0 nm
-150.0 nm
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Figure 5. AFM topography images of nanocellulose coatings (a,b) PEI-NFC and (c,d) NCC+PEI on
(a,c) PA 6,6 as-deposited and (b,d) after rinsing in water.

20.0 nm 10.0 nm
-20.0 nm -10.0 nm
 (a) : i (b)
0.0 Height Sensor 5.0 um 0.0 Height Sensor 5.0 um

Roughness (Root Mean Squared): 5.07 nm Roughness (Root Mean Squared): 3.00 nm

T

o
Total Area of NFC: 14.05% Total Area of NFC: 3.95%

Figure 6. AFM images of NFC coatings on PET (a,c) as-deposited and (b,d) after rinsing in water:
(a,b) topography images and (c,d) flooding analysis images showing the surface coverage by NFC
particles (dark areas).
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Figure 7. AFM images NCC coatings on PET as-deposited (a,c) and after rinsing in water (b,d): topography
images (a,b) and flooding analysis images showing the surface coverage by NCC particles (c,d).

Changes in film thickness of the NFC and NCC coatings in all cases, with exceptions of untreated
PET substrates, after rinsing in water, are reported in Table 1 as a percent (%) of the detached coating
materials. For untreated PET substrates, the results report changes of the surface coverage using the
flooding method. The coating thickness prepared by a spin-coating method depends on the rheological
characteristics of NFC and NCC hydrogels and wetting of the polymer films. The rheological properties
of the hydrogels depend on the concentration and presence of additives. Consequently, we analyze the
relative changes in film thickness prepared using different modification methods.

Table 1. Changes in thickness (surface coverage) of nanofibrillated cellulose (NFC) and nanocrystalline
cellulose (NCC) coatings on the surfaces of cellulose (CL), poly(ethylene terephthalate) (PET), and nylon
6,6 (PA 6,6) after rinsing in water. PEI, poly(ethylene imine); P(GMA-OEGMA), copolymer of glycidyl
methacrylate (GMA) and oligo(ethylene glycol) methacrylate (OEGMA).

Film Thickness, H, and A fraction of Washed-Out Coating

Sample from Different Substrates, F (10% Error)
CL PET PA 6,6
H, nm E % H, nm E % H, nm E %
NFC 50 68 non-uniform 71 non-uniform 40
PEI-NFC 46 22 42 18 - -
NFC+PEI 20 70 77 81 53 37
NFC+P(GMA-OEGMA) 33 77 - - 401 25
NCC 21 5 non-uniform 93 non-uniform 93
PEI-NCC 89 53 113 60 - -
NCC+PEIL 40 25 77 12 65 77
NCC+P(GMA-OEGMA) 8 11 80 1 133 2
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The analysis of the experimental data shows that the most common mechanism of coating
degradation is partial delamination. Only for the PET substrate, we observed almost a complete
adhesive detachment of the nanocellulose. The result shows that the nanocellulose coating has the
lowest adhesion to the PET surface and the strongest interaction with the PA 6,6 surface among the
synthetic polymers. NCC coatings demonstrate a higher adhesion to different CL substrates than NFC
coatings. It is likely owing to the denser packed NCC particles in the coating in contrast to NFC fibers,
and hence a lower swelling of the coating. The addition of PEI and P(GMA-OEGMA) improves the
stability of the coatings. The latter effect is likely owing to the switching from the adhesive defoliation
mechanism to the partial delamination of the film.

Notably, the film is much more stable on PET and PA 6,6 substrates when the coating is mixed
with P(GMA-OEGMA). We may speculate that the major strengthening contribution of the copolymer
is in the improvement of the cohesive properties of the film. The much greater thickness of the mixed
films supports this conclusion.

We may speculate about the following mechanism of the improvement of the stability of the
coating in an aqueous environment. Cationic anchoring polymers bearing amino-functional groups
are used to treat different substrates for improvement in their interaction with cellulose [45-53].
Cationic polyelectrolytes interact with cellulose coatings through an electrostatic, donor-acceptor type
of interactions, and hydrogen bond formation [45]. Nanocellulose, cotton, and polyester fibers are
negatively charged in an aqueous environment, whereas nylon possesses amphoteric properties. In all
cases, swollen in water, nanocellulose materials and polymers experience repulsive electrostatic forces.
These repulsive interactions could be compensated by surface modification of the interacting materials
with polycations such as PEI [52]. However, an excess of PEI will result in an overcharge of the surfaces,
and repulsion between negatively charged materials will be replaced by repulsion among positively
charged materials in water. PEI and other polyelectrolytes may also enhance swelling of the coatings
in water. The results show no benefits of the use of PEI for the treatment of cotton and nylon fabrics;
however, the interaction with PET is slightly improved. The latter is explained by poor hydrogen
bonding between PET and nanocelluloses, which can be improved owing to the PEI-PET interactions.

P(GMA-OEGMA) copolymer bears ethylene oxide and epoxy functional groups. These two types
of functional groups provide a combination of strong hydrogen bonds and covalent cross-linking.
The covalent cross-linking mechanism involves the opening of epoxy rings and the formation of covalent
bonds between epoxy groups of P(GMA-OEGMA) [54]. Reactivity of cellulosic -OH with epoxy-groups
is not high enough to provide substantial effect for the cross-linking involving nanocellulose [55].
However, surface carboxylic functional groups that may be present because of oxidative degradation
in the process of the production of nanocellulose could interact with epoxy groups and form covalent
cross-links. The nanocellulose and P(GMA-OEGMA) copolymer blends upon drying, and thermal
annealing will form an interpenetrated network owing to the covalently cross-linked polymer and
physical cross-links via hydrogen bonds of nanocellulose materials. These two interpenetrating
networks are also co-cross-linked via some fraction of carboxylic groups on the surface of cellulose.
Epoxy groups secure good adhesion to various polar substrates. The experiments show that the
presence of the copolymer improves adhesion to PET and nylon surfaces. In all experiments, we observe
the obvious improvement of the nanocellulose coating stability in the presence of the copolymer.

2.3. Adhesive Behavior of Nanocellulose Coatings

Mechanical stability of the nanocellulose coating in the dry state is another important property for
practical applications. Upon mechanical forces, the coating could be peeled off the polymer surface
(adhesive failure) or partially delimited (cohesive failure). Hence, the coating performance can be
analyzed using similar concepts of the degradation mechanisms, as was discussed for the aqueous
environment. For the experiments, we used T-peel tests. Two identical materials were adhered using
NFC or NCC hydrogels sandwiched between the materials, followed by drying and annealing the
samples. These tests were performed in two series of experiments. In the first series, NFC and NCC
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were used to bind two identical samples of cellophane, PET, and PA 6,6 polymer films. In the second
series of experiments, NFC and NCC were used to bind two identical samples of cotton, PET, and PA
6,6 fabrics. The NFC and NCC coatings on the polymer films and fabrics were prepared using the
same Protocols 1-4 as in the tests of the stability of the coating in water.

The results of the peel tests with the polymer films show similar tendency as for the experiments
on the coating stability in water; that is, NCC demonstrates a higher strength as compared with NFC,
and the interaction with PET is the lowest among other polymers (Figure 8). However, in contrast with
the experiments in water, nanocellulose interactions with the cellophane film are much stronger than
with nylon. This difference in adhesion between nanocellulose materials and cellulose substrates in
the dry state and in water provides evidence that the nanocellulose coating degradation in water is
affected by swelling of the coating and weakening of the interfacial hydrogen bonds, while in the dry
state, the intermolecular interactions remain strong.
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Figure 8. Peel strength for polymer films made of cellophane, PET, and PA 6,6 adhered with (a,c,e)
NEFC and (b,d,f) NCC.

The outcomes changed for the peel tests using fabrics instead of films made of the same polymers.
NCC binding is stronger than NFC for all cases (compare Figures 9 and 10). We observe that the
peel strength increases in the order cotton < PET < PA 6,6 for NFC and NCC. For both types of
nanocelluloses, the pretreatment with PEI and mixing with the copolymer improves the peel strength.
Similar conclusions about peel strength are applied to a blended (50:50) cotton-PET fabric (Figure 11).
The most surprising result is the lowest peel strength for cotton textiles. This result was in conflict with
the experiment in water (Table 1) and with the peel test for polymeric films (Figure 8) when NFC and
NCC coatings showed the strongest stability and adhesion to the cellulose substrates. We hypothesized
an additional factor that may impact the peel strength is the structure of the fabrics or the ability of
nanocellulosic materials to infiltrate the fabric structure. The latter will result in a greater contact area
between the fabric and nanocellulose and the formation of mechanical interlocks between intercalated
fibrillary structures.
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Figure 9. Peel strength for cotton, PET, and PA 6,6 fabrics adhered using NFC: (a,d,g) NFC with no
additives, (b,e,h) NFC+PEI, and (c,f,i) NFC+P(GMA-OEGMA) mixtures.
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Figure 10. Peel strength for cotton, PET, and PA 6,6 fabrics adhered using NCC: (a,d,g) NCC with no
additives, (b,e,h) NCC+PEI], and (¢ f,i) NCC+P(GMA-OEGMA) mixtures.
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Figure 11. Peel strength for cotton-PET (50:50) fabric blend adhered with (a,d,c) NFC and
(d—f) NFC: (a,d) with no additives, (b) NFC+PEI, (e) NCC+PEI, (c) NFC+P(GMA-OEGMA),
and (f) NCC+P(GMA-OEGMA) mixtures.
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This hypothesis was verified with the analysis of the structure and porosity of the fabrics. The warp
and weft density and mean flow pore diameter (MFPD) of the fabrics are presented in Table 2. The result
indicates that warp and weft density for cotton fabrics are substantially higher than those for other
samples. While warp densities between polyester, nylon, and cotton/polyester are similar, the weft
density of nylon is the lowest among the samples. Fabrics with higher weft density are less permeable
for functional additives [56]. This structural property explains the highest peel strength for nylon and
the lowest for the cotton fabrics.

Table 2. Structural characteristics of the fabrics. MFPD, mean flow pore diameter.

Warp Density, = Weft Density,

Samples Yarns/cm Yarns/cm MFPD, pm
Cotton 33 29 67
Polyester 22 17 18
Nylon 20 11 64
Cotton/Polyester (50%/50%) 21 19 40

The mean flow pore diameter of the cotton and nylon fabrics also shows the highest values with
broader pore size distribution in nylon fabric. This is another factor correlating with the uptake of
NFC and NCC into the fabrics. Polyester has the lowest MFPD of 18 um, but the weft density of
17 yarns/cm makes the fabric less dense for the infiltration of nanocellulose hydrogels into the fabrics,
contributing to the higher peel strength as compared with the cotton fabric.

For the cotton fabric, the pore size ranges from 10 to 128 um, while for the nylon fabric, the range
is very broad, and the pore size reaches ~200 um. The cotton/polyester blend pore size distribution
shows that the majority of the pores are less than ~100 um, and for the PET fabric, the pore size range is
between ~5 and ~50 um. The pore size distributions of the cotton, polyester, nylon, and cotton/polyester
blended fabrics are shown in Figures S3-56. The peel test results correlate with pore size distribution
as the highest peel strength is observed for the nylon fabrics with a skew distribution towards large
size pores.

2.4. Covalent Cross-Linking of Nanocellulose Coatings

An alternative approach to stabilize nanocellulose coatings is the cross-linking of NFC and NCC
particles. Cross-linking of cotton fabrics is a widely used method to fabricate wrinkle resistance cotton
products. Polycarboxylic acids for cross-linking of cotton cellulose were first introduced in the 1960s.
The cross-linking can be catalyzed with sodium hypophosphite NaH,PO, [57-62]. Polycarboxylic acids,
for example, maleic acid (MA), in the presence of sodium hypophosphite, form ester bonds with
cellulose hydroxyls at 160-180 °C [63,64]. The formation of the cross-links is confirmed by the
appearance of the ester carbonyl band at 1720 and 1718 cm™! (Figure S7).

The results of the peel tests for the cross-linked NFC and NCC coatings on the cotton fabric
are shown in Figure 12. For both nanocellulose materials, the cross-linked system is stronger as
compared with the reference non-cross-linked materials. However, the results are comparable to those
obtained with P(GMA-OEGMA) copolymer. The results with cross-linked nanocellulose materials
on the cotton fabric are compared to those on the cellophane film in Figure 12. This comparison
reveals the synergistic effect of cross-linking and infiltration of nanocellulosic materials into the fabric
structure. Smaller NCC particles infiltrate into the dense cotton fabric structure more efficiently as
compared with NFC. This infiltration results in an increased adhesive interface. At the same time,
the infiltration underlines the contribution of the mechanical interlocking enforced by the cross-linking
of the cellulosic materials.
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Peel strength (mN/mm)

NFC NCC

Figure 12. Peel strength for cotton textiles adhered with (a,b) NFC and (d,e) NCC with (a,d) no
cross-linking and (b,e) with covalent cross-linking using MA compared with (¢) NFC and (f) NCC
adhered cellophane films.

3. Materials and Methods

3.1. Materials

Nanofibrillated cellulose hydrogel (2%) was prepared as previously reported using a
mechanical homogenization method [37,38]. Nanocrystalline cellulose hydrogel (11.9%) was
purchased from the Process Development Center, University of Maine. m-Cresol, lithium chloride,
N,N-dimethylacetamide, chlorobenzene, phenol, polyethylenimine (PEI) (number average molecular
mass Mn = 60 kg/mol), maleic acid (MA), sodium hypophosphite, glycidyl methacrylate (GMA, 97%),
azoisobutyronitrile (AIBN), oligo (ethylene glycol) methyl ether methacrylate (OEGMA, Mn = 950 g/mol,
stabilized with inhibitors), and inhibitor removers (kits for removing hydroquinone and monomethyl
ether hydroquinone (MEHQ) and tert-butylcatechol (BHT)) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Silicon wafers (100 crystal plane) with a native oxide layer were purchased from University
Wafer (South Boston, MA, USA). A polyethylene terephthalate (PET) film (0.50 mm thick) and a nylon
6,6 (PA 6,6) film (0.5 mm thick) were purchased from GoodFellow, Coraopolis, PA, USA. A cellophane
film (regenerated cellulose) 0.03 mm thick was provided by Thermetrics. Cotton (100%, plain weave),
nylon 6,6 (100%, spun, plain weave), cotton/polyester, PET (50%/50%, plain weave), polyester, and PET
(100%, spun, plain weave) fabrics were purchased from Testafabrics, Inc., West Pittston, PA, USA.

3.2. Synthesis of P(GMA-OEGMA) Copolymer

P(GMA-OEGMA), a random copolymer of glycidyl methacrylate (GMA) and oligo(ethylene
glycol) methacrylate (OEGMA), M,, = 2000 kg/mol, was synthesized by solution free-radical
polymerization [65,66]. The inhibitor MEHQ and BHT removers were added to purify GMA and
OEGMA for 45 min each. After filtration and purging with nitrogen for 45 min, the monomer solution
(0.5 M) at GMA/OEGMA + 1:4 in MEK was used for polymerization initiated by 0.01 M AIBN at
50 °C for 1.5 h. The copolymer was extracted and purified by repetitive precipitation (three times)
in diethyl ether. The copolymer was stored in a MEK solution in the absence of light. According to
an NMR analysis (Bruker AVANCE-300, Billerica, MA, USA), the copolymer composition is 66 mol%
(93 wt%) OEGMA and 34 mol% GMA. The copolymer is characterized by a glass transition temperature
of =50 °C and a melting temperature of 35 °C (DSC2920, TA Instruments, New Castle, DE, USA).
The copolymer is soluble in water.
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3.3. Preparation of Polymer Substrates for Nanocellulose Deposition

Si-wafers were cut into square pieces (1 cm X 1 cm) and then cleaned in a solution of 28%
NH;OH/30% HO,/H,O (1:1:1) at 65 °C for 1 h. They were rinsed with deionized water (DI) water and
dried under a flux of argon gas. The cleaned wafers were dipped into a solution of PEI (1%) for 15 min
and rinsed with DI water and dried with argon gas. The resulting modified silicon wafers were stored
at room temperature in a clean desiccator.

PET was dissolved in a solution of phenol-chlorobenzene (1:1) in a boiling water bath (100 °C).
Once fully dissolved, 20 pL of the solution was spin-coated (3000 rpm for 20 s) on the Si-wafers.
The substrates were transferred to an oven heated at 180 °C and annealed for 24 h to remove the
residual solvent.

PA 6,6 was dissolved in m-cresol at 100 °C by stirring for several hours. The nylon films were
prepared by spin-coating (3000 rpm for 20 s) 20 uL of the solution on the Si-wafers. The substrates
were immediately transferred to an oven and dried at 180 °C for 24 h.

Cellulose films were prepared by heating of a cellulose powder in a solution of lithium chloride
(LiCl, 1-3%) and N,N-dimethylacetamide (DMAc, 3-9%) to 150 °C, and then allowed the solution to
cool slowly to room temperature [67,68]. Afterward, 20 uL of the cellulose solution was spin-coated
(3000 rpm for 10 s) onto the cleaned Si-wafers. The samples were submerged in DI water for 20 min to
remove the remaining LiCl; they were dried with argon gas and heated for 20 min at 180 °C to allow
for the evaporation of any residual solvent. The samples were stored at room temperature.

3.4. Nanocellulose Coatings on Si-Wafers and Polymer-Coated Si-Wafers

NFC and NCC films were prepared by spin-coating (3000 rpm for 30 s) 20 uL of the diluted NFC
and NCC hydrogels (1%) onto the substrates (Si-wafers and cellulose, PET, and PA 6,6 coated Si-wafers)
and annealed at 120 °C for 24 h.

Nanocellulose coatings were prepared on the surface of CL, PET, and PA 6,6 coated Si-wafers after
pretreatment of the substrates with PEI or P(GMA-OEGMA). These samples were labeled as PEI-NFC
and PEI-NCC, respectively. These samples were prepared by submerging of the polymer-coated
Si-wafers into a 1% PEI solution for 30 min. Then, the samples were rinsed with DI water and dried
with argon gas. NFC and NCC solutions were spin coated (3000 rpm 30 s). The samples were annealed
at 120 °C for 1 h.

Alternatively, NFC (0.1%) and NCC (1%) were mixed with a 1% PEI or P(GMA-OEGMA) solution
(20:1 by volume) and stirred for 1 h, for nanocellulose-PEI and nanocellulose- P(GMA-OEGMA)
blends, respectively. Then, 20 uL of the PEI-modified or P(GMA-OEGMA)-modified hydrogels was
spin-coated onto the polymer-coated Si-wafers and dried at 120 °C for 1 h. These samples were labeled
PEI+NFC, PEI+NCC, CP+NFC, and CP+NCC, for NFC and NCC mixed coatings, respectively.

3.5. Characterization of Coatings

Scanning electron microscopy (SEM) imaging was carried out using an FEI Teneo (FEI Co.,
Hillsboro, OR, USA), a field emission scanning electron microscope. Atomic force microscopy (AFM)
images were obtained using a Bruker Multimode Nanoscope instrument (Bruker, Billerica, MA,
USA) with the ScanAssyst-Air probe (Bruker) spring constant 0.4 N/n, a silicon oxide tip). All the
measurements were performed under ambient conditions at room temperature and at a relative
humidity (RH) of 50-55%. All AFM data analysis and data processing were done with the NanoScope
Analysis software version 1.40 (Bruker).

The thickness of the films at three different locations for each sample after the deposition of
each layer on the substrates was measured by a single wavelength imaging ellipsometer ep4sw
(Accurion, Gottingen, Germany) with a fixed angle of incidence of 70°. Ellipsometry thickness
maps were generated using the Accurion software package, DataStudio, for selected samples to
verify the uniformity of the coatings and justify measurements of the samples series using the
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three-location-approach. An attenuated total reflection fourier transform infrared spectroscopy
(ATR-FTIR, ThermoElectron Nicolet 6700) was used to collect the infrared spectra. AFM was used as an
alternative method for coating thickness by scratching the coating with a steel needle and measuring
the profile of the scratch (Figure S8).

The spectra were presented using absorbance mode (~logR/R,). The resolution for all the infrared
spectra was 4 Cm‘l, 120 scans for each spectrum.

3.6. Structural Characterization

A porometer (Porous Materials Inc., Ithaca, NY, USA) was used to measure the fabric porosity.
A capillary flow porometer (CFP) was used to evaluate an average pore diameter, pore size distribution,
and mean flow pore size by assessing the relationship between pressure and gas flow rate [69].
The fabrics were cut into circular pieces of 25 mm in the diameter, soaked into Galwick wetting liquid
with the surface tension of 16 Dyne/cm, placed, and sealed into the sample holder for the measurements.

3.7. Cross-Linking of Nanocellulose Coatings

The cross-linking was conducted as published elsewhere [63,64], after drying the nanocellulose
coatings were treated with 6%MA and 4% NaH,PO, solutions and annealed at 185 °C for 2 min.

3.8. T-Peel Tests

The tests were performed according to the method described in the ASTM D1876-08 standard
with five tested samples for each material. Samples of the fabrics were cut into 50 mm x 152 mm
stripes along the warp direction. The test panel (Figure S9) consisted of two fabrics stripes bonded
together with 5 g of 2% NFC or NCC hydrogels along 127 mm of their length. A 2 kg load was applied
to the top of the test panels while drying at 85 °C. Then, the specimens were placed in a conditioning
chamber (Caron®) for 7 days at a relative humidity of 50 + 2% at 23 + 1 °C. Finally, we cut the bonded
panels into 25 mm wide test specimens with a sharp cutter. During the tests, the peeling force was
recorded at a constant head speed of 254 mm/min. The same method for the sample preparation was
used for PEI and P(GMA-OEGMA) blended NFC and NCC hydrogels, respectively, as well as for the
samples with cross-linked nanocellulose coatings. In the latter case, the samples were annealed at
185 °C for 2 min. Using ICPeel software [70], we estimated that the bending energy contributions
is 15%, which is comparable to the peel test experimental error. Variations in nanocellulose coating
thickness in a range of 1-5 um have a very low effect on the contribution of the bending energy.

4. Conclusions

Wet and dry tests of nanocellulose coatings on the surface of cellulose, PET, and nylon (PA 6,6)
polymer films revealed that the coatings have the highest adhesion to the nylon, cellulose, and cellophane
surfaces, while adhesion is the lowest for the coatings on PET. The coatings stability is improved
using treatment with a polycation polymer PEI and a reactive P(GMA-OEGMA) copolymer capable
of forming a cross-linked network. In the latter case, the highest coating adhesion and stability
were observed. Alternatively, the coating is reinforced by the cross-linking of nanocellulose with
polycarboxylic acids. NCC coatings demonstrate higher adhesion to all substrates than NFC coatings.
The experiments with cotton, PET, and PA 6,6 fabrics revealed that the fabric structure is an additional
important factor for the stability and adhesion of the nanocellulose coatings. The lower density of
the textile and higher porosity is beneficial for stronger adhesion of the coatings. Hydrogen bonding,
swelling in water, physical, covalent cross-linking, overall contact area, and porosity of the substrate,
which provide intercalation of the nanocellulose particles into the fabric structure, are all characteristics
that contribute to the nanocellulose coating adhesion and stability.
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Supplementary Materials: The following are available online, Figure S1: Schematics for the multilayered samples
of nanocellulose coatings on the surface of polymer materials according to Protocols 1-4, Figure S2: Structure of the
P(GMA-OEGMA) copolymer, Figure S3: Pore size distribution of cotton fabrics, Figure S4: Pore size distribution
of nylon fabrics, Figure S5: Pore size distribution of cotton/polyester fabrics, Figure S6: Pore size distribution of
polyester fabrics, Figure S7: FI-IR spectra of (a) cotton-NCC and cotton-NCC treated with MA and (b) cotton-NFC
and cotton- NFC treated with MA, Figure S8: AFM topography image of the cellulose coating on the Si-wafer after
the scratch with a steel needle, Figure S9: Schematic of a sample for the T-peel test.
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Abstract: Technical lignins, typically obtained from the biorefining of lignocellulosic raw materials,
represent a highly abundant natural aromatic feedstock with high potential in a sustainable economy
scenario, especially considering the huge primary production volumes and the inherently renewable
nature of this resource. One of the main drawbacks in their full exploitation is their high variability
and heterogeneity in terms of chemical composition and molecular weight distribution. Within this
context, the availability of effective and robust fractionation processes represents a key requirement for
the effective valorization of lignin. In the present work, a multistep fractionation of two different well
known technical lignins obtained from two distinct delignification processes (soda vs. kraft pulping)
was described. A comprehensive approach combining solvent extraction in organic or aqueous
medium with membrane-assisted ultrafiltration was developed in order to maximize the process
versatility. The obtained lignin fractions were thoroughly characterized in terms of their chemical,
physical, thermal, and structural properties, highlighting the ability of the proposed approach
to deliver consistent and reproducible fractions of well-controlled and predictable characteristics,
irrespective of their biomass origin. The results of this study demonstrate the versatility and the
reliability of this integrated multistep fractionation method, which can be easily adapted to different
solvent media using the same ultrafiltration membrane set up, thereby enhancing the potential
applicability of this approach in an industrial scale-up perspective for a large variety of starting
raw lignins.

Keywords: lignin; fractionation; biobased polymers; solvent extraction; membrane-assisted
ultrafiltration

1. Introduction

Lignin is a biobased aromatic amorphous polymer composed of a complex methoxylated
phenylpropane skeleton, which represents on average about 24% of the total components of plants [1]
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and, consequently, a substantial amount of the organic carbon in the biosphere [2]. It acts as a natural
glue, providing the plants’ structural integrity and resistance against environmental and biological
degradation [3]. Technical lignins are typically obtained from the biorefining of vegetal feedstocks for
the valorization of cellulose and hemicelluloses, the so-called sugar-based platform [4—6]. Another
major source of technical lignins is the pulp and paper manufacturing sector, where it is produced
at an approximate rate of about 50 million tons per year [7]. Within these contexts, lignin is usually
considered a waste byproduct with low residual value. To date, only a small part of the technical
lignins produced worldwide is actually used for material manufacturing and chemical synthesis,
as the majority is being burnt for energy recovery at the processing plant itself [8]. The main existing
pathways for lignin valorization aim at its direct utilization (e.g., as micro or nanostructured filler in
blend with polymers [9,10] or as a water-reducing agent for concrete [11]) with limited processing
after the initial cellulose separation from the original biomasses. Lignin represents, however, a highly
abundant natural aromatic feedstock with potentially very interesting applications in a sustainable
economy scenario, especially considering the high primary production volumes and the inherently
renewable nature of this resource [12]. Several studies are actually under way for the development of
valuable lignin derivatives, such as raw chemicals [6], polymers [13-18], high-performance concrete
admixtures [19,20], and hydrogels [21].

Different factors lead to the current marginal use of lignin as renewable feedstock, including
its very complex and bulky macromolecular structure and its chemical recalcitrance in relation to
the difficulties associated with the development of controlled depolymerization processes [12,22,23].
One of the main drawbacks in the full exploitation of the lignin value chain potentials is, however, its
high variability. Unlike sugars, lignins are delivered as very complex mixtures and their structure and
physico-chemical properties, especially in terms of composition, heterogeneity, and molecular size
distribution, are strongly dependent on their natural origin (plant species and growing conditions) and
on the specific process employed for their separation from the original biomass [1]. High-value lignin
applications, such as the production of polymers and fine chemicals, typically require strict specifications
of the starting material, particularly in terms of the chemical composition and molecular mass
distribution. Variations in these characteristics due to different lignin origins and processing/extraction
methods can cause significant alterations in the performance of the final product [24]. A critical
dependence on lignin properties was found for several high-value applications [25-28], such as the
production of polymers [16], antioxidants [29], aromatic compounds [30], the synthesis of vanillin [31],
and the development of high-performance concrete water-reducing agents [32]. The availability of
effective fractionation processes for obtaining lignins with tailored physico-chemical properties and a
defined molecular weight distribution is therefore a key requirement to effectively cope with both the
upstream material variability and the downstream application requirements.

Several innovative techniques are under study for the extraction of natural product from biomasses,
including, among others, supercritical fluids, pulsed electric fields, and acoustic cavitation [33].
These are interesting approaches that are, however, still under development and not yet ready for a
widespread implementation. In this work, the combined use of two well-known methods was instead
addressed, namely solvent extraction and membrane ultrafiltration, in order to develop an enhanced
lignin fractionation process using established technologies.

Solvent extraction is a widely adopted strategy to isolate technical lignin fractions with controlled
properties [34-37]. This approach is typically implemented with the treatment of raw lignin
using a sequence of different solvents with increasing solubilization capability in order to obtain
selected fractions with defined characteristics. The main drawbacks of this method are the costs
and the environmental issues related to the large amount of complex solvent systems involved
in its implementation. Moreover, the characteristics of final fractions are strictly dependent on
biomass—solvent interactions and variations in the lignin source can lead to the need of a whole
process readjustment.

104



Molecules 2020, 25, 2893

Membrane ultrafiltration is another interesting method for technical lignin fractionation [38,39].
Specific advantages are the ease of implementation, the low environmental impact, the high separation
efficiency, and the consistency of results with different solutes and solvents. Membrane ultrafiltration
is therefore a recognized approach for the development of a green separation process [40]. The main
difficulty related to the application of this technology to lignin fractionation resides in the poor
solubility of most technical lignins, with consequent membrane fouling and process performance
degradation [41].

The combination of solvent extraction and membrane ultrafiltration appears as a promising
strategy for the development of a viable lignin fractionation process. An application of this method
was described for the delignification of non-woody lignocellulosic biomasses [42]. In previous works
from our groups, an integrated approach was described that combines a first solubilization phase
followed by membrane ultrafiltration in order to obtain a versatile cascade process for the fractionation
of a technical lignin obtained from the soda process. This strategy was implemented with both
aqueous [43] and organic [44] solvents. In the first case (hereafter referred to as the aqueous process),
a solubilization in water/ethanol (60/40 v/v) mixture was performed, followed by a microfiltration step
in order to obtain a clear lignin solution. In the second one (hereafter referred to as the organic process),
the solubilization was carried out by Soxhlet extraction with the selected solvent. Both approaches
implemented a two-section cascade membrane ultrafiltration downstream in order to obtain three
different lignin fractions.

The combined strategy allows some drawbacks of each method to be overcome. The upstream
solubilization phase allows the selection of the best conditions needed for each specific biomass.
This ensures the delivery of a neat particle-free process fluid to the ultrafiltration system, with
consequent mitigation of fouling-related problems. The downstream fine fractionation by membrane
ultrafiltration allows in turn the use of a single solvent instead of a complex series needed for the
implementation of the whole fractionation sequence with a multistage solvent extraction, providing
great benefits in terms of decreased process costs, reduced complexity, and enhanced sustainability.
Moreover, the integrated approach combines the versatility of the first solvent fractionation (inherent
to the solubilization step) with the reliability and performance consistency of membrane ultrafiltration
in the delivery of the final products.

In the present work, this approach was extended to two well-known technical lignins obtained
from two distinct delignification processes (soda vs. kraft pulping) and originated from a non-woody
(wheat straw/Sarkanda-grass) vs. a woody (softwood) biomass, respectively. In particular, a direct
comparison between these two lignin feedstocks in terms of process yield and the chemical, physical,
thermal, and structural characteristics of the resulting fractions was performed using both the aqueous
and the organic processes. While previous studies focused on the investigation of single (either aqueous
or organic) fractionation approaches, a comprehensive strategy was purposely developed here in order
to maximize the control over the characteristics of the obtained lignins and to take advantage of the
versatility of the proposed approach. Particularly, for both process implementations, the same type of
membrane was adopted, allowing the use of a single ultrafiltration setup and ultimately optimizing
the consistency of the two process outcomes.

The approach presented in this work clearly demonstrates the versatility and the reliability of
this integrated fractionation method, using two very different solvent systems and lignins of different
origin and characteristics. Furthermore, the switchability between different solvents using the same
ultrafiltration membrane systems enhances the potential of this fractionation method for a large
variety of starting raw lignins, while the recyclability of the organic solvents used in the process in a
close-circuit recirculation plant considerably reduces possible environmental concerns.

2. Results and Discussion

This work demonstrates an integrated approach for lignin fractionation based on a cascade
multistep process that combines a first solubilization step followed by a membrane ultrafiltration
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sequence. The process was implemented using both aqueous and organic solvents, and two different
lignin feedstocks were investigated and thoroughly compared. In the aqueous process, the insoluble
fraction was separated by microfiltration, while in the organic process, the solubilization was performed
by Soxhlet extraction. Both processes included a cascade membrane ultrafiltration for the separation of
fractions with tailored molecular weight distribution. The overall fractionation process is depicted
in Figure 1.
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Figure 1. Overview of the overall fractionation process. Possible applications of obtained fractions and
related downstream processes are indicated in the bottom line (dashed arrows).

Because of the relevant number of different fractions handled, in Figure 1 and throughout the
present work a labelling scheme for the working lignin fractions was adopted, allowing a quick
identification of the related biomass, solvent, and process step (Figure 2).

Process step

B-LFs-X 0 |Original techni_cal lignin
| |Insoluble fraction
j 1 S |[Soluble fraction
R5 |Retentate 5 kDa membrane
Biomass Solvent P5 | Permeate 5 kDa membrane
S [Soda lignin a |aqueous R2 | Retentate 2 kDa membrane
K |Kraft lignin o |organic P2 |Permeate 2 kDa membrane

Figure 2. Labelling scheme for lignin fractions.

A key design feature of this study was the implementation of the same ultrafiltration membrane
setup for both the aqueous and the organic processes. This was obtained by the use of stabilized cellulose
membranes, thanks to their very wide solvent compatibility that spans from water-based mixtures to a
broad range of organic solvents. The possibility of using the same ultrafiltration membrane system
with different process solvents is a very important result from a preparative perspective, allowing the
selection of the most appropriate solubilization conditions for each specific biomass while maintaining
high consistency in the delivered fractions. In addition, solvent switching costs are reduced, also as
a result of the easy membrane cleaning (e.g., washing with 1 M NaOH solution at 40 °C and then
conditioning with organic solvent for the aqueous to organic process switch). The simple process
switching allows optimization of the fractionation conditions, mitigating the major drawbacks of each
technology (i.e., membrane fouling and final solvent extraction in the case of the aqueous process,
and the need of several different solvents in the case of the organic process).

The two processes were studied using two distinct model technical lignin systems, namely a
wheat straw-Sarkanda grass lignin (Protobind 1000) obtained from the soda pulping process (S-LF-0)
and a softwood lignin (Indulin AT) obtained from the kraft pulping process (K-LF-0). The soda
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lignin is a herbaceous sulphur-free lignin, whose chemical composition is close to that of natural
lignin, given the relatively mild delignification conditions used to extract it. The choice of this
commercially available lignin material for this study reflects the great impact of non-woody, agricultural,
and crop-derived biomasses on the global biobased economy both in terms of economic turnaround and
mass availability [13]. The kraft lignin is a byproduct of the sulphate cooking process and constitutes
around 85% of the total world lignin production. During the kraft process, lignin is dissolved in
severe conditions in an aqueous solution of sodium hydroxide and sodium sulphite and degraded
into fragments. Kraft lignin contains a significant amount of sulphur as sulphonic groups, strongly
affecting its solubility and ultimate chemical-physical characteristics.

2.1. Solubilization and Solvent Selection

The solubilization phase is the key step in order to allow the processing of different lignin sources.
Particularly, the selection of the best solubilization conditions, governed in turn by the selection of the
solvent process mixture, is of fundamental importance for the success of the fractionation methodology.

The aqueous process was performed by using a water-based solvent mixture that could be finely
tuned by co-solvent selection and pH adjustment. In the present study, an ethanol/basic water mixture
(60/40 v/v, adjusted to pH 10 with NaOH) was selected. The final pH after solubilization was around 8.
This allowed a 75 and 95 g/L operating concentration for Soda (S-LFa-S) and Kraft lignin (K-LFa-S),
respectively, to be reached. These conditions permitted working with a much higher lignin solution
concentration with respect to the maximum value of 15 g/L obtained in a previous work for the same
soda lignin [43] using pure water/ethanol (60/40 v/v). In the aqueous process, it was very important to
implement a microfiltration step before the subsequent ultrafiltration in order to separate the insoluble
fraction and avoid possible membrane clogging.

The organic process solubilization was performed with a Soxhlet extraction, which allowed the
direct separation of the insoluble fraction and the recovery of a clean solute stream. The solvent
selection is critical in order to obtain a viable process, with both biomass solubility and relevant
solvent properties (e.g., easy evaporability because of high vapor pressure, low viscosity of the final
solutions, recyclability, and uncritical handling) to be carefully considered. In order to determine the
solubility characteristics of the two investigated technical lignins, a solubilization study was performed
with six different organic solvents, namely tert-butyl methyl ether (MTBE), n-butyl acetate (BuOAc),
tetrahydrofuran (THF), ethyl acetate (EtOAc), 2-butanone (MEK), and methanol (MeOH). The resulting
extraction yields (as w/w percent of solubilized fraction vs. total fraction) are reported in Figure 3 (with
aqueous solvent solubility as the comparison).

100 [ S-LFo
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S 80
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Figure 3. Extraction yields as the percent (w/w) of solubilized fraction vs. total fraction for S-LF-0
(yellow) and K-LF-0 (orange) for different organic solvents and for the (basic) aqueous system.

As expected, marked differences were demonstrated for the solubility of the two technical
lignins in the various organic solvents. The highest extraction yields (75~80%) were obtained in
THF, MeOH, and MEK for S-LF-0, and in THF and MeOH (50~60%) for K-LF-0. Among these
solvents, MEK presented several advantages in laboratory handling, including easy evaporation,
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good recyclability, uncritical handling, low toxicity, and low viscosity of the extracts (that significantly
limited ultrafiltration membrane clogging issues). Because of these benefits, and considering also its
extensive use at the industrial scale, MEK was selected in this study as the working organic solvent for
both the soda and kraft lignin fractionation. This also led to a comparison of the process performances
in both high solubilization conditions (with S-LF-0) and low solubilization conditions (with K-LF-0).
The obtained operative biomass concentrations in the extracted MEK solutions were 95 g/L for soda
(S-LFo-S) and 15 g/L for kraft (K-LFo-S) lignin.

2.2. Membrane Ultrafiltration

The membrane ultrafiltration phase was pivotal for the quality and consistency of the lignin
fractions delivered by the process. As the key design requirement was the implementation of the
same membrane set for both aqueous and organic processes, two modified cellulose ultrafiltration
membranes (with a nominal cut-off at 5 and 2 kDa) were selected for their wide solvent and pH
compatibility. This selection allowed the limited solvent compatibility of the polyether sulfone
ultrafiltration membranes used in a previous work to be overcome [43]: These membranes in fact
were found to work quite well in aqueous solution but suffered from limited compatibility with
organic solvents. In this study, process parameters, such as the flow rate, pressure, temperature,
and recirculation cycle, were thoroughly optimized according to the requirement of each solvent.
As will be discussed in the following sections, the limited dependence of the molecular weight
distribution of delivered fractions on the solvent used confirmed a good consistency of the biomass
fractionation products.

2.3. Lignin Fractionation

According to the results discussed in Section 2.1 and reported in Figure 3, the aqueous process
was designed for a starting solution of lignin (both kraft and soda) in ethanol/water (60/40) in basic
conditions. Preparation of the lignin starting solution was optimized by adding sodium hydroxide to
facilitate the solubilization process. The final pH of the solution was around 8. The sample recovery
from the aqueous process fractions included four main steps: Evaporation under vacuum of the ethanol
present in the solutions; acidification of the aqueous solutions with hydrochloric acid (or sulfuric acid)
at a pH close to 1; extraction in organic solvent, such as ethyl acetate; and evaporation of the organic
phase and recovery of the solid fractions. On the other hand, the fractions coming from the organic
process, after recovery, were evaporated under reduced pressure without further processing.

The best suitable concentrations for S-LF-0 and K-LF-0 in the aqueous process were found to be
around 75 and 95 g/L, respectively, whereas the best concentrations in the organic process were 95 and
15 g/L due to the great chemical differences between the two lignins.

Aliquots of the permeates and retentates obtained from S-LF-0 and K-LF-0 for the two fractionation
processes (aqueous and organic) were withdrawn after successive steps and fully characterized in
terms of the chemical composition, molecular weight, and physical properties. It should be pointed
out that the determination and the possible variations in the molecular weight and the composition
of the lignin fractions are fundamental for their successful valorization as precursors of chemicals
and polymeric materials. Moreover, the quantification and characterization of the functional groups
present in the samples constitute essential steps for the effective assessment of a lignin valorization
setup. Therefore, one of the goals of this work was the extraction and the full characterization of each
fraction in order to recover homogeneous fractions with specific properties.

2.4. Gel Permeation Chromatography (GPC)

GPC analyses were performed on all fractions in order to evaluate the effectiveness of the aqueous
and organic processes on the molecular weights and molecular weight distributions of the technical
lignins considered in this work.
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The characteristic values of the number-average molecular weight (Mn), weight-average molecular
weight (Mw), and polydispersity index (D) are listed in Table 1 for S-LF-0 and Table 2 for K-LF-0.
Analyses were performed using mono-dispersed polystyrene standards as the reference (see the
materials and methods section for details).

Table 1. GPC analysis (molecular weights Mn and Mw, polydispersity index P of all examined soluble
lignin fractions from S-LF-0 obtained with the two fractionation methods).

Sample ? % of Starting Material (w/w) Mn (Da) Mw (Da) b

S-LF-0 - 1390 4660 3.3
S-LFa-R5 49.3 1650 3090 1.9
S-LFa-R2 7.6 860 1100 1.3
S-LFa-P2 6.0 590 720 12
S-LFo-R5 66.3 1150 1950 17
S-LFo-R2 7.0 790 1190 1.5
S-LFo-P2 1.6 570 700 12

@ Samples were eluted after acetylation. The reported values for molecular weights are relative to
polystyrene standards.

Table 2. GPC analysis (molecular weights Mn and Mw, polydispersity index D of all delivered fractions
of aqueous and organic processes fractionation of K-LF-0.

Sample ? % of Starting Material (w/w) Mn (Da) Mw (Da) b
K-LE-0 - 1600 4260 2.7
K-LFa-R5 " 72 n.a. n.a. n.a.
K-LFa-R2 4.8 1060 2000 1.9
K-LFa-P2 2.5 575 840 1.5
K-LFo-R5 7.9 740 1320 1.8
K-LFo-R2 17 530 860 1.6
K-LFo-P2 1.1 480 740 1.5

@ Samples were eluted after acetylation. The reported values for molecular weights are relative to polystyrene
standards. ® This fraction was found to be poorly soluble in the eluting solvent (THF) even after acetylation,
preventing the possibility of performing GPC analysis.

Both in the aqueous and in the organic process, the soda and kraft lignins exhibited a similarly
noticeable decrease in their molecular weight after permeation through membranes of increasingly
finer mesh. In particular, the filtration through a 2-kDa cut-off membrane was shown in all cases to
provide lignin fractions with Mn in the range of ~500 g/mol, both for soda and kraft lignin. Such a
reduction in the molecular weight was accompanied by a significant narrowing of the molecular
weight distribution, as evidenced by the lower value of D obtained in the lighter fractions (D = 1.2 for
S-LFa-P2 and S-LFo-P2, D = 1.5 for K-LFa-P2 and K-LFo-P2) with respect to the parent lignin material
(D =3.3and 2.7 for S-LF-0 and K-LF-0, respectively). It is also evident how retentate fractions in general
exhibited higher molecular weights and larger D values when compared with permeate fractions,
likely due to a broader distribution of longer lignin macromolecules in the former. These trends are in
line with previously reported results on both kraft and soda lignin fractionation processes selectively
undertaken in organic solvent or the aqueous phase [39,43-46]. Interestingly, fraction K-LFa-R5 was
found to be poorly soluble in the solvent used as eluting medium for the GPC analysis (THF), leaving
a large amount of solid residue as precipitate even after acetylation. This result suggests a significant
enrichment in high molecular weight chains in the retentate material of kraft lignin after the first
aqueous-based ultrafiltration step (5 kDa cut-off).

Finally, it is worth noting that the same trends on the obtained molecular weights (decreasing)
and molecular weight distributions (narrower) for lignin fractions recovered after filtration through
increasingly finer membranes were observed in both aqueous and organic processes (Figure 4).
In particular, these trends were found to be comparable for soda and kraft lignins. This evidence
highlights the key role played by the ultrafiltration process in providing consistent and reproducible
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fractions of narrowly controlled molecular characteristics. In addition, it suggests that the performance
of the ultrafiltration membranes is not significantly affected by the solvent used, indicating a factual
independence between the extraction operation (controlled by the solvent) and the downstream
fractionation (controlled by the ultrafiltration membranes). This aspect is a very relevant feature for an
industrial scale-up perspective because it represents a clear advantage in terms of process versatility
and straightforward optimization when tackling different types of biomass as input feedstock.
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Figure 4. Comparison of the results of the aqueous and organic processes for S-LF-0 and K-LF-0
fractionation as Mn, Mw, and D by GPC analysis of resulting delivered fractions.

2.5. Gel Filtration Chromatography (GFC)

GFC analyses are reported in Figure 5 below, showing the performance of the two fractionation
processes for S-LF-0 and K-LF-0, respectively. A new procedure using a basic water solution as eluent
was developed in this work. Moving through the fractionation processes, the GFC analysis showed
very well the shift of the peaks towards lower retention times, proving the effectiveness of the proposed
approach in a straightforward manner. As it is clear in Figure 5, moving from the pristine lignin
(in black), to the retentate at 5 kDa (in blue) and more clearly to the chromatogram of the fractions
exiting the membrane with the finest cut-off (permeate B-LFo/a-P2, 2 kDa membranes, yellow lines),
in all cases the enrichment in small molecules represented by the peaks at a higher retention time was
striking. This analysis demonstrated that the two fractionation processes were very effective even
when applied to two different biomasses.

2.6. Gas-Chromatography/Mass Spectrometry (GC/MS)

The identification and quantification of low molecular weight compounds present in each fraction
was performed by using GC/MS. This analytical tool allowed the analysis of the distribution of the small
compounds present in each fraction, divided into three main classes—namely, benzaldehydes and
acetophenone derivatives (ArCHO, ArCOR), benzoic and coumaric acids (ArCOOH, ArCHCHCOOH),
and aliphatic long-chain carboxylic acids (RCOOH).

The analyzed samples were prepared with a small-scale chromatography on silica gel in order to
eliminate all the polymeric/oligomeric fractions and to recover only the suitable fraction for GC/MS
analysis (% of mass recovered after chromatography is reported in Tables 3 and 4). The distribution
trends confirmed clearly the efficacy of the fractionation procedures for the two considered lignins,
as the percentages of total monomers in each sample increase when proceeding through the two
processes. As reported in Table 3 for S-LF-0 fractionation, the percentage of monomers recovered
through the aqueous process, which were analyzed in GC/MS, moved from 8% (w/w) of monomers in
the higher molecular weight fraction to a maximum of 81% (w/w) in the lower molecular weight one
whereas in the organic process the percentage of monomers shifted from 7% to 63%.
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Figure 5. GFC chromatograms of selected soda (a,b) and kraft (c,d) lignin fractions recovered from the

aqueous process (a,c) and the organic process (b,d).

Table 3. Summary of the GC/MS results of fractions coming from aqueous and organic processes
applied on S-LF-0 illustrating the estimated amount of volatile compounds, divided in three main
groups. Data reported as the total mass of compounds/mass of initial fraction (%). Values were rounded
up to the nearest two significant figures with an estimated relative error of + 0.01.

Compounds S-LFa-R5  S-LFa-R2  S-LFa-P2  S-LFo-R5  S-LFo-R2  S-LFo-P2
- (8.0%) * (15.9%) * (81%) * (7%) * (36%) * (63%) *
ArCHO + ArCOR +
ArOH + Ar(CH,);0H 11 2 14 13 31
Ar-COOH + ArCHCHCOOH - - 5.3 - 5.6 16
R-COOH + R-COOR’ 26 2.1 4.1 - 22 -
Total monomers 2.6 3.2 31 14 21 47

# Fraction analyzed; Ar: aromatic residue; R: aliphatic chain.

Table 4. Summary of the GC/MS results of fractions coming from aqueous and organic processes
applied on K-LF-0 illustrating the estimated amount of volatile compounds, divided in three main
groups. Data reported as the total mass of compounds/mass of initial fraction (%). Values were rounded
up to the nearest two significant figures with an estimated relative error of + 0.01.

Compounds K-LFa-R5 K-LFa-R2 K-LFa-P2 K-LFo-R5 K-LFo-R2 K-LFo-P2
- (21.5%) * (17%) * (66%) * (21%) * (39%) * (77%) *
ArCHO + ArCOR +
ArOH + Ar(CH,);0H 16 ) 7 75 13 20
Ar-COOH + ArCHCHCOOH 2.8 - 46 - - 1.3
R-COOH + R-COOR’ 22 33 22 44 43 -
Total monomers 41 33 44 12 17 21

# Fraction analyzed; Ar: aromatic residue; R: aliphatic chain.

For K-LF-0 fractionation, the results of the GC/MS analysis are reported in Table 4. Additionally,
in this case, the efficacy of the fractionation procedure, expressed as percentages of total monomers in
each sample, increased when proceeding through the processes: K-LFa-R5 and K-LFo-R5, constituting
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the higher molecular weight retentates, contain only 21% of small molecules, which could be inferred
from GC-MS; on the contrary, K-LFa-P2 and K-LFo-P2, constituting the fractions permeated from the
finest membrane (2 kDa cutoff), were considerably enriched in small molecules (around 70%).

The chromatogram profiles of the different fractions and the structures of the most abundant
identified compounds with their relative abundance are reported in Table 3 and Figure 6 for S-LF-0
and Table 4 and Figure 7 for K-LF-0. As discussed above (Tables 3 and 4), the enrichment in smaller
molecular weight products clearly appeared when moving throughout the fractionation processes for
S-LF-0 from fractions S-LFa/o-R5 to S-LFa/o-P2 (as shown in Figure 6), whereas for K-LF-0 the number
of peaks in the chromatograms becomes much more relevant in K-LFa/o-P2 (in Figure 7). The peaks
from 7 to 12 min are mainly due to the silylating agent used for the derivatization of the analyzed
samples. The peak at 6 min is attributed to benzaldehyde, which was used as the internal standard.
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Figure 6. GC/MS total ion chromatograms of delivered fractions from aqueous and organic processes
using S-LFa/o-0. Selected component identification by MS library matching is reported for each fraction.
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Figure 7. GC/MS total ion chromatograms of delivered fractions from aqueous and organic processes
using K-LFa/0-0. Selected component identification by MS library matching is reported for each fraction.

2.7. Determination of the Hydroxylation Levels in the Recovered Fractions

The determination of hydroxylation levels in lignins constitutes an essential step for the effective
valorization of the fractions obtained from the fractionation processes. The classical methods are the
Folin-Ciocalteu titration method (FC), which allows the quantification of phenolic groups, and 3'P-NMR
analysis, which leads to a quantitative determination of aliphatic and aromatic hydroxyl groups as
well as of carboxyl moieties.

2.7.1. Phenolic Hydroxyl Group Determination

The FC assay was carried out to determine the total phenolic content in the original lignin and all
process fractions. It is based on the reaction of phenolic hydroxyl groups with a specific redox reagent
(FC reagent), which leads to the formation of a blue chromophore, which is, however, sensitive and
unstable in strong bases. Therefore, based on an analytical protocol previously demonstrated by our
group [41], DMSO was used as solvent for the samples in order to obtain their complete solubilization
in neutral conditions.

The phenolic content results are reported in Tables 5 and 6 as vanillin equivalents (mmol/g of
dry lignin). In the case of soda lignin, S-LFa/o-R2 and S-LFa/o-P2 appeared to be the fractions with a
higher content in phenolic hydroxyl groups, in agreement with the trends observed with 3'P-NMR,
as will be discussed later in the text.
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Table 5. Results of the determination of phenolic hydroxyl groups expressed as vanillin equivalents
in the lignin fractions recovered from aqueous and organic processes applied on S-LF-0 (expressed
in mmol/g) in the dry lignin. Estimated standard errors +0.2 mmol/g vanillin equivalent (1 o, from
calibration data).

Fraction Vanillin Equivalent Content (mmol/g)
S-LE-0 3.06

S-LFa-R5 291

S-LFa-R2 3.48

S-LFa-P2 3.35

S-LFo-R5 4.38

S-LFo-R2 5.91

S-LFo-P2 6.35

Table 6. Results of the determination of phenolic hydroxyl groups expressed as vanillin equivalents
in the lignin fractions recovered from aqueous and organic processes applied on K-LF-0 (expressed
in mmol/g) in the dry lignin. Estimated standard errors +0.2 mmol/g vanillin equivalent (1 o, from
calibration data).

Fraction Vanillin Equivalent Content (mmol/g)

K-LF-0 4.79
K-LFa-R5 2.28
K-LFa-R2 2.99
K-LFa-P2 3.87
K-LFo-R5 5.90
K-LFo-R2 5.80
K-LFo-P2 4.16

If we compare the two starting lignins, K-LF-0 appears to contain an increased amount of phenolic
hydroxyl groups compared to S-LF-0, probably due to the extensive cleavage of 3-aryl group bonds
during the cooking process. In S-LF-0 fractionation, a very high enrichment in phenolic groups appears
in the fractions R2 and P2 as reported in Table 5, in excellent agreement with the GC/MS analysis
reported in Figure 6. For K-LF-0 fractionation, as reported in Table 6, the highest value of phenolic
content appears to be associated with K-LFa-P2 for the aqueous process, whereas in the organic one,
the R5 fraction appears to be enriched in phenolic groups.

2.7.2. Total Hydroxyl Groups’ Quantification with 3'P-NMR

The different types of hydroxyl groups present in the starting lignins and fractionated samples
were deeply investigated by 3'P-NMR. The 3!P-NMR spectra of the phosphitylated lignin fractions
are shown with chemical shift assignments in Figures 8 and 9, where the parent materials S-LF-0 and
K-LF-0 are also shown for easy comparison. In detail, the following spectral regions were integrated to
acquire the information about the chemical nature of the different hydroxyl groups: 150-147 ppm for
the signals associated with aliphatic hydroxyl groups, and 145-138 ppm for the signals associated with
aromatic hydroxyl groups. The signals of carboxylic acids groups were centered at 136 ppm. The peak
integration in the three main portions of the spectrum led to the quantification of the total hydroxyl
groups expressed in mmol of functional groups per gram of dry compound, as reported in Tables 7
and 8 for S-LF-0 and K-LF-0, respectively.
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Figure 8. 3'P-NMR spectra of lignin fractions recovered from the aqueous and the organic process
applied on S-LF-0.

Table 7. Detailed hydroxyl/carboxyl quantification by 3!P-NMR for the fractions recovered from
aqueous and organic processes applied on S-LF-0.

Fraction -OH Aliphatic (mmol/g) -OH Phenolic (mmol/g) -COOH (mmol/g)
S-LE-0 1.83 3.54 0.92
S-LFa-R5 1.32 2.63 1.33
S-LFa-R2 1.11 3.61 0.9
S-LFa-P2 0.18 3.33 1.26
S-LFo-R5 1.24 4.19 0.09
S-LFo-R2 1.27 4.52 1.29
S-LFo-P2 1.48 52 1.52

Table 8. Detailed hydroxyl/carboxyl quantification by 3P-NMR for the fractions recovered from
aqueous and organic processes applied on K-LF-0.

Fraction -OH Aliphatic (mmol/g) -OH Phenolic (mmol/g) -COOH (mmol/g)
K-LF-0 331 5.32 0.57
K-LFa-R5 * * *
K-LFa-R2 1.39 2.98 0.50
K-LFa-P2 1.11 4.32 1.51
K-LFo-R5 1.64 5.65 0.48
K-LFo-R2 1.10** 3.50 ** 045 **
K-LFo-P2 2.52 444 0.55

*3IP-NMR measurements could not be performed for this fraction due to extensive precipitation of the sample in
the conditions used for the analysis; ** possible underestimation of these values due to the limited solubility of the

sample in the solvent used for the analysis.
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Figure 9. 3'P-NMR spectra of lignin fractions recovered from the aqueous and the organic process
applied on K-LF-0.

Both FC assay and 3!P-NMR data indicated a slight increase in phenolic hydroxyl groups in the
lower molecular weight fractions B-LFa/o-R2 and B-LFa/o-P2. A similar trend was also reported from
3IP-NMR analysis on aliphatic hydroxyl and carboxyl groups, in agreement with recent works on
analogous technical lignins [43-45]. These results have great interest in terms of further selection of an
appropriate fraction for a specific application, where the relative abundance of the functional groups is
essential for the further processing.

2.8. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was employed to analyze the chemical characteristics of the lignin fractions
recovered after solvent extraction and subsequent membrane-assisted ultrafiltration. FTIR spectra
of both the soda and kraft lignin fraction systems are presented in Figure 10, along with the FTIR
spectrum of each parent lignin also shown for comparisons. All fractions presented a broad absorption
band in the 3600-3100 cm™ range that could be attributed to stretching vibrations of hydrogen-bonded
phenolic and aliphatic O-H groups present in lignin, with a peak at 3390 cm™' and a shoulder at
3200 cm™?, respectively [47]. Signals observed in the 3050—2800 cm™? region were attributed to
the symmetrical and asymmetrical CH stretching of the methyl and methylene groups. At around
1700 cm™?, a clear peak was observed in all spectra with the exception of K-LF-0, where more of a
shoulder was observed, attributable to the stretching vibration of C-O bonds in conjugated aldehydes
and carboxylic acids. In particular, it was observed that after solvent extraction (in both kraft and
soda lignin streams), an increase in this signal was registered compared with the pristine samples
(especially in low molecular weight fractions S-LFa/o-P2 and K-LFa/o-P2), likely indicating a higher
concentration of carbonyl and carboxylic groups. The presence of the intense peak at 1515 cm ™! was
associated to the pure aromatic skeletal vibrations in lignin. In the 1400~1000 cm™! spectral region,
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signals of variable intensity were observed, which could be attributed as follows: Bending vibrations
of phenolic O—H and aliphatic C—H in methyl groups (1370 cm™!); C-O, C-C, and C-O stretching
vibrations (1270 and 1210 cm™~!); C—H in plane deformations (1125 cm™1); and C-O deformations in
primary (1030 cm™!) alcohols.
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Figure 10. FT-IR spectra of soda (a,b,c,d) and kraft (e f,g h) lignin fractions recovered from the aqueous
process (a,b,e,f) and the organic process (c,d,gh). Different regions of the infrared spectrum are
reported for clarity.

In the kraft fractions, both in aqueous and organic solvent, a clear peak at 1154 cm~! was observed,
which could be assigned to C-O deformations in conjugated ester groups present in guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) groups. This signal indicated a higher abundance of such
moieties, not present in soda fractions.

2.9. Differential Scanning Calorimetry (DSC)

The thermal transitions in all lignin fractions, in particular the glass transition temperature (Tg),
were evaluated by means of DSC analysis and compared with the pristine samples S-LF-0 and K-LF-0.
DSC traces of both soda and kraft lignin fraction systems are presented in Figure 11. As it can be seen in
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the plots, in the case of organic solvent fractionation, the solvent extraction step led to a decrease in Tg
of all the recovered materials, with samples S-LFo-P2 (Tg = 58 °C) and K-LFo-P2 (Tg = 44 °C) showing
the lowest values, in accordance with the trends observed on molecular weights in the GPC results
and in line with what was recently reported on analogous systems [43,44]. In the case of aqueous
fractionation, a similar trend was observed on S-LFa-P2 and K-LFa-P2, with comparable values of Tg
(Tg =50 °C and 46 °C for S-LFa-P2 and K-LFa-P2, respectively). Sample S-LFa-R5 showed a slightly
higher Tg than the parent sample S-LF-0, likely due to the slightly higher value of Mn observed for this
fraction in GPC measurements. Similarly, the Tg of sample K-LFa-R5 was not easily detectable from the
DSC trace but was higher (Tg = 180 °C) than the corresponding parent material K-LF-0 (Tg = 155 °C),
in line with the high molecular weight inferred for this fraction from GPC analysis (Table 2).
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Figure 11. DSC traces of soda (a,b) and kraft (c,d) lignin fractions recovered from the aqueous process
(a,c) and the organic process (b,d).

The similar trends observed on the resulting Tg of the two different lignin systems (soda vs.
kraft) upon fractionation in both aqueous and organic phase further demonstrated the versatility of
the proposed process, which did not appear to be significantly affected by the solvent used for the
extraction operation. Moreover, they provided additional proof of the ability of this approach to
deliver consistent and reproducible fractions of well-controlled and predictable thermal characteristics
irrespective of the biomass origin, with this aspect being particularly useful for potential use in the
development of lignin-based macromolecular materials.

3. Materials and Methods

3.1. Materials

All chemicals and analytical grade solvents, such as tetrahydrofuran (THF), methanol (MeOH),
ethyl acetate (EtOAc), n-butyl acetate (BuOAc), and fert-butyl methyl ether (MTBE), were purchased
from Sigma-Aldrich. 2-Butanone (methyl ethyl ketone, MEK) was provided by BCD Chemie GmbH
(Hamburg, Germany). Lignin S-LE-0 (Protobind 1000, a mixed wheat straw/Sarkanda grass lignin from
soda pulping of non-woody biomass) was provided by Tanovis (Alpnach, Switzerland). Lignin K-LE-0
(softwood Kraft lignin, Indulin AT) was provided by Meadwestvaco (Charleston, SC, USA). Lignins
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were used as received. All solutions were prepared in Milli-Q water (Elix Millipore Purification System,
Molsheim, France). All analyses were carried out at least in duplicate unless otherwise stated.

3.2. Lignin Solubility in Organic Solvents

Lignin solubilities in organic solvent were determined by treating 10 g of starting lignin with
100 mL of the different solvents stirring at 400 rpm. Each test was carried out overnight at room
temperature. The suspensions were then filtered, and the solvents were evaporated at reduced pressure
and the final residues were dried until a constant weight was achieved prior to quantification.

3.3. Fractionation via Aqueous Process

The aqueous process fractionation comprised a microfiltration step followed by a two-membrane
cascade ultrafiltration (shown in Figure 1 as part of an idealized lignin valorization scheme) and a final
fraction recovery step, as described below (see also the discussion section).

3.3.1. Microfiltration

The lignin solution in ethanol/ water was prepared by dissolution of 150 g of lignin per L of a
mixture of ethanol and NaOH aqueous solution at pH 10. The insoluble material was eliminated by a
microfiltration on a 0.7-um fiberglass filter under vacuum.

3.3.2. Membrane-Assisted Fractionation

Lignin fractionation was performed by means of an ultrafiltration apparatus (Sartoflow Advanced
filtration module purchased from Sartorius Stedim, Aubagne, France) equipped with flowmeters
and pressure sensors to control the permeate flow, trans-membrane pressure, and filtration time.
The membranes (Hydrosart membranes, Sartorius Stedim) in stabilized cellulose had nominal molecular
weight cutoffs of 5 and 2 kDa and a filtration area of 0.1 m? each. The membrane regeneration and
storage were performed at 40 °C using 1 M and 0.1 M NaOH solution, respectively.

These membranes were compatible with a high range of different solvents, allowing to switch
easily from an aqueous solvent to an organic one. The procedure required the cleaning of the membrane
with a solution of 1M NaOH at 40 °C, and then the washing and conditioning of the membrane in the
appropriate solvents for the successive fractionation sequence. The membranes could be also stored
without any problems in 0.1 M NaOH.

3.3.3. Fraction Extraction Procedure

The recovered fractions from the aqueous process were evaporated under reduced pressure to
remove ethanol. The aqueous solutions were acidified to pH close to 1 with 37% HCI, and extracted
three times with ethyl acetate. The combined organic phases were dried over sodium sulfate and
evaporated under reduced pressure. The final solid residues were dried until a constant weight was
achieved prior to analysis and quantification.

3.4. Fractionation via Organic Process

The organic process fractionation comprised a Soxhlet extraction followed by a two-membrane
cascade ultrafiltration (shown in Figure 1 as part of an idealized lignin valorization scheme) and a final
fraction recovery step, as described below (see also the results and discussion section).

3.4.1. Soxhlet Extraction

Soxhlet extractions were performed using a standard glass apparatus (Buchi extraction system
B-811, Villebon sur Yvette, France), which allowed 4 extractions to be achieved at the same time.
Each extraction unit was composed of a 150-mL working volume bottom solvent flask, a 330-mL-capacity
thimble holder and a water-cooled condenser. For each extraction process, 150 mL of MEK were placed

119



Molecules 2020, 25, 2893

in the solvent flask and about 15 g of lignin were inserted inside a 41-mm diameter and 123-mm height
cellulose paper thimble (FiltraTECH, Saran, France). The solvent reflux was kept for 8 h, adjusting the
heating power in order to have 4 extraction cycles/h.

3.4.2. Membrane Ultrafiltration

Lignin fractionation was performed in MEK directly on the Soxhlet extraction solution by means
of the same apparatus described in Section 3.3.2 with the membranes conditioned and used only
in MEK.

3.4.3. Fraction Recovery Procedure

The recovered fractions from the organic process were evaporated under reduced pressure without
further processing. The final solid residues were dried until a constant weight was achieved prior to
analysis and quantification.

3.5. Gel Permeation Chromatography (GPC)

A Waters 510 HPLC system equipped with a refractive index detector was used for GPC analyses.
Tetrahydrofuran (THF) was used as eluent. The analyzed lignin sample (volume 200 pL, concentration
1 mg/mL in THF) was injected into a system of three columns connected in series (Ultrastyragel HR,
Waters—dimensions 7.8 mm x 300 mm) and the analysis was performed at 30 °C at a flow rate of
0.5 mL/min. The GPC system was calibrated against polystyrene standards in the 10>~10* g/mol
molecular weight range. To allow complete solubility in the THF eluent, before the analysis, the parent
lignin and the fractions were acetylated following a standard literature procedure. The estimation
of the number-average and weight-average molecular weights of the obtained lignin fractions was
performed excluding the signals related to the solvent (THF) and the solvent stabilizer (butylated
hydroxytoluene), visible at long elution times (>29.5 min).

3.6. Gel Filtration Chromatography (GFC)

GFC analyses were performed using a Merck-Hitachi L4000 apparatus (Tokyo, Japan) equipped
with a UV detector set at A of 254 nm. A hydroxylated acrylic polymer GFC column (Polysep-GFC-P
2000, 300 x 7.8 mm, Phenomenex, Aschaffenburg, Germany) was used with a water-based eluent
(sodium borate pH 10 buffer 10 mM plus 300 mM NaCl) at 0.5 mL/min flow rate.

The samples (5 mg) were completely dissolved in a small amount of NaOH. The pH of the solution
was adjusted to pH 10 with HCl 6 M, and diluted to the final concentration of 2 mg/mL with sodium
borate buffer 10 mM pH 10. The sample was then centrifugated, filtered, and analyzed.

3.7. Gas-Chromatography/Mass Spectrometry (GC/MS)

The GC/MS apparatus used was an Agilent GC System 7890A, with an inert MSD with Triple-Axis
Detector 7975C (Cernusco sul Naviglio, Italy). The separation was performed on a DB-5MS column
(80 m x 250 pm x 0.25 um, Phenomenex) with a helium flow rate of 1.18 mL/min, a temperature
program of 50 °C (1 min) to 280 °C at 10 °C/min, 280 °C at 15 min (total run time 39 min, temperature
of the injector 250 °C, injection volume 1.00 pL, injection mode split, split ratio 5:1). A solvent delay
of 4 min was selected. The samples were prepared by derivatization and dissolved in methanol or
acetone in a concentration around 0.5-1 mg/mL as previously described [44]. Compound identification
was performed by means of an NIST 2008 mass spectral library search.

3.8. Folin—Ciocalteu Assay (FC Assay)

Total phenolic contents of the different fractions were determined by the classical Folin-Ciocalteu
method with some modifications in the sample preparation step. The samples were prepared by
dissolving lignin in dimethylsulfoxide (DMSO) with a final concentration of 1 mg/mL. DMSO was
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chosen because, being completely miscible in water, it allowed a complete lignin solubilization and did
not interfere with the FC assay.

For each determination, 5 pL of the working solution (or the standard solution) were then mixed
with 120 uL of deionized water, 125 uL of FC reagent (Sigma 47641), and kept for 6 min at r.t. after 30 s
of vortex stirring. Then, after the addition of 1.25 mL of 5% sodium carbonate and mixing, the vial was
incubated on a thermoshaker at 40 °C for 30 min. The reaction mixture absorbance was measured using
a UV/Vis spectrophotometer (Jasco V-560) equipped with a temperature-controlled cuvette holder and
a thermostatic water bath (Haake K10, Karlsruhe, Germany). All spectrophotometric measurements
were carried out at 760 nm, 25 °C, using a 1-cm optical path cuvette. Vanillin was chosen as the
reference standard. The calibration curve was constructed with nine different vanillin solutions in
DMSO with the concentration in the range 0-800 pug/mL. Each FC assay determination was carried out
in triplicate.

3.9. 3LP-NMR Analysis

3IP-NMR spectroscopic analyses were recorded on a Bruker Instrument AVANCE400 spectrometer
(Milano, Ttaly). Acquisition and data treatment were performed with Bruker TopSpin 3.2 software
(Milano, Italy). The spectra were collected at 29 °C with a 4-s acquisition time, 5-s relaxation delay,
and 256 scans. Prior to analysis, samples were dried for 24 h under vacuum and then derivatized
according to the following procedure.

A lignin sample (40 mg) was completely dissolved in 300 uL of N,N-dimethylformamide. To this
solution, the following components were added: 200 uL of dry pyridine, 100 uL of solution of internal
standard (10 mg of Endo-N-hydroxy-5-norbornene-2,3-dicarboximide (Sigma 226378) dissolved in
0.5 mL of a mixture of pyridine and CDClj3 1.6:1 v/v), 50 uL of solution of relaxation agent (5.7 mg of
chromium (III) acetylacetonate (Sigma 574082) dissolved in 0.5 mL of a mixture of pyridine and CDCl3
1.6:1 v/v), 100 pL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Sigma 447536), and at the end
200 uL CDCl3. The solution was centrifuged if necessary. All chemical shifts reported were related to
the reaction product of the phosphorylating agent with water, which gave a signal at 132.2 ppm.

3.10. Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of all lignin fractions were recorded in transmission mode on lignin-containing KBr
pellets (amount of lignin was approximately 5 mg). The analysis was performed by means of a Nicolet
760-FTIR spectrophotometer (Thermo Fisher Scientific, Rodano, Italy) at room temperature in air in the

4000-700 cm~! wavenumber range with 64 accumulated scans and a resolution of 2 cm™!.

3.11. Differential Scanning Calorimetry (DSC)

DSC was performed on solid-state samples (about 10-15 mg) by means of a Mettler-Toledo
DSC/823e instrument (Milano, Italy) at a scan rate of 20 °C/min under nitrogen flux.

4. Conclusions

Lignin constitutes a byproduct accumulated worldwide in significant quantities in the pulp and
paper industry, despite possessing a great potential for generating novel biobased platform chemicals
and polymeric materials alternative to those currently derived from petrochemical routes. One of
the most important tasks when targeting the establishment of any lignin valorisation process is the
ability to set up robust and reliable fractionation processes enabling the recovery of lignin streams with
controllable and predictable composition and properties. Indeed, the great variability in its chemical
composition, structural characteristics, molecular weight, and reactivity, intimately linked to the vast
geographical and seasonal distribution of lignocellulosic biomass feedstocks, makes lignin processing
and valorization particularly challenging.
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In an attempt to address this issue, in this work, a straightforward fractionation method was
demonstrated combining solvent extraction and membrane-assisted ultrafiltration. This approach was
applied to two commercially available technical lignins with different origins (non-woody vs. woody
biomass) obtained from two distinct delignification routes (soda vs. kraft pulping), starting from
an extraction process using two different solvent (aqueous vs. organic) systems. Based on this
strategy, a comprehensive method was demonstrated for the tunable and predictive control over the
characteristics of the recovered lignin fractions. In particular, the key role played by the ultrafiltration
process in providing consistent and reproducible fractions of narrowly controlled chemical, structural,
molecular, and thermal characteristics was shown. In addition, the performance of the ultrafiltration
membranes was found to be relatively unaffected by the solvent used (either aqueous or organic),
indicating a relative independence between the extraction operation (controlled by the solvent) and the
downstream fractionation (controlled by the ultrafiltration membranes). This aspect is a very relevant
feature from an industrial scale-up perspective, because it represents a clear advantage in terms of
process tunability and optimization when tackling different types of biomass as input feedstock.

This versatile, robust, and easy to implement fractionation approach paves the path for the
delivery of consistent and reproducible lignin fractions of well-controlled and predictable properties
irrespective of the biomass origin, with this aspect being of particular interest in view of their potential
use in the development of lignin-based macromolecular materials.
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Abstract: Starch, an abundant and low-cost plant-based glucopolymer, has great potential to replace
carbon-based polymers in various materials. In order to optimize its functional properties for
bioplastics applications chemical groups need to be introduced on the free hydroxyl groups in a
controlled manner, so an understanding of the resulting structure-properties relationships is therefore
essential. The purpose of this work was to study the multiscale structure of highly-acetylated (degree
of substitution, 0.4 < DS < 3) and etherified starches by using an original combination of experimental
strategies and methodologies. The molecular structure and substituents repartition were investigated
by developing new sample preparation strategies for specific analysis including Asymmetrical
Flow Field Flow Fractionation associated with Multiangle Laser Light Scattering, Nuclear Magnetic
Resonance (NMR), Raman and Time of Flight Secondary Ion Mass spectroscopies. Molar mass
decrease and specific ways of chain breakage due to modification were pointed out and are correlated
to the amylose content. The amorphous structuration was revealed by solid-state NMR. This original
broad analytical approach allowed for the first time a large characterization of highly-acetylated
starches insoluble in aqueous solvents. This strategy, then applied to characterize etherified starches,
opens the way to correlate the structure to the properties of such insoluble starch-based materials.

Keywords: acetylated starch; etherified starch; chemical composition; macromolecular characteristics;
surface characterization

1. Introduction

Starch is, after cellulose and hemicelluloses, one of the most abundant carbohydrates in plants.
Its semi-crystalline granules are mainly composed of two glucopolysaccharides: amylose, a quasi-linear
chain of p-glucosyl units linked in «-1,4, and amylopectin which is constituted by a complex arborescent
arrangement of linear chains of p-glucosyl units linked in «-1,4 with about 5-6% of branching points in
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«-1,6 [1]. Starch is abundant, biodegradable and low cost, and it can easily be processed by extrusion or
thermomoulding to obtain biomaterials [2,3]. Unfortunately starch hydrophilicity and poor mechanical
properties make it not suitable for bioplastic application [3]. A way to improve its physicochemical
properties is introducing functional groups on the free hydroxyl groups by esterification or etherification
with a maximum theoretical degree of substitution (DS) of 3 [4]. The properties of such chemically
modified starches depend on the starch structure, the DS, the type of grafted groups and their
repartition on the macromolecules [5] but these relations are not well known because of structure
analysis limitations.

Indeed, because of the physicochemical impacts of starch modifications, the characterization of
low DS and high DS modified starch-based products requires different strategies. The macromolecular
structure of low DS high molar mass starches has been investigated by Size-Exclusion Chromatography
(SEC) [6-8] and Asymmetrical Flow Field Flow Fractionation (AF4) coupled with Multiangle Laser Light
Scattering (MALLS) [9-11]. The localization of acetyl groups was approached by liquid-state Nuclear
Magnetic Resonance (NMR) [12] and by combining specific enzymatic hydrolyses and Matrix Assisted
Laser Desorption Ionization-Time of Flight (MALDI-TOF) Mass Spectroscopy [13] or SEC [6,14-16].
Yet, when the DS increases, water solubility becomes lower, as a result the macromolecular analyses
of highly modified starch become very difficult as no adequate investigation systems can be run in
adapted organic solvents. In addition to the poor solubility, the low accessibility to the enzymes
caused by the chemical groups grafted onto the starch macromolecules prevents the use of specific
enzymes [17]. Because of these difficulties, so far, only very few molecular characterizations performed
on highly acetylated starch (DS > 2) with high molar mass amylopectins have been reported in literature
except with liquid-state NMR and SEC-MALLS [18,19], this latter being inappropriate for amylopectin
analysis [20,21].

To design new chemically modified starch-based products, a better understanding of their
structure-properties relationships is mandatory. Thereby, accessing structural knowledge at different
scales, and in particular at the molecular scale, is essential. In order to answer the characterization
needs of starch-based materials developers, the aim of this work was then to develop new tools
combination to investigate the molecular structure, localization of substituents and supramolecular
structure of high molar mass hydrophobically modified starches with DS from 0.8 up to 3 using original
analytical approaches.

The molecular structure was investigated by combining new sample preparation strategies with
chromatographic techniques including AF4-MALLS, solid and liquid-state NMR, Raman and Time
of Flight Secondary Ion Mass (TOF-SIMS) spectroscopies and Atomic Force Microscopy (AFM). The
first step consisted in selecting and implementing the various techniques then, the analytical strategy
was developed to characterize the supramolecular organization and the localization of substituents
for two types of modified starches: highly acetylated starches and etherified starches with various
substituents (Figure 1). The amorphous structuration was revealed by solid-state NMR which also
emerged as the best way to obtain the DS for acetylated starches. Molar mass decrease and specific
ways of chain breakage due to modification were highlighted and correlated with the amylose content,
while changes in supramolecular structure were associated with the DS.

2. Results and Discussion

2.1. Development of the Experimental Strategy

In order to develop a new general strategy for the multiscale structural characterization of
chemically modified starches insoluble in water and with high molar mass, we focused first on one
acetylated sample obtained from waxy maize starch (WMS), i.e., without amylose.
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2.1.1. Determination of the Degree of Substitution

The degree of substitution (DS) of the acetylated waxy maize starch (AWMS) (average number of
acetyls grafted per anhydroglucose unit, AGU) was determined by three different methods: titration
as previously described [22], liquid-state TH-NMR in dimethylsulfoxide-ds (DMSO-d) and solid-state
I3C-NMR. The DS values obtained in liquid-state (titration and "H-NMR) were 1.8 + 0.2 whereas
solid-state '>*C-NMR allowed to obtain the expected value of 2.6 (+ 0.01). This indicated a bias for
liquid-state methods which could result from the poor solubility of AWMS. This limitation of the
liquid-state NMR had already been reported for acetylated starches with DS greater than 2 [23]. In fact,
with uncomplete solubilization, the detected signals did not represent the entire sample, hence a
characterization of the soluble fraction only and therefore a partial view of the material. Solid-state
NMR seemed then to be the most adapted method for the DS determination of acetylated starches
with DS > 2.
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Figure 1. Synthesis, representation and codification of modified starches.
2.1.2. Macromolecular and Molecular Structure

First AWMS solubility was evaluated. It was soluble in pure dimethylsulfoxide (DMSO) but
insoluble in water (Supplementary Materials S1, Table Sla) as well as in DMSO/water mixtures. High
Performance Size-Exclusion Chromatography (HPSEC) analysis of high molar mass non-modified
starches [20] had shown to be inappropriate in DMSO and we confirmed that for AWMS (results not
shown). In addition, perform AF4 analysis, a more suitable technique for high molar mass starches,
was not possible in DMSO (even with a system compatible with organic solvents). For these reasons,
AWMS was analyzed after a deacetylation process in order to increase its water solubility and allow its
analysis by aqueous AF4-MALLS. The deacetylation process was developed specifically for AWMS
in order to avoid starch chains depolymerization by KOH (see the Materials and Methods section),
and the complete deacetylation was checked by Fourier Transformed Infrared Spectroscopy FTIR
(Supplementary Materials S2). The solubilization recoveries (in water for native and in 0.1 M KOH for
acetylated starch) were good (> 93%) and elution recoveries were 93% for native starch and lower for
AWMS (75%) which meant that the analysis was representative. The lower elution recovery obtained
for AWMS was probably due to the loss of few small sugars produced by the acetylation process
through the membrane during the fractionation procedure.

The AF4 elugram of WMS exhibited one peak at 17-21 mL (Figure 2a), corresponding to
amylopectin as expected [21,24]. The elugram of AWMS showed in addition a peak shoulder at 17 mL
which corresponded to the elution of smaller macromolecules (as elution volume is proportional to
molecular size), produced by a breakage of amylopectin during the acetylation process. Molar mass
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distributions and the weight average molar mass My,) also showed slightly lower values for AWMS
(Figure 2a, Table 1), which confirmed the slight amylopectin degradation. Yet the dispersity (Mz,/M,,)
and the z-average radius of gyration (Rg) were stable for WMS after acetylation (Figure 2b), in line
with small molar mass variations.
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Figure 2. Macromolecular structure of native and acetylated waxy maize starch. (a) Elugrams (thin
lines) and molar mass distributions (thick lines) of native WMS (blue) and acetylated WMS (AWMS)
after deacetylation (black) obtained by AF4-MALLS; (b) Chain length distributions of WMS (Blue) and
AWMS after deacetylation (Black). DS before deacetylation: 2.6.

Table 1. Weight-average molar mass (My,), z-average radius of gyration (Rg) and dispersity index
(Mw/M,;;) determined by AF4-MALLS for WMS and AWMS after deacetylation.

Reference My, x 1077 (g mol ™) Rg (nm) M./M,
WMS 60.0 282 1.12
AWMS 52.0 283 1.16

Mw, EG and Mu, /M,, values were taken over the whole peak. The experimental uncertainties were 5%.

Debranching enzymes do not work with more than 20% DMSO in the solution and acetyl
groups inhibit their action. In order to determine the chain length distribution of AWMS, it was first
deacetylated to allow its solubilization in aqueous solvent and to allow the enzymes to act on it reliably.
The distributions of debranched chains for deacetylated AWMS and WMS displayed a major peak
corresponding to a degree of polymerization (DP) 11-13 with a large tail (Figure 2b and Supplementary
Materials S3), as expected for waxy maize starch [25]. Larger proportions (37.5%) of short A chains (DP
6-12) in the amylopectin cluster [1] and smaller proportions (55.9%) of intermediate chains (DP 13-36,
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defined as Bla and Blb chains in amylopectin [1]) were observed for AWMS compared to WMS
which showed 28.4% and 65.6% for the short A and intermediate B chains respectively (Figure 2b
and Table S3). This meant that even if the molar mass of WMS was only slightly affected by the
acetylation process, specific chain breakings occurred and the amylopectin fine structure was modified.
Bla and B1b chains in the clusters (DP 13-36 [1]), i.e., chains with intermediate length that bear at least
one chain, seemed to be cut more specifically and short A chains liberated (DP 6-12).

2.1.3. Composition, localization of Acetyl Groups and Supramolecular Structure

The composition and supramolecular structure of AWMS and its native counterpart were studied
by solid-state 13C-NMR on powdered samples. Spectral chemical shifts of native WMS were in
accordance with literature [26,27]. AWMS spectrum was characteristic of acetylated species, with
signals at 20.2 and 170.6 ppm assigned to the acetyl carbons (methyl and carbonyl respectively)
(Figure 3). AWMS exhibited a C-6 shift from 61 ppm (for WMS, results not shown) to 65 ppm due to
acetylation on C-6, and a C-1 shift from 100 ppm to 96 ppm due to acetylation on C-2, as was previously
assigned by liquid-state '*C-NMR in D,O [12]. A slight shift from 73 to 70 ppm was also observed for
the C-3 signal which signed for acetylation of this carbon as well, even if it was in slighter proportions.
This shift included probably the C-2 shift. Indeed, the poor resolution of this spectral region did not
allow us to clearly discriminate the signal of C-2 from that of C-3.

CH,

C-2,C-3,C-5

C=0

— 1. 3 \
L 1 1 1 J
200 150 100 50 ppm 0

Figure 3. Solid-state '>*C-NMR spectrum obtained for acetylated waxy maize starch (DS 2.6) and its
spectral decomposition. * Spinning side band.

Moreover, the decomposition of C-1 signal (90-105 ppm) with Lorentz-Gauss function was
performed to identify the local short-range organization of starches [28]. Native WMS showed three
peaks for C-1 (results not shown), standing for A-type double helices, in line with the A-type crystallinity
known for native maize starch [27]. For AWMS, the decomposition of C-1 peak (90-105 ppm) gave three
resonances that have already been identified on amorphous starches [27-29] (Figure 3): 95.4 ppm (73%
of total signal) typical for amorphous very unfavorable and/or constrained conformations for «-1,4
and «-1,6 linkages, 99.7 ppm (26% of total signal) typical for B-type double helices or paracrystalline
bundles in amorphous samples (isolated double helices or double helices embryos, on a scale small
enough to not give any long-range ordering visible with wide-angle X-Ray scattering) and 91.6 ppm
(2% of total signal) corresponding to reducing extremities.

C-1 and C-6 signals showed typical amorphous starch behavior, as expected for such gelatinized
starches and in agreement with the absence of crystallinity observed by X-Ray diffraction [30], with a
minor proportion of residual double helices and a major proportion of constrained conformations for
«-1,4 and «-1,6 linkages that could be attributed to the acetylation points on C6 but also on C2 and C3.
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2.1.4. Surface Characterization of Materials

The surface characterization was made by Raman spectroscopy on powder and film (Figure 4a).
The most suitable analysis conditions were determined on native powdered starch and allowed to
attribute the chemical shifts of the starch backbone linkages. In native WMS, intense bands relative
to organized amylopectin (CCC around 480 cm™') as well as glycoside ring vibrations (COC) were
detected [31]. In AWMS the introduction of acetyl groups was visible with the vibration around 1740
cm™! attributed to the deformation of the C=0 bond [18,32]. The disappearance of CCC vibration
around 480 cm™! confirmed the loss of crystalline structure of WMS with acetylation process as was
evidenced by solid-state 13C-NMR. Nevertheless, Raman spectroscopy did not allow characterizing
the repartition of hydrophobic groups nor the DS.
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Figure 4. Surface characterization of acetylated waxy maize starch (DS 2.6). (a) Raman spectra of WMS
and AWMS, (b) TOF-SIMS 2D mapping of the acetate fragment in AWMS, (c) AFM topography image
of AWMS.

The surface composition of AWMS film was approached at the pm scale by TOF-SIMS. Identification
of ionized fragments from substituents followed by 2D mapping revealed a uniform distribution of
acetyl fragments on film surface on the 500 tm? observed area (Figure 4b and Supplementary Materials
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S4). No remaining granules were observed which was in agreement with the absence of Maltese cross
under polarized light (results not shown) and confirm that all starch granules have been destroyed
during the acetylation process. AFM observations, which did not reveal any particular topography
(Figure 4c), confirmed the homogeneity and smoothness of AWMS film surface.

2.2. Characterization of Acetylated Starches with Various DS and Amylose Content

Acetylated starches with DS of 2.4 and 0.7 (+ 0.01) determined by solid-state 13C-NMR, and
obtained from starches with amylose contents of 22 and 35% (potato and pea starches, respectively)
were studied by comparison of AWMS (0% amylose) and their native counterparts using the strategy
established in the previous section.

2.2.1. Macromolecular Characteristics

Macromolecular characteristics obtained by aqueous AF4-MALLS for acetylated potato starch
(APOS) and acetylated pea starch (APES) after deacetylation, and their native counterparts are reported
in Figure 5 and Table 2. Solubilization recoveries were higher than 89% for all the starches whereas
elution recoveries were 40 and 85% for APOS and APES respectively (Table 2) which indicated a higher
loss of small sugars produced by the acetylation process during the analysis procedure for APOS.
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Figure 5. Macromolecular characteristics of native and acetylated potato and pea starches obtained
by AF4-MALLS. (a) POS (dark red) and APOS after deacetylation (pink); (b) PES (orange) and APES
after deacetylation (red). Elugram (thin lines): chain concentration versus elution volume; molar
mass distributions (thick lines); the arrows indicate the amylose peak. Native potato (POS), pea (PES)
starches and corresponding acetylated starches: APOS and APES, respectively. The DS of APOS and
APES before deacetylation were 2.4 and 0.7, respectively. Mw, ﬁc and Mw/ﬁn‘

Table 2. Solubilization and elution recoveries, weight-average molar mass (Mw), z-average radius of
gyration (Rg) and dispersity index (My/M,,) determined by integrating the whole elugrams.

Solubilization Elution

_ . = .
Reference Recovery (%) Recovery (%) My x1077(g mol™) Rg (nm) My /My,
POS 100 70 10.0 179 4.79
PES 89 100 20.4 219 3.49
APOS 100 40 15 104 1.35
APES 100 85 5.1 181 5.71

M., R and M,,/M,, values were taken over the whole peak. The experimental uncertainties were 5%.

AF4 elugrams exhibited two peaks for native potato (POS) and pea (PES) starches: a main
peak corresponding to amylopectin (17-21 mL), and a minor peak (13-15 mL) corresponding to
amylose (Figure 5), in agreement with previously reported distributions for native potato and maize
starches [21,24]. Acetylated starches elugrams showed a peak at 12-17 mL which signed the presence
of smaller macromolecules resulting from the scission of starch macromolecules during the acetylation
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process. This phenomenon was accompanied by a shift of the amylopectin population to lower
macromolecular sizes, which indicated amylopectin degradation. Molar mass distributions also
showed lower values for acetylated starches (Figure 5), which confirmed the amylopectin breakage
during the acetylation process. This macromolecular degradation was particularly important for APOS
(Figure 5a), for which the elugram did not show any amylopectin peak.

Molar mass decrease of 75% and 85% were observed for PES and POS respectively (Table 2)
whereas only 13% of the molar mass was loss during the acetylation of WMS (Table 1). The dispersities
of PES and POS were higher than WMS as expected because of the presence of amylose. Moreover,
when it was stable between WMS and AWMS, it increased a lot for PES after acetylation (from 3.49 to
5.71) because of the high production of short macromolecular chains. This meant that amylopectin but
also amylose molecules were degraded during the acetylation process. On the contrary, the dispersity
of POS decreased because of a dramatic degradation of the largest macromolecules in APOS. The low
elution recovery of APOS was in line with the high amount of small macromolecules in this sample:
a large part of these molecules were too small compared to the cut off of the AF4 membrane and
were not analyzed because they were eliminated during the fractionation process. This result was
also confirmed on non-deacetylated APOS by the higher proportion of reducing units observed by
solid-state '3C-NMR for this sample (see next section). Starch macromolecules breakage have been
reported to depend on acetylation process [18], thus the low molar mass and macromolecular size of
APOS is probably due to the particularly drastic process applied to this starch to obtain a DS of 2.4.

2.2.2. Chain-Length Distributions of Acetylated Starches

The distributions of debranched chains of APOS and APES after deacetylation and corresponding
native starches displayed two peaks (Figure 6a,b and Table S3): a major peak corresponding to
DP 11-13 and a minor peak corresponding to DP 44-49. Such distributions were expected for
native starches [25,33-36]. These chain length (CL) distributions showed similar patterns with some
differences depending on the amylose content and the DS. APES and APOS had more chains of DP >37
(>13.3%) than AWMS (6.5%) because of the presence of amylose, whereas AWMS and APOS, which
had a DS > 2.4, had more very short A chains (Figure 2b, Figure 6a,b and Table S3).

APOS had larger proportions (75.0%) of short A chains (DP 6-12) and intermediate Bla chains
(DP 13-24) and lower proportions (14.4%) of long chains (DP > 37) compared to POS which showed
69.3% and 18.3% of DP 6-24 chains and DP >37 chains respectively (Figure 6c and Table S3). This
decrease of long chains was in line with specific chain breakings on the long B2 and B3 chains of
potato amylopectin [1] during the acetylation process and agreed well with the drastic molar mass
decrease observed by AF4-MALLS that corresponded to the liberation of low molar mass dextrins.
The same chain breaking trend was observed for PES, exhibiting the highest amylose content, yet
in very slight proportions (Figure 6b and Table S3) compared to POS. This was due to a less drastic
acetylation process in link with its lower DS (0.7), by analogy to the observations made on acetylated
barley starches by Bello-Pérez et al. [19] which reported a decrease of long chains and an increase
of short chains with an increasing effect when the DS increase. Moreover these slight variations of
CL distribution of amylopectin despite a decrease of 75% of the molar mass of PES caused by the
acetylation process could also be related to a preferential hydrolysis of amylose chains and extra-long
amylopectin chains in starches containing amylose. Whereas for starches without amylose, such as
WMS, a preferential hydrolysis of chains with intermediate length was observed in the amylopectin
during the acetylation process (Figure 6¢ and Table S3).

2.2.3. Localization of Acetyl Groups, Supramolecular Structure and Surface Characteristics of
Acetylated Starches

Solid-state '3 C-NMR spectra obtained on powdered samples showed the typical acetyl carbons
signals at 20.2-20.4 and 169.4-170.60 ppm for both APOS and APES, and exhibited a C-6 shift from 61
ppm for the native starches (results not shown) to 65 ppm due to acetylation (Figure 7). Only APOS and
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AWMS spectra showed a shift for the C-1 resonance from 100 ppm to 96 ppm (Figure 2a,b) indicating
they were acetylated on C-2, in line with the results presented in the previous section, and a shift of
C-3 resonance (from 72 ppm to 70 ppm).
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Figure 6. Chain length distributions of native and acetylated starches. (a) POS (dark red) and APOS
(pink), (b) PES (Orange) and APES (Red), (c) difference of chain length between native and acetylated
starches for AWMS (Black) and APOS (pink). Native waxy maize (WMS), potato (POS), pea (PES)
starches and corresponding acetylated starches: AWMS, APOS and APES, respectively. The DS of
AWMS, APOS and APES before deacetylation were 2.6, 2.4 and 0.7, respectively.
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Figure 7. Bulk and surface characterization of APES and APOS Solid-state 3C-NMR spectra obtained
for APOS (a) and APES (b) and their spectral decomposition, Raman spectra of POS, APOS and APES
(c), AEM topography image of APES (d). The DS of APOS and APES before deacetylation were 2.4 and
0.7, respectively. *Spinning side band.

Thus, AWMS and APOS were also acetylated in C-2 and C-3 whereas APES, which had a lower
DS, was acetylated only in C-6. This privileged substitution on C-6 had already been identified for
acetylated rice starches with DS < 1 [22] and was in agreement with the reactivity of hydroxyl groups:
the primary hydroxyl group on C6 was the most reactive and accessible, followed by the secondary
hydroxyl groups on C2 and C3 [37].

The decomposition of C-1 signal allowed the identification of local short-range organization of
starches. PES showed three peaks for C-1, like WMS, standing for A-type double helices, and POS
two peaks (results not shown), indicative of B-type double helices, as expected [27,29]. For APOS
the decomposition of C-1 peak gave the same three resonances typical for amorphous starches found
for AWMS but with different proportions (Figure 6a): 64% of total signal corresponded to typical for
amorphous material very unfavorable and/or constrained conformations linked to the acetylation
points on C6, C2 and C3 (95.4 ppm), 33% of total signal to typical for B-type double helices (99.6 ppm)
and 3% of total signal to reducing extremities (91.6 ppm). This confirmed the absence of crystallinity in
APOS like in AWMS. Moreover the higher amount of amorphous material very unfavorable and/or
constrained conformations found in AWMS and the lower B-type double helices could be explained
by the absence of amylose in AWMS, and by the high amount of very short chains found in AWMS
(as chains with DP < 10 could not be involved in double helices), respectively. Besides APES showed
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the most defined C-1 signal which was deconvoluted onto five main resonances (Figure 7b): 102.5
ppm typical for V-type single helices in amorphous starches and branching points for amylopectin
(41%), 99.6 ppm corresponding to B-type double helices or paracrystallinity (24%), 96.9 ppm typical for
constrained «-1,6 linkages (19%), 94.2 ppm typical for constrained «-1,4 linkages (15%) and 91.2 ppm
corresponding to reducing extremities (1%). APES had then a higher local order than the two other
acetylated starches which could be related to its lower macromolecular degradation (Figure 6; Figure 7
and also attested by a lower amount of reducing extremities) and a lower acetylation. Increasing the
DS would then produce not only the destruction of crystallinity but of local order in amorphous starch
as well. Though C-1 signals showed higher local organization, C-6 signal for APES was typical of
amorphous starch, indicating that the substitution was preferentially on amorphous regions, near
branching points, confirming the hypothesis made by Shogren [38] for low substituted corn starch.

The surface characterization of APOS and APES was made by Raman spectroscopy (Figure 7c).
The introduction of acetyl groups was visible (1740 cm™!) and the disappearance of CCC vibration
(~480 cm‘l) observed for APOS, as well as for AWMS, but not for APES, which allowed to follow the
crystalline structure loss when DS increased. APES spectrum only contained C-O-C bonds and had a
band around 1260 cm™! attributed to V-helices [31]. Raman spectroscopy confirmed on the surface
area the supramolecular information obtained in bulk by solid-state 3 C-NMR and X-ray diffraction
(results not shown). Moreover, Raman spectroscopy imaging showed a homogeneous repartition of
acetyl groups on the surface whatever the DS (results not shown).

The surface composition of starch films at the um scale, approached by TOF-SIMS, revealed a
uniform distribution of acetyl groups for APOS and APES (Supplementary Materials S4) and confirmed
that all starch granules have been destroyed during the acetylation process independently of the DS
and the amylose content. Under AFM, APES film surface showed large nodules (approximately 2
um, Figure 7d) and surface roughness, consistent with the observations made by Hong et al. [39] on
cassava acetylated starches with low DS. These authors showed that higher roughness can prove a good
compatibility despite a heterogeneous distribution of hydrophobic groups on starch matrix. On the
opposite, AWMS film surface did not reveal any particular topography (Figure 4c). According to the
previous hypothesis on low-acetylated starch surface, this could indicate a more reliable compatibility
when higher substitution in spite of a probable covering of starch matrix by hydrophobic groups.

2.3. Characterization of Etherified Starches

The four starch ethers were studied according to the analytical strategy used for starch acetates.

2.3.1. Degree of Substitution

The DS of starch ethers were determined by liquid (liq) TH-NMR (DSjignmr), for the modified
starches soluble in NMR solvents and for the others by elemental analysis (EA) (Table 3).

Table 3. Degrees of substitution of starch ethers determined by different techniques.

DSHDo.ligNMR * b ¢ DSHpo.ligNMR ¢ DSHphe.ligNMR ©
Starch Ethers = 5\ i65.q,)  DSHDoEA© DSuporam (CDCl; and THF-dg) ~ (CDCl; and THF-dg)
HDo-POS-1 0.40 + 0.05 0.39 + 0.05 0.41 + 0.06 NDf NDf
HDo-POS-2 ND & 1.60 + 0.09 1.58 +0.11 NDf NDf
HDo-HPhe-POS-1 ND 8 - - 145 + 0.07 0.10 = 0.02
HDo-HPhe-POS-2 ND & - - 1.67 +0.04 0.19 = 0.03

2 Number of 2-hydroxydodecyl groups (HDo) per AGU determined by 'H-NMR in DMSO-d6, © by elemental
analysis from wt% of C, © by elemental analysis from wt% of H, ¢ by "H-NMR in CDCl; and THF-d8. ¢ Number of
2-hydroxyphenethyl groups (HPhe) per AGU determined by "H-NMR in CDCl3 and THF-d8. f Products insoluble
in chloroform and in tetrahydrofuran. 8 Products insoluble in dimethylsulfoxide. ND: Not determined.

A DSypo lighmr 0f 0.40 (average number of 2-hydroxydodecyl grafts per AGU) was determined

for HDo-POS-1 by "H-NMR analysis of the product dissolved in DMSO-d6 using the formulas reported
in Supplementary Materials S6. This DS of 0.40 was confirmed for HDo-POS-1 by EA, using the
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formulas demonstrated in Supplementary Materials S5 from %C (DS_(HDo.EA(C)) = 0.39) and from
%H (DS_(HDo.EA(H)) = 0.41). A DS of 1.6 was determined for HDo-POS-2 (insoluble in NMR solvents)
by EA with the same formulas (DS = 1.60 from %C and 1.58 from %H).

By analyzing the TH-NMR spectra of the two mixed starch ethers in CDCl3 and in THF-d8, the
DS corresponding to 2-hydroxydodecyl/2-hydroxyphenethyl groups (calculated for the two types
of grafts as demonstrated in Supplementary Materials S7) were found to be equal to 1.45/0.10 for
HDo-HPhe-POS-1, and to 1.67/0.19 for HDo-HPhe-POS-2.

2.3.2. Macromolecular Characteristics

Etherified starches were insoluble in water and soluble or partially soluble in DMSO and THF
(Supplementary Materials Table S1b). Because of these poor solubilities, we were able to analyze
the macromolecular characteristics of HDo-POS-1 only without removing the grafted groups. After
a first solubilization in pure DMSO, the DMSO content in the solution was reduced to 5% with
water addition (final concentration of HDo-POS-1: 0.5 mg mL!) in order to be able to carry on the
macromolecular characteristics analysis of HDo-POS-1 by aqueous AF4-MALLS with good elution
recovery (91%). HDo-POS-1 exhibited a minor peak at 20 mL and a major peak at 14 mL (Figure 8).
This latter corresponded to a large amount of small macromolecules, produced by the hydrolysis of
the amylopectin chains during the etherification process. On the other hand, the residual fraction of
amylopectin in HDo-POS-1 showed a higher molar mass distribution (Figure 8) and a higher Rg (241
nm) than the POS amylopectin (Figure 8, I_{G of 179 nm), in line with its later elution (20 mL instead
of 19 mL for POS amylopectin) which signed for a higher hydrodynamic radius. Thus, even if the
chemical modification induced differences in the dn/dc which could considerably affect the results
obtained with MALLS, the increase of size of the amylopectin fraction after chemical modification
was obvious. Moreover, the residual amylopectin fraction seemed to be densified, as for the same
elution volume, i.e., the same macromolecular size, it exhibited a higher molar mass. This increase
of size and densification could not be solely due to an increase of molar mass caused by grafting on
the amylopectin chains; more likely it could be explained by a supramolecular structuration of the
prototypes in the aqueous medium thanks to hydrophobic interactions between the newly grafted
chains. The prototype macromolecules could indeed aggregate by forming denser structures with a
hydrophobic core with the fatty chains and a hydrophilic ring corresponding to the amylopectin chains.
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Figure 8. Macromolecular characteristics of native and etherified potato starches obtained by
AF4-MALLS. Elugrams, i.e., chain concentration versus elution volume (thin lines), and molar mass
distributions (thick lines) for POS (dark red), and HDo-POS-1 (green). Native potato (POS) starch and
corresponding etherified starch with DS 0.40: HDo-POS-1.
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2.3.3. Composition, Localization of Ether Groups and Supramolecular Structure

Figure 9a shows the solid-state '*C-NMR spectra of starch ethers. Even if some typical signals
for fatty chain (12.5-32.5 ppm) were observed for both HDo and HDo-HPhe grafted starches, the
signal at 127.5 ppm corresponding to the phenyl was only visible for HDo-HPhe-POS-1 (DS 1.45/0.10),
which did not allow determining the DS from these spectra. Moreover, contrary to ester starches
with carbonyl function that influenced carbon shifts depending on the location, ether did not have
characteristic shifts thus it was not possible to localize functionality.
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Figure 9. Bulk and surface characterization of ethers produced from potato starch. (a) Solid-state
13C-NMR spectra obtained for HDo-POS-1, HDo-POS-2, HDo-HPhe-POS-1 and HDo-HPhe-POS-2 and
their spectral decomposition, (b) Raman spectra of potato starch (POS) and corresponding ether starches
(HDo-POS-1, HDo-POS-2, HDo-HPhe-POS-1 and HDo-HPhe-POS-2), (¢) TOF-SIMS 2D mapping of
POS ethers films. The DS of HDo-POS-1, HDo-POS-2, HDo-HPhe-POS-1 and HDo-HPhe-POS-2 were
0.40, 1.60, 1.45/0.10, and 1.67/0.19, respectively.
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As the signal resolution of starch on solid-state *C-NMR spectrum was low, we could not
deconvolute the spectra and detect the characteristic resonances of semi-crystalline or amorphous
starch, except for HDo-POS-1, which was less substituted. C-1 signal deconvolution of HDo-POS-1
showed the major presence of V-type single helices (102.5 ppm) which could be the result of the
complexation of the linear chains of D-glucosyl units linked in «-1,4 with the 2-hydroxydodecyl grafted
groups. In HDo-POS-1, C-1 and C-6 signals showed typical amorphous starch pattern, as well as
C-4 signal and C-2, C-3, C-5 peak [27] which signed for crystalline structure loss during chemical
modification as was also observed for acetylated starches. This was in agreement with the absence of
crystallinity observed by X-Ray diffraction for all these etherified starches [40].

On Raman spectra (Figure 9b), we identified characteristic vibrations from aliphatic chains
(1080-1125, 1300, 1450 cm™') and supplementary aromatic linkages for HDo-HPhe-POS-1 and
HDo-HPhe-POS-2 (999, 1025 and 1601 cm™1). HDo-POS-1 only exhibited the organized-polysaccharide
C-C-C vibration at 480 cm™, this was consistent with well-resolved starch signals in solid-state
I3C-NMR and signed for a higher structuration of the amorphous starch in this sample. In addition, a
typical vibration at 1260 cm ™! corresponding to V-type helices was detected in both HDo-POS samples,
with a lower signal in HDo-POS-2, but was absent in HDo-HPhe-POS samples. The amorphous
structuration of chemically modified samples at the surface would then decrease with DS by analogy
with acetylated samples, and probably decrease as well with the size of the grafted group.

Films surface composition determined by TOF-SIMS (Figure 9c and Supplementary Materials S4)
for HDo-POS-1 and HDo-POS-2 exhibited uniform distribution of polysaccharide and alkyl fragments
without phase separation indicating that its repartition did not depend on composition and reagents
ratio. TOF-SIMS spectra and 2D mapping of HDo-HPhe-POS-1 and HDo-HPhe-POS-2 showed also
uniformly distributed fragments from alkyl chains (upon tetramer) (Figure 9c and Supplementary
Materials S4) and phenyl derivatives even in low intensity, probably because of a low substitution on
surface (Supplementary Materials S4). The smaller and more intense zones of about 20 um observed in
HDo-HPhe-POS-1 maybe caused by a difference in the height of the surface.

3. Materials and Methods

3.1. Materials

Native waxy maize (WMS), potato (POS) and pea (PES) starches containing 0, 22 and 35%
amylose respectively were obtained from Roquette Freres (Lestrem, France). Three corresponding
acetylated starches, named AWMS, APOS and APES respectively, were produced by Roquette Freres
in homogeneous media, as previously described by Quettier [41]. APOS was obtained with a basic
catalyst whereas the others were produced with an acid catalyst. Isoamylase (EC 3.2.1.68) was from
Sigma-Aldrich (St. Louis, MO, USA). Four starch ethers were obtained by reaction of POS with epoxides
in basic aqueous media by classical protocols [42—44]. Among them, two 2-hydroxydodecyl POS
(HDo-POS-1 and 2) were synthesized by reaction of POS with different amounts of 1,2-epoxydodecane
(1,2-EDD), and the two others are mixed ethers of 2-hydroxydodecyl 2-hydroxyphenethyl POS named
HDo-HPhe-POS-1 and 2 which were obtained by reactions of POS with two different mixtures of
1,2-EDD and styrene oxide (SO) (Figure 1). The structural and physical characterizations of materials
were made on 200 um thick films elaborated from raw powder by compression molding at 200 °C. For
pea acetate starch, 40% wet basis of water was added to the raw powder prior to compression molding.

3.2. Methods

The degree of substitution (DS) of modified starches were determined for acetylated starches
by titration as previously described [22] and NMR, and for etherified starches by elemental analysis
(Supplementary Materials S6) and NMR.
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3.2.1. Nuclear Magnetic Resonance Measurements

The DS were determined by liquid-state 'H-NMR using a 300 MHz or 400 MHz spectrometer
(Bruker, Wissembourg, France) after solubilization of the samples in deuterated dimethylsulfoxide
(DMSO-dg) at 80 °C for acetylated starches as previously described [18] and for etherified starches
(Supplementary Materials S6); after solubilization in tetrahydrofuran (THF-dg, ambient temperature)
or in chloroform (CDCl3, ambient temperature) (Supplementary Materials S7). Solid-state BC-NMR
experiments were carried on a Bruker Avance III 400 WB NMR spectrometer operating at 100.62 MHz
for 13C (By = 9.4 T), equipped with a double-resonance H/X CP-MAS 4-mm probe for Cross-Polarization
Magic Angle Spinning (CP-MAS) solid-state experiments. The samples were packed in 4 mm ZrO2
rotors. The magic-angle-spinning (MAS) rate was fixed at 9 kHz and each acquisition was recorded
at room temperature (293 °K). Chemical shifts were calibrated with external glycin, assigning the
carbonyl at 176.03 ppm. The chemical shift, half-width and area of peaks were determined using a
least-squares fitting method using the Peakfit® software (Systat Software Inc., San Jose, CA, USA). The
DS of acetylated starches were determined with solid-state *C-NMR based on the methods developed
in liquid-state "H-NMR [18].

3.2.2. Determination of size, Molar Mass and Chain Length Distributions

e  Pretreatment of the samples

Acetylated starches (10 mg) were first deacetylated in KOH 1 M (1 mL) for 1 day at room
temperature under mild stirring. This procedure also allowed their solubilization without degradation
of the molar mass of starch polysaccharides. Actually, this procedure was carefully adjusted in order
to avoid macromolecular degradation of the chains by (3-elimination mechanism due to the pH of this
solvent. In particular, stirring, temperature (4 °C and 25 °C) and time of solubilization (1 h, 3 h, 24 h, 2
days, 5 days and 7 days) were tested (results not shown). Samples solutions were then diluted 10 times
with water. Native starches were first solubilized in DMSO, precipitated with ethanol, dried and then
solubilized in water by microwave heating under pressure, as previously described [24]. Etherified
starches were first solubilized in DMSO at 10 mg mL~!, and then diluted 20 times with water, as they
were soluble in DMSO/water mixture. All the starches solutions were filtered on 5 um Durapore™
membranes (Waters, Bedford, MA, USA) before analysis.

e  Determination of macromolecular characteristics

Molar mass and radius of gyration distributions were determined by AF4-MALLS. The AF4
equipment was an Eclipse system (Wyatt Technology Corporation (WTC), Santa Barbara, CA, USA)
with a AF4 long channel (tip—to-tip length of 291 mm) placed in a ThermosPRO oven regulated at 25
°C and an ISO-3000SD pump (Thermo Scientific, Waltham, MA, USA). A 350 um polyester spacer and a
regenerated cellulose membrane with a cutoff of 10 KDa (Merck Millipore, Darmstadt, Germany) were
used. The carrier (0.02% NaNj3 in Millipore water) was filtered through a 0.1 um Durapore membrane
(Millipore), and degassed. All samples were introduced into the channel using an autosampler
WPS-3000SL (Thermo Scientific) and eluted with a flow method adapted from Rolland-Sabaté et al. [21].
The cross flow (F.) was set at 0.84 mL min~! for the sample introduction (injection at 0.20 mL min~? for
300 s) and the focusing/relaxation period (300 s). Fout was then set at 0.84 mL min~! and F. decreased
in 480 s from 0.4 to 0.05 mL min~!, maintained 600 s at 0.05 mL min~?, and finally 300 s at 0 mL min~L.
Two on-line detectors were used: a MALLS instrument (Dawn® HELEOS™, WTC, Santa Barbara, CA,
USA) fitted with a K5 flow cell and a GaAs laser (A = 658 nm), and an refractometer (Optilab, WTC,
Santa Barbara, CA, USA) operating at the same wavelength (WTC). Solubilization and elution recovery
rates, and acquisition and data processing using ASTRA® software from WTC were established as
previously described [21,24].
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e  Determination of chain length (CL) distributions

Deacetylated starches solubilized at 1 mg mL~! in 0.1 M KOH were neutralized with 0.1 M HCl
and debranched using isoamylase (591 U g~! of dry starch) at 40 °C for 24 h in 50 mM acetate buffer pH
3.6 with 0.02% NaNj3 and 0.1% BSA. The CL distributions of debranched deacetylated starches were
examined by high-performance anion-exchange chromatography coupled with pulsed amperometric
detection (HPAEC-PAD) (ICS-500+, ThermoFisher), using a Carbopac PA200 (4 mm X 250 mm) column.
The elution process involved 500 mM NaOH (eluent A), 1 M NaOAc (eluent B) and water eluted at
0.4 mL min~!. The elution gradient was composed of 30% eluent A and (i) 0-30 min with a linear
gradient from10% to 25% eluent B and 60% to 45% water, (ii) 30-52.5 min with a second linear gradient
from 25% to 34% eluent B and 45% to 36% water, (iii) 52.5-82.5 min with a third linear gradient from
34% to 40% eluent B and 36% to 30% water, (iv) 82.5-85 min with a fourth linear gradient from 40%
to 50% eluent B and 30% to 20% water. The concentration of each chain was determined by using
the linear relationship between the detector response per mole of x(1,4) chains and CL. The linear
curve coefficients were determined from maltooligosaccharide standards of DP1 to 7 and were used
for longer compound quantification. It should be noticed that as in HPAEC-PAD response coefficients
decrease with increasing DP, the % area of long chains is not representative of the exact weight fraction
of each DP.

3.2.3. Topology and Surface Chemical Composition

Raman spectroscopy analyzes were carried out on powders and films by a LabRAM Visible
Raman micro-spectrometer (Horiba Jobin-Yvon, Kyoto, Japan), with a He-Ne laser (A = 632.8 nm) and a
network of 600 t mm~!. The device was equipped with a confocal microscope (Olympus, Tokyo, Japan)
with a x100 magnification lens. Spectral resolution was 1.1 cm™! per pixel. The data were acquired
and processed with NGSLabSpec (version 5.45.09).

Time of flight secondary ion mass spectroscopy (TOF-SIMS) spectra were obtained on films using a
TOF SIMS5 (IONTOF GmbH, Miinster, Germany) comprising a pulsed ion source (Bi3*) with a current
of 0.35 pA and with charge compensation. Both positive and negative secondary ion spectra were
collected for each sample with a range of 1/z = 0-200 Da and accumulated from 50 scans. Three spectra
were recorded for each sample on 3 different areas of 500 um x 500 pm with 128 x 128 pixels each.

Atomic force microscopy (AFM) analyzes were carried out on films by a NTEGRA atomic force
microscope (NT-MDT, Moscow, Russia), under air, with a semi-contact mode (lever and tetrahedral
silicone tip 14 to 16 um high and doped with antimony). The resonance frequency was 320 kHz.

4. Conclusions

Macromolecular and molecular characterizations of highly substituted starches by conventional
methods are a real challenge because of their low solubility in aqueous solvents and their resistance
to enzyme action. We developed new analytical strategies (Figure 10) allowing, for the first time,
the determination of macromolecular parameters, chemical composition and topography for highly
acetylated and etherified starches with various substituents showing the almost universal character of
this analytical approach which can thus help the design of eco-friendly materials.

In particular, despite limitations linked to the solubility of the samples, we showed that the NMR
technique, used in its liquid and solid aspects, allowed obtaining the DS of low to highly modified
starches and localizing grafted groups. Moreover, using solid-state 3 C-NMR we showed that the loss
of crystallinity as well as the modification of the amorphous structure depended on the process, the DS
and the nature of the grafted groups. Finally, thanks to AF4-MALLS, which permitted the size and
molar mass distributions analysis of starches with high molar mass, we showed for the first time that
the chemical modification process caused reduction of molar mass depending on the process, the DS,
the nature of the grafted groups and the amylose content for high molar mass starches with DS from
0.4 to 3.
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Figure 10. Designed strategy for multi-scale and multi-state characterization of high molar mass
chemically-modified starches with 0.4 < DS < 3.
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Table S1b: Solubility of etherified starches; Figure S2: FTIR spectra of AWMS and deacetylated AWMS, Table S3:
Chain length distribution of debranched native and acetylated starches obtained from HPAEC-PAD; S4: Surface
composition of acetylated and etherified starches studied by TOF-SIMS; S5: Determination of the degree of
substitution (DS) of the 2-hydroxydodecyl potato starches (HDo-POS-1 and HDo-POS-2) by elemental analysis
(EA); S6: Determination of the degree of substitution (DS) of HDo-POS-1 by 1H-NMR analysis; S7: Determination
of the degree of substitution (DS) of the 2-hydroxydodecyl 2-hydroxyphenethyl potato starches (HDo-HPhe-POS-1
and HDo-HPhe-POS-2) by 1H-NMR analysis.
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Abstract: The agricultural use of peatlands, the stabilization of the substrate for building or road
construction or for increasing the capacity of soil to support heavy machinery for industrial activities
(peat and petroleum extraction), harvesting to provide peat for energy, and the growing media and
initiation of chemical processes must be preceded by drainage. As a consequence of drainage, peat
underwent an irreversible conversion into moorsh (secondary transformation of the peat). The object
of the study was to investigate comparatively the organic matter composition and molecular structure
of humic acids (HAs) in the raised bog, fen, and peat-moorsh soils developed in various compositions
of botanical cover, peat-forming species, and oxic and anoxic conditions as a result of the oscillation
of ground water during drainage as well as to evaluate the vulnerability of soil organic matter (SOM)
to decomposition. Drainage was shown to be the principal factor causing the various chemical
compositions and physicochemical properties of HAs. Large and significant differences in chemical
composition of peat and the properties of HAs were found to be related to the degree of decomposition.
The HAs from drained peatlands were less chemically mature. In contrast, the HAs from fen and
raised bog were found to be more mature than that of the corresponding drained peatlands. The above
findings showed the distinguishable structure of HAs within the soil profile created by the plant
residue biodegradation and formed in both oxic and anoxic conditions. The analytical methods of
thermal analysis together with the optical densities and paramagnetic behaviour are suitable and
effective tools for studying structure-property relationships characterizing the origin and formation
process of HAs in various environmental conditions.

Keywords: drained and undrained peatlands; peats; humic acids; thermal; paramagnetic and
optical properties

1. Introduction

There are peatlands in every climatic zone. Total Earth’s area of these elements of the landscape is
more than 3 million km? (about 3% of the Earth’s land surface). Peatlands accumulate some 70% of
natural freshwater. Each year, they absorb 0.37 giga- tonnes of carbon dioxide (CO,), which corresponds
to a greater capacity for carbon storage than that attributed to all other vegetative organisms in the
world [1].

The conversion of vegetable matter into peat structures changes depending on the vegetation
type, ability of tissues to be decompose, deepness of roots and water table, pH, ionic strength, balance
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between humification and degradation processes and also depends on access to organic and inorganic
compounds [2-10].

Over 20 forms of peat bogs, 19 forms of peat bogs and about 6 forms of swamps could be treated
as peatlands [11]. Ombrotrophic bogs are mainly rain fed and have nutrient deficiency. Fens supplied
by surface and ground water are richer in nutrients then bogs [12,13]. Bogs and fens grow in conditions
of full water saturation what significantly slows down a degradation of organic matter.

The peatlands must undergo drainage for their application in agriculture as a soil substrate and
for their stabilization as substrate in building and road construction as well as a support for heavy
machinery for industry used e.g. in peat and petroleum extraction for energy producing [14-16].

In wetlands located in the cool climate based on an average storage rate of 200 kg C ha™! and
assuming an area of about 350 X 10° ha. The annual accumulation not disturbed wetlands has been
calculated as 0.06-0.08 Pg C y~! [17]. The total drained area in the period 1795-1980 was 8.219 x 10° ha;
5.5 x 10° ha; 9.4 X 10° ha for crops, pastures, and forests, respectively.

Up to 35 X 10° ha of wetlands has been drained [18]. However, in the following countries the
rate of subsidence of drained organic soils ranged from 1 to 8 cm y~! (The Netherlands: 1.75 cm y~?,
Quebec in Canada: 2.07 cm y_l, Everglades in the United States: 3 cm y_l, San Joaquin Delta in the
United States: 7.6 cm y~!, and Hula Valley in Israel cm y~'). Drying shrinkage, loss of the buoyant
force of groundwater, compaction, wind erosion, burning, and microbial oxidation belong to the main
reasons for subsidence of histosols.

As reported by Terry [19] approximately 73% of the loss of surface elevation in Everglades
histosols is caused by microbial oxidation. In addition, an assumed C release from drained wetlands
by oxidation of the organic material of 10 t C ha™! y~! a global annual C release is 0.05 to 0.35 Pg C.
In gleysols the long-term drainage of 106 ha impacts on an extra release of 0.01 Pg C y~!. Total release
from histosols and glaysols ranges from 0.03 to 0.37 Pg C y~!.

In the period 1795-1980, about 4% of the wetland was drained in the tropics. In cool regions, the
annual shift (loss of sink strength and gain of source strength) in the global C balance is 0.063-0.085 Pg C
due to drainage of histosols. However, including tropical histosols, the global shift would be
0.15-0.184 Pg C y~! [18]. Under cultivation the potential to increase C levels in soils is largely promoted
to upland soils. Restoring C sinks in wetland soils drained artificially is improbable unless they are
transferred from agricultural production to natural wetlands [20].

At present time, a total amount of decomposed worldwide peatlands is equal to 65 million ha.
The drainage is the key driver of the degradation of peat soils [21]. From 14 to 20% of peatlands in the
world and 14% in Europe are applied for agriculture. The meadows and pastures are the great majority
of peatlands used for agriculture in Europe. The percentage use of European peatlands for cultivation
is as follows: Hungary (98%), Greece (90%), The Netherlands (85%), Germany (85%), and Poland (70%).

In countries of other continents e.g. Canada the national resources of peatlands were mostly
undrained and forested; only 15% were drained and used for agriculture. In USA, more than 230,000
hectares of fen in the Florida Everglades are mainly used for cultivation of sugar cane and rice. 20% of
Indonesia’s peatlands were drained and utilized for agriculture. In recent years due to increasing
nature protection and for economic cause the total area of agricultural peatlands has reduced [12,22].

Drainage enhances the emission of CO, and N,O and decreases emission of methane from the
peat. The evolution from 15 to 17 Mg CO, from grassland and of 41.1 Mg CO, from ploughed fens
was determined. In addition, drained peatlands emit of nitrous oxide with fluxes varying from 2 to
56 kg NoO-N ha™! year~!, while CHy fluxes ranged from —4.9 to 9.1 kg ha™! year~! [23].

Drainage, besides the impacts on the mineralization of organic matter and the evolution of gasses
reduces also the diversity of peatland vegetation and favours forest plant species. The first species
to decrease and vanish are those that thrive on wet lawn and flark levels. The plants related to drier
hummocks should adapt to changing conditions and initially even benefit from drainage. Later,
the growth of tree stands and increased shade will limit their opportunities to thrive. More mature
tree stands will also lose more water through evapotranspiration, increasing the drying-out effect,
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and accelerating the mineralization of organic matter [21,24]. The rate of the changes caused by drainage
will depend on factors including: the concentration of mineral and organic nutrients, availability of
moisture, the efficiency of the drainage ditches, and intensity of tree growth [24,25]. Typical members
of the plant kingdom are resistant to drying stress [26] whereas wetter and more nutrient-rich peatlands
are changed more dramatically [27,28].

Maslov et al. [29] published the basic information on eighty peatland experiments which were
established at various times within the territory of the Russian Federation. The aims of these field
experiments were to study the peatland ecosystem as well as site transformation under the influence
of drainage, forestry, and agricultural use. Materials obtained on the experimental sites include
multidiscipline investigations and characterize wetlands in general, peat soil properties, drainage
system arrangements, etc.

Annual raising of the Carex peat in eastern Europe is from 0.5 to 1 mm per year, while in
northern mires, the Carex peat layer had been growing slowly and thus almost two meters of peat
has accumulated over 9800 years (~0.2 mm per year) [30]. The drainage of peatlands impacts on
the lowering of this element of the landscape. In New Zealand and in Norway the lowering is
3.4 cm year‘l, and 2.5 cm year‘l, respectively [31,32]. Thus, deposits that have accumulated over
many millennia can disappear over a time scale that is very relevant to human activity.

Last advances in peatland restoration methods have led to the establishment of Sphagnum moss
on the remnant cutover peat surface following peat extraction; however, evaluating restoration success
remains a key issue. The study of Lucchese et al. [33] showed an increase of organic matter accumulation
from 2.3 + 1.7 cm 4 years post-restoration to 13.6 + 6.5 cm 8 years post-restoration. For comparison,
at an adjacent non-restored section of the peatland organic matter, accumulation was significantly
lower (p < 0.001 for all years), with mean thicknesses of 0.2 + 0.6 and 0.8 + 1.2 cm for 24 and 28 years
post-extraction, respectively.

The changes of oxic conditions in peatlands as a result of the oscillation of ground water during
melioration activates the irreversible conversion of peat into moorsh (synonyms: peat-moorsh soils,
secondary transformed peat, and mucks) which is usually treated as the secondary transformation of
peat [34]. This conversion is responsible for the changes in the structure of organic mass constituting
these soils, causing modification of the properties of high molecular weight substances from hydrophilic
to hydrophobic, the disappearance of peatland, and a decrease of anisotropy of peat deposit [35-38].
As the result of the above processes the soil’s abilities to swell again, to disperse, and hence to re-soak
are lost as well. The moorsh formed from peat seems to be fine-grained, more colloidal, and degraded
due to particle size and a higher percentage of mineral matter [39,40].

The irreversible loss of wettability due to drying is responsible for damage of colloidal behavior
in peat. The secondary transformation of peat showed the disintegration of the thermodynamic
equilibrium in peat. The decline in peat soil moisture content resulting from drainage implicates
shrinkage of the peat structures. Volume change from shrinkage is generated by several forces acting
at the microscale, whereby its mechanism and magnitude differ from those in mineral (clay) soils.
Drying and wetting of peat soils giving soil volume changes is manifested in soil vertical movement
and bulk density changes [41-43]. In addition, biotic and abiotic conversions and degradation of peat
organic matter is observed as effect of drainage [44-47]. Saurich et al. [15] indicated that bog peat
samples tend to be more sensitive to anthropogenic disturbance than fen peat samples.

Drainage is the main direct cause of fen habitat degradation, either due to reclamation of fen
or the changes in the water flow within fen systems. Reducing of the water level in peatlands
activates anaerobic conditions into aerobic ones and accelerates the peat mineralization. In the first
period after drainage, this causes usually an increase of nutrient availability, especially nitrogen and
phosphorus, which are released during mineralization [48]. However, the raised fertility is usually
only a short-term effect [49], and therefore, additional fertilization is needed to sustain economically
prospective agricultural production on drained fens, which has a further negative impact on biodiversity.
Apart from increasing nutrient availability, drainage also lowers the water storage capacity of peat soils,
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making them more susceptible to water-table fluctuations and droughts. A further aspect of fen habitat
degradation is acidification. This may be related to drainage, which results in partial replacement of
groundwater by rainwater [50], and to the increased atmospheric deposition of nitrogen and sulphur
compounds [51].

In general, drainage of peat leads to the progressive differentiation of the hydrophobic peptides
and total amino acid content in organic matter. In proteins of peats, hydrophobic contacts exist
between hydrophobic and hydrophilic structural elements (between the side chains of the radicals
of phenylalanine, leucine, isoleucine, valine, proline, methionine, and tryptophan). Hydrophobic
forces stabilize the tertiary structure of proteins and determine the properties of lipids and biological
membranes. The presence of amino acids, hydrocarbon chains, and other nonpolar fragments in their
composition are related to hydrophobic properties of humic substances [37,52].

Since organic matter is a major component of the soil phase of peat and moorsh soil causing soil
water repellency, it is important to study the effect of chemical soil properties on their wettability.
It was observed that the significant changes of chemical properties of transformed organic matter in
peat have a significant influence on the sequential modifications in physical and hydraulic features
created by lowering of water table for agriculture. Van Dijk [53] postulated relationship between a high
increase of shrinkage, changes in the number of many chemical and physical properties and humic
components in peats [53].

The retention of water by peat can be considered in terms of reaction of water molecules with the
surfaces of peat particles. The phenomenon is therefore amenable to the analytical methods of colloid
and surface chemistry. Considerable attention should be paid to the chemical composition of peat,
identifying the molecular structure of substances and aggregates most likely to hold water strongly.
Knowledge of this structure can provide a rationale for treatments intended to remove or render less
water-retentive the most hydrophilic fraction.

The substances of greatest immediate interest are humic acids (HAs). HAs are created in peats by
degradation, poly-condensation, polymerization, and poly-addition of organic substances as a result of
habitat and anthropogenic processes, including the degradation of plants and animal residues which
are characterized by a complex macromolecular structure with aromatic and aliphatic units; peptide
chain; and nitrogen in aliphatic, cyclic, and aromatic forms. The HAs represent macromolecular
polydisperse biphyllic systems, including both hydrophobic domains (saturated hydrocarbon chains
and aromatic structural units) and hydrophilic functional groups, i.e., having an amphiphilic character.
The hydrophilicity of peat surfaces is generally attributed to the availability of organic functional
groups capable of hydrogen-bonding. Such groups, well known to organic chemists, include carboxyls
as well as phenolic and alcoholic hydroxyls. HAs have been regarded as peat component principally
responsible for water retention in peat. The hydrophilicity of HAs depend not only on the numbers of
hydroxyl and other polar units but on their ability to form hydrogen-bonding with water as there are
hydroxyl groups inaccessible to water.

These substances are formed of similar but not identical substrates; therefore, no two HAs are
identical. The HAs from various types of peats and organic and inorganic components of HAs matrices
are altered to different extents, significantly differing both in composition and properties. The quantity
and quality of HAs in soils organic matter depend on the balance between primary productivity and
the rate of decomposition [38]. Chemical properties and structural characteristics of humic substances
were shown to be better predictors of soil organic matter turnover rate in vertisols than soil organic
matter content.

This suggests the possibility of using humic substances as indicators of soil organic matter turnover
because they are sources of intermediates and energy for many chemical and biochemical pathways in
the soil [39,40].

The study outlined here was conducted to propose tools and analytical methods for the quantitative
and qualitative evaluation of the turnover processes occurring in the oxic and anoxic conditions of
developed peat deposits.
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The aim of this study is to analyse comparatively the organic matter composition and molecular
structure of HAs in the raised bog, fen and peat-moorsh soils developed in various composition of
botanical cover, peat-forming species, and oxic and anoxic conditions as a result of the oscillation of
ground water during drainage as well as to evaluate the vulnerability of soil organic matter (SOM)
to decomposition.

2. Methods

2.1. Study Sites

Six sites from 3 peatlands were found to vary according to their macrofossil analysis, their
state of decomposition, and their GPS parameters, and an outline of their location has been given
(Figures 1 and 2, Table 1).

Kusowo
D)

Turew Ch1-4
8

Figure 1. Location of the study sites.

Figure 2. Location of the sites Ch1, Ch2, Ch3, and Ch4 (peat-moorsh soils—Turew).
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2.2. Collection of Smples (WRB classification 2015)
Peat samples were collected from the following:

a) Baltic-type raised bog (Kusowo)
b) fen (Stazka)
¢)  peat-moorsh soils: Chl, Ch2, Ch3, and Ch4 (Turew)

Peat samples were collected in triplicate from the field using a 5.0-cm diameter Instorf peat auger
and various depths from 0 to 100 cm in the stratigraphic profile of each peat deposit, transported to
the laboratory at ca. 4 °C and stored at —20 °C. The samples were dried at 20 °C and homogenized
in a grinder after removal of any visible live plant material, after which they were passed through a
1-mm sieve to remove rock fragments and large organic debris. The botanical composition of peat was
analyzed by the microscopic method and subsequently classified according to the Polish standards
(PN-76/G-02501 1977). Peat samples were used for the description, classification, and physicochemical
analysis [54] (Table 1).

The Kusowo Bog is situated in the West Pomeranian Voivodship. This is likely the best-preserved
Polish Baltic-type raised bog. The reserve has an area of 326.56 ha and is entirely included into the
Szczecineckie Lake Natura 2000. The mean peat thickness may exceed 12 m. The mean annual air
temperature is 7.2 °C. The mean annual precipitation is 760.1 mm. (Table 2) (Figure 1). The age of
peatland is 710 years (Table 3). Moisture contents of peat samples ranged from 89.69% to 92.31%
(Table 5). Among raised bogs, that of the Baltic-type is distinguished, one peculiar to a humid climate,
with a high rainfall. The bog, formerly a lake, developed on a moraine with kames in an extensive
depression. The bog is clearly divided into two parts—northern and southern—separated by three
mineral mounds.

Table 2. Annual precipitation from 2009 to 2019 (mm).

Year

Sampling Site  ,500 5010 2011 2012 2013 2014 2015 2016 2017 2018 2019  Average

Peat-moorsh
soils 576.0 6981 460.6 5345 5523 4102 4857 7933 5659 4258 4299 539.3
Ch1-4 Turew

Baltic-type
raised bog 7542 9389 6738 7584 6430 6619 6305 8379 10922 6471 7234 760.1
Kusowo

Fen Stazka 556.0 835.6 4874 6529 510.0 472.0 4854 701.0 8851 456.0 546.0 5989

The highest average annual precipitation was measured for Baltic-type raised bog (Kusowo) at 760.1 mm, and the
lowest was measured for peat-moorsh soils at 539.3 mm.

Table 3. The radiocarbon C dates for Baltic-type raised bog Kusowo.

Depth [cm] Age "C Date Calibrated Range 95.4% BC/AD

9-10 106.87 + 0.33 pMC 1694-1919 AD
16-17 111.4 + 0.36 pMC 1692-1919 AD
33-34 80 + 30 BP 1690-1926 AD
53-54 40 + 40 BP 1690-1925 AD
65-66 310 + 30 BP 1485-1650 AD
76-77 375 + 30 BP 1446-1633 AD
90-91 550 + 30 BP 1310-1435 AD
98-99 555 + 30 BP 1310-1431 AD

The northern part is better preserved, with a gently sloping “living” dome, about 3-4 m high,
with some peat ponds. The dome is mostly composed of Sphagnum hummocks and hollows of the
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plant association Sphagnetummagellanici. In places with high water content, e.g., near peat ponds,
the Rhynchosporetumalbae, Eriophoroangustifolii-Sphagnetumrecurvi, and Caricetumlimosae are located.
Nearly half of the northern part consists of wooded habitats, primarily pine and birch bog forests
(Vacciniouliginosi-Pinetum and Vacciniouliginosi-Betuletumpubescentis) [55,56] (Figure 1)

The Stazka fen is a part of the “Bagna nad Stazka”—a mire complex located in Northern Poland
in the region of the Tuchola Forest. The fen is part of the Nature Reserve, where the whole complex
of natural peatlands is under protection. This peatland measures some 478.45 ha. The maximum
thickness of peat deposits is 1.4 m. This region was characterized by a mean annual air temperature of
7.2 °C and by mean annual precipitation 598.9 mm (Table 2) [26]. The age of peatland is 1400 years
(Table 4). Moisture contents of peat samples ranged from 93.15% to 93.92% (Table 5).

Table 4. The radiocarbon C dates for fen Stazka.

Depth (cm)  Age'*CDate  Calibrated Range 95.4% BC/AD

12-13 120.43 + 0.4 pMC 1689-1928 AD
25-26 195 + 30 BP 1648-1955 AD
40-41 170 + 30 BP 1659-1954 AD
54-55 155 + 30 BP 1666-1953 AD
67-68 1005 + 30 BP 977-1153 AD
83-84 1125 + 30 BP 783-991 AD
90-91 1295 + 70 BP 620-890 AD
105-106 1295 + 35 BP 655-779 AD

BC—before Christ; AD—anno Domini.

Table 5. Moisture content of sampling sites.

Sampling Site Depth (cm) Moisture (%)

0-25 91.57 + 1.92

. . 25-50 92.31 +3.92
Baltic-type raised bog (Kusowo) 50_75 89.69 + 121
75-100 91.82 + 1.44

0-25 93.92 + 1.84

Fen (Stazka) 50-75 93.15 + 3.98

75-100 93.17 £ 0.86

0-25 66.03 +7.55

25-50 77.62 + 4.27

Chi 50-75 8321 + 2.59

75-100 83.55 + 2.60

0-25 74.44 + 5.88

25-50 81.18 +4.25

Pefat-moorsh Ch2 50-75 82.15 + 1.4
soils (Turew) 75100  79.24+173
0-25 61.31 +4.49

Ch3 50-75 79.80 + 2.67

75-100 82.33 +1.90

0-25 70.29 + 5.38

CH4 50-75 86.82 +1.97

75-100 86.04 + 1.47

Drainage significantly impacted the concentration of the moisture in peats. The moisture contents in undrained
peats (90-94%) were higher than in drained peats (61-83%) (Table 5).
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Peat-moorsh samples were taken from four chosen sites marked as Ch1, Ch2, Ch3, and Ch4 on the
4.5-km long transect of peatland located in the Chtapowski Agro-ecological Landscape Park of the West
Polish Lowland, about 40 km southwest of Poznari. These are the sites investigated along the Wysko¢
Canal. The thickness of peat deposit ranges from 1.5 to 2.75 m. The mean annual air temperature is
8.4 °C, the mean annual precipitation is 539.3 mm (Table 2), and the growing season is about 200 days
(Figures 1 and 2). Moisture content of peat samples ranged from 61% to 86.82% (Table 5).

All examined samples were classified as raised bog, fen, and peat-moorsh soils according to World
Reference Base Soil Resources (2015) [57].

2.3. Organic Carbon, Nitrogen, C/N, and Degree of Decomposition

Total carbon (TC) and inorganic carbon (IC) concentrations in dried peat samples were analyzed
by means of a Total Organic Carbon Analyzer (TOC 5050A) with a Solid Sample Module SSM-50004,
Shimadzu, Japan. Total Organic Carbon (TOC) was analyzed by placing about 50 mg of a soil sample
in Total Organic Carbon Analyzer (TOC 5050A) with Solid Sample Module (SSM-5000A) produced by
Shimadzu (Kyoto, Japan). Total organic carbon (TOC) was calculated as the difference between total
and inorganic carbon.

Air-dried peat samples for the measurements of hot water extractable organic carbon (Crywg) were
mixed with deionized water and heated at 100 °C for two hours under a reflux condenser. Extracts were
filtered through 0.45-um pore-size filters and analyzed on TOC 5050A facilities, Shimadzu, Japan [58].

Total nitrogen was evaluated by the Kjeldahl methods, using Vapodest 10s analyser (Gerhardt,
Germany). N-total was evaluated by semimicro-Kjeldahl method; 0.5 g of soil sample was set in
Kjeldahl digestion tube. Five mL of twice distilled water was added. After 30 min, 2.5 mL of 95%
H,S0, and powder zinc were added and heated 20 min. Fifteen mL of 95% H,SOy, 5 g of K;SOy4, and
a small amount of selenium mixture were added and heated at 350 °C. A Kjeldahl digestion tube was
cooled to room temperature. Mineralized sample was set in a 100-mL volumetric flask and filled to
the line by twice distilled water. A mineralized sample was centrifuged (MLW K 23 D, Germany) in
3000 rpm by 15 min. Twenty-five mL of the sample was set in Parnas—Wagner apparatus. Fifty mL
of 30% NaOH was added. Fifty mL of distillate was collected to a 100-mL Erlenmeyer flask filled by
20 mL of 4% H3BOj3 and indicator (bromocresol green and methyl red mixture). The blue distillate was
titrated to red color by 0.02 N HCI.

The atomic ratios of C/N were calculated after determining the concentrations of carbon
and nitrogen.

Peat decomposition was determined at the sampled depths according to the field squeezing
method by means of the von Post classification scale [59]. This method identifies ten classes of
decomposition, with H1 being undecomposed peat and H10 being completely decomposed peat. Peat
type was determined based on plant macrofossil analysis [60].

2.4. Extraction and Purification of HAs

Isolation of HAs was performed according to the recommendations of the International Humic
Substances Society procedure under relatively gentle conditions [61,62]. The humic substances were
extracted from air-dried peat soils using the grain size fraction smaller than one millimeter with 0.1 M
NaOH using an extractant/peat ratio of v/v 5:1) at pH 7.00 under a N, gas atmosphere and shaken
for four hours and, after that, were stored overnight for the coagulation of HA fractions which were
separated by centrifugation. The purification of the HAs was performed by the following method.
The suspension was centrifuged at 4000x g at 24 °C for 1 h. The solution was acidified with 6 M HCl to
pH 1.3 to precipitate the HAs and was allowed to stand overnight. Then, the solution was centrifuged
to eliminate the supernatant. The procedure was repeated three times. Finally, precipitated HAs were
freeze dried and stored in a vacuum desiccator over P,Os,

Moisture analyzer MAX series (Radwag, Poland) was used to determine hygroscopic humidity
content in peats. The content of hygroscopic humidity was taken into account in the analysis of peats.
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14C dates were provided by the Poznan Radiocarbon Laboratory (Poland).

2.5. Elemental Composition

The content of C, N, H, and S in every HAs fraction was analysed using the Vario Micro Cube
Elemental Analyser. The samples were burned in an oxygen atmosphere at 1150 °C. The gases (CO,, Ny,
H,0, and SO;) were separated chromatographically and measured by a thermal conductivity detector
(TCD). Oxygen content was obtained by subtracting the sum of other elemental contents from 100%,
and the results were expressed as percentages calculated on the basis of total element amounts (Table 6).

Table 6. Elemental analysis (wt.%) and atomic ratios of humic acids (HAs).

Sampling Site Depth (cm) C H N (o] S H/C C/N* o/C
Baltic.t 0-25 4341 466 326  47.85 0.82 1.28 1553 083
2 ‘Zgl’e « 25-50 4179 424 256 5078 0.63 1.21 19.04 091
‘&fe "? usowo 5075 4690 478 265 4520 0.47 121 2064 072
usowo. 75-100 4704 474 274 4510 0.38 1.20 2002 072
0-25 4076 424 285 5123 0.92 1.24 1668 094

Fen Stazka 50-75 4401 414 264 4855 0.66 1.24 1944 083
75-100 4438 374 208 4925 055 112 2488 083

0-25 4284 450 364  48.08 0.94 1.00 1373 0.84

Chi 25-50 4162 398 286  50.66 0.88 1.25 1697 091

50-75 46.03 431 2.69 45.86 111 1.14 19.96 0.75
75-100 44.63 427 286 46.90 1.34 1.12 18.20 0.79

0-25 36.09 373 2.86 56.36 0.96 1.14 14.72 1.17
25-50 42.66 413 3.17 48.90 1.14 1.23 15.69 0.86
50-75 4261 407 293 49.00 1.39 1.15 16.96 0.86

Peat-moorsh Ch2

soils 75-100 4319 408 290 4815 1.68 1.14 1737  0.84
0-25 4143 427 345  49.60 1.25 1.13 1400 0.0
Ch3 50-75 4213 410 303 4880 1.94 1.23 1621 0.87
75-100 4341 403 273 4758 2.25 1.24 1854  0.82
0-25 4057 407 300 5115 1.21 1.16 1577 095
Ch4 50-75 4321 411 307 4821 1.40 1.11 1641  0.84
75-100 4321 403 311  48.00 1.65 1.19 1620  0.83
C/N* ratio in HAs.

2.6. VIS-Spectroscopy of HAs

E4/E¢ ratios were determined by dissolving 3 mg of HAs in 10 mL of 0.05 M NaHCO;3 (pH = 9.0)
and by measuring optical densities at A = 465 nm (E4) and A = 665 nm (E) spectrophotometrically on
SHIMADZU UVmini-1240 (Japan) with 1 cm thickness (Table 7) [63].

Table 7. Parameters of VIS-spectroscopy and electron paramagnetic resonance of HAs.

Depth *Spin Concentration

Sampling Site (em) E4/Eq g-Value < 1017
0-25 6.36 2.0035 1.29
. 25-50 4.88 2.0029 313
BalticRaised bog Kusowo 50-75 4.00 2.0021 392
75-100 3.98 2.0023 5.64
0-25 5.67 2.0035 1.04
Fen Stazka 50-75 557 2.0036 1.38
75-100 446 2.0036 341
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Table 7. Cont.

0-25 6.78 2.0036 0.77

25-50 6.12 2.0036 1.71

Chl 50-75 5.94 2.0036 2.22
75-100 6.19 2.0036 2.77

0-25 6.95 2.0035 2.20

25-50 6.73 2.0036 1.23

Ch2 50-75 6.49 2.0036 143
75-100 5.59 2.0036 1.12

Peat-moorsh soils 0-25 6.65 2.0036 0.95
Ch3 50-75 6.14 2.0036 2.27
75-100 5.18 2.0036 3.82

0-25 6.37 2.0035 1.48

Ch4 50-75 6.19 2.0035 3.34
75-100 5.70 2.0035 4.30

g-value, the spin concentrations are given in spins/g units, e.g., the last value is 3.41 x 1017 spins/g organic matter.

2.7. Electron Paramagnetic Resonance of HAs

Electron paramagnetic resonance (EPR) X-band (9.8 GHz) was recorded at room temperature on a
Bruker ElexSys E500 instrument equipped with an NMR teslameter ER 036TM and E 41 FC frequency
counter. The concentration of spins was measured using a double integral procedure applying the
Bruker WinEPR program. Leonardite was used as a spin concentration standard (International Humic
Substance Society) [64].

2.8. Differential Thermal Analysis of HAs

Thermal properties of HAs were evaluated by means of an OD-103 derivatograph
(MOM-Paulik-Paulik-Erdey, Hungary) [65]. The curves of differential thermal analysis (DTA),
thermogravimetry (TGA), and differential thermogravimetry (DTG) were recorded simultaneously.
Weight losses at different steps of thermal decomposition were calculated from the TGA curves. The Z
index was calculated, and aliphatic character of HAs was pointed out. All chemical analyses were run
in triplicate, and the results were averaged.

2.9. Statistical Analysis

The confidence intervals were calculated using the following formula: X + t (n — 1) SE, where: ¥ is
the mean; t, (n - 1) is the value of the Student test for o = 0.05; n—1 is the degree of freedom; and SE is
standard error. Linear correlations between the values were calculated. Normal distribution of the
results and homogenous variances were checked before statistical analysis.

Principal component analysis (PCA) using Statistica version 9.1 was performed to determine the
correlations between Baltic-type raised bog, fen, and peat-moorsh soils in the peat deposit properties
and physicochemical properties of soil organic matter. The number of factors extracted from the
variables was determined by a scree test according to Kaiser’s rule. With this criterion, the first two
principal components with an eigenvalue greater than a third were retained. Principal component
analysis (PCA) using Statistica version 9.1 was performed to determine the correlations between raised
bog, fen, and peat-moorsh soils and of peat deposits properties and physicochemical properties of soil
organic matter.
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3. Results and Discussion
3.1. Characteristics of Peats
3.1.1. Decomposition Degree, Carbon, Nitrogen, and C/N Ratio of Peat Soils

Decomposition Degree

Degree of decomposition is an important property of the organic matter in soils and other deposits
which contain fossil carbon. It describes the intensity of transformation or the humification degree
of the original living organic matter. Our knowledge of the degree of decomposition and chemical
characteristics of peat soil may be translated into peat physicochemical properties, therefore, both the
degree of decomposition and type of peats described above [7,66].

All peats were decomposed, however, in varying degrees (Table 1). A gradual increase of the
degree of decomposition has been observed in the order from the Baltic-type raised bog (H2-H5)
throughout fen (H3-H5) to peat-moorsh soils (H7-HS8). A drop of the water level in the peat-moorsh
soils increased the oxygen content and accelerated the mineralization of organic matter, leading to an
increase of the degree of decomposition (HS8). Therefore, a decrease in the degree of peat decomposition
is treated as an indicator of a rise of the ground water table [67].

During decomposition of organic matter, labile compounds such as peptides and polysaccharides
are preferentially decomposed while refractory aromatic or aliphatic compounds become residually
enriched [68].

Almost all nitrogen in organic matter is in organic form (0-90%). Nevertheless, the chemical
composition of nitrogen in organic soil fraction is not completely understood and little is known of the
factors affecting the distribution of organic nitrogen forms in soils.

Humus is composed from 20% to 60% of HAs. The nitrogen (20-40%) in HAs consists of amino
acids or peptides, the main unit of proteins, and is connected to the central core by hydrogen bonds [69].
Therefore, amino acids and proteins are the main fraction of total nitrogen in organic soils.

Soil amino acids are components of protein conglomerates. They occur in stable form. Soil proteins
included in organic colloids are hydrophilic colloids. These colloids are water-related. Drainage
causes the denaturation of colloids and a change in the properties of proteins from hydrophilic to
hydrophobic. During the drainage process, a progressive increase in the hydrophobic amino acid
content was observed. In proteins of peats, hydrophobic contacts exist between hydrophobic and
hydrophilic structural elements (between the side chains of the radicals of phenylalanine, leucine,
isoleucine, valine, proline, methionine, and tryptophan). The presence of amino acids, hydrocarbon
chains, and other nonpolar fragments in their composition are related to hydrophobic properties of
humic substances [37,52].

TOC

Significantly increasing concentrations of TOC exhibited a trend with a gradually increasing
down-core for all investigated sites (Table 1). A lower TOC was determined in peat-moorsh soils
in comparison with Baltic-type raised bog and fen. This relationship was found to be related to the
degree of decomposition. These changes observed for the degree of decomposition, and TOC could
have been caused by a change in any one of a number of the following factors, e.g., water level and the
balance between accumulation/decomposition, indicating most likely that they are attributable to the
combination of such factors.

The lower TOC content in the upper layer may be related to the increased rate of decomposition
rather than accumulation. In deeper layers of peat profile under saturated conditions, lower
decomposition rates of organic matter are observed.

Our results are in line with the results of Benavides [70], who showed that peat and carbon
accumulation rates were lower in drained sites, indicating either greater decomposition rates of the
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upper peat column or lower production by the changed plant communities. The ecological services
offered by peatlands to agrarian communities downstream are important. In addition, he observed that
species composition was much affected by drainage, which resulted in a reduction in cover of Sphagnum
and other peat-forming species, and by the encroachment of sedges and Juncus effusus. The ability of
peat to store water and carbon was also reduced in drained peatlands. Vegetation records show a shift
towards sedge-Juncus communities around 50 years ago when agricultural use of water increased.

Batjes [71], Chambers et al. [72], Fontaine et al. [73], and Wang et al. [74] suggested that a lack of
a supply of fresh carbon may prevent the decomposition of organic carbon pool in deeper layers of
peat deposits.

Cuwe

Chwe is responsible for the microbiological activity in depth profile to be exuded from plant
roots, acting as a significant source of carbon fueling microbial metabolism [75]. This fraction is a
potential source of carbon and energy for heterotrophic organisms and contributes significantly to
stream ecosystem metabolism. The flux of Cywg from an ecosystem can be a significant component of
carbon (C) budgets, especially in watersheds containing wetlands. In watersheds containing organic
wetland soils or peatlands, the flux from the watershed can be 4-8% of annual net primary production,
a significant fraction that should be addressed when performing a carbon mass balance [76].

A significant decline of Cyywg with increasing depth in all sites was observed (Table 1). The highest
decrease of Cpywg (68.2%) with increasing depth was measured in Ch2, representing peat-moorsh soil,
and can be attributable to the most degraded peat-moorsh soil.

In contrast, the lowest decrease of Cywg (25.4%) with increasing depth was determined in the
lowest decomposed peats of Baltic-type raised bog as compared to that of peat-moorsh soils. Thus,
Cuawe can be said to increase gradually with the increase of peat during decomposition (Table 1).

The decreases in Cpywg concentrations were generally accompanied by the increases of the TOC
in all sites of sampling. We found a consistent pattern in parallel changes as per decreasing/increasing
Cuwe and TOC concentrations among all sites.

The values of the ratios Cyywg./TOC in undrained peat (raised bog and fen) ranged from 0.9 to 2.7,
while in drained peat, it ranged from 1.2 to 4.1. The highest value of the ratio, 4.1, was measured in the
Ch2, which showed the highest value of the degree of decomposition.

Monitoring the properties of Cpyyg in the peat profile is frequently used to evaluate changes in
peat quality and to explain shifts in peatland ecosystem function [77].

The purification of ground water by the transect consisting of peat-moorsh soils of 4.5 km length
was observed (Figure 2). Peatland plays a positive function as a biogeochemical barrier, which
reduces the content of chemical compounds moving in the groundwater throughout the peatland.
In groundwater between Ch3 and Ch2, the concentrations of nitrates (38.5%), N-organic (10%), N-total
(24.5%), ammonium (38.7%), dissolved total carbon (33.1%), dissolved total inorganic carbon (10%),
and dissolved organic carbon (57.5%) were significantly decreased [78].

C/N

Another effective and common indicator of peat decomposition is the use of C/N ratios [79].
This indicator is based on the observed residual enrichment of N relative to C during mineralization of
organic matter.

The concentrations of N-total in Baltic-type raised bog were significantly lower compared to the
N-total in fen and in peat-moorsh soils (Table 1). Baltic-type raised bog receives water and nutrients
primarily from atmospheric deposition.

Significant differences of C/N ratios between less decomposed Baltic-type raised bog, fen, and
highly decomposed peat-moorsh soils were observed (Table 1). The C/N values in undrained peats
were significantly higher as compared to that of corresponding drained peats. The highest C/N ratio
and the lowest degree of decomposition in the Baltic-type raised bog was measured.
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The high C/N ratios in the deeper layer of peat indicates more intensity in the accumulation of
organic matter with the formation of mature HAs as compared to that in the upper layer. In contrast,
the low values of the C/N in the surface layer of all peat-moorsh soils correspond to drier conditions
and the intensity of organic nitrogen mineralization, leading to the formation of gaseous substances
such as ammonia and the further emission of N,O and Nj into the atmosphere [80-82].

Baltic raised bog and fen represent two types peats with similar values of the degree of
decomposition H2-H5 (Table 1). Baltic raised bog as nitrogen deficiency system was shown to
have lower concentrations of N total and higher C/N ratios compared with that of the corresponding
fen. Drainage was shown to be the principal factor causing the increase of the degree of decomposition
and the decrease of C/N ratios. Peat-moorsh soils were created as a result of secondary transformation
of fen. Therefore, in peat-moorsh soils, higher degrees of decomposition H7-HS, higher C/N ratios,
and lower concentrations of TOC compared with that of the corresponding in fen were measured.
For all peat-moorsh soils, the values of decomposition degree were shown to be in line with the results
calculated for C/N ratios (Table 1).

Our results are in line with the results of Malmer and Holm [83] and of Kuhry and Vitt [84].
They pointed out that lower C/N ratios characterize more decomposed peat material.

According to Broder et al. [85], the lowest humification and high C/N ratios in Sphagnum bogs
justified the high polyphenol content. On the other hand, Rice and MacCarthy [86] and Anderson [81]
pointed out that the C/N ratio does not always reflect soil organic matter mineralization and, moreover,
that the percentage share of Cyyr would seem to be a better indicator of organic matter mineralization
as compared to the C/N ratio (expanding the trend in the C/N ratios with depth), which is bound to
hydrological changes of nitrogen concentration.

3.2. Analytical Data of HAs

3.2.1. Elemental Composition of HAs

One of the most fundamental characteristics of HAs is its elemental composition expressed in the
weight and atomic percentage structure of particular elements [86,87].

The C content ranged from 41.79% to 47.04%, from 40.76% to 44.38%, and from 36.09% to 46.03%
in Baltic-type raised bog, fen, and peat-moorsh soils, respectively (Table 6). The C concentration
increased with an increase in the depth profile for highly decomposed peat, while the opposite was
shown for oxygen content, which decreased in all peat profiles with increasing depth.

The H and N amounts here demonstrated higher variability.

The S concentration decreased with increasing depth in Baltic-type raised bog and fen. In contrast,
the concentrations of S increased with increasing depth in peat-moorsh soil compared to the increasing
depth in Baltic-type raised bog and fen.

The ratio of H/C, C/N* (in HAs), and O/C bears much more diagnostic information than the
elemental composition of HAs. The magnitude of the H/C ratio has been used to indicate the degree of
aromaticity (a small value) or aliphaticity (a large value) of a substance [52]. The values of H/C ratio in
studied HA samples are in the range from 1.20 to 1.28 in Baltic-type raised bog, from 1.12 to 1.24 in fen,
and from 1.00 to 1.25 in peat-moorsh soils (Table 6). However, these H/C and C/N* values among peat
soils are not significantly different.

The decrease of the H/C ratio in HAs with increasing depth in undrained peats (Baltic-type raised
bog and fen) is related to the peat accumulation rate and development of the aromatic structures,
where more labile structures are destroyed or transformed into the appearance of more stable aromatic
and polyaromatic structures.

On the other hand, in drained peat (peat-moorsh soil) with increasing depth, the increase of the
H/C in HAs increased, indicating less amounts of the C in HAs as compared to that of undrained peats
(Baltic-type raised bog and fen).
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The C/N* and O/C ratios increased with increasing depth. The high values of C/N* in the deeper
layer are related to the presence of proteinaceous materials of living organic matter, indicating a higher
intensity of humification than mineralization process with the formation of mature HAs (Table 6).

The significant negative correlations between the O/C vs. C/N* (r = —0.448) and H/C vs C/N* ratio
(r = —0.632) indicate that, with an increase in depth, the decarboxylation processes were in line with
the increase of the N concentration in HAs (Table 9).

According to Van Krevelen [88], the H/C atomic ratios from 0.7 to 1.5 correspond to aromatic
systems coupled with aliphatic chains and contain up to ten carbon atoms. The O/C ratio, for its part,
is considered as an indicator of carbohydrate and carboxylic group contents and can be directly related
to the aromatization of the peat-forming organic matter. DiDonato et al. [87] suggested that more of
the carboxyl-containing aliphatic molecules are sourced from lignin.

3.2.2. VIS spectra of HAs

The E4/E¢ ratio is a valid and informative index for the characterization of aromatic condensation
and poly-conjugation in the humic molecule [35,89,90].

Table 7 shows that the E4/E¢ ratio of HAs fraction in peat-moorsh soils ranged from 5.18 to 6.95;
in fens, from 4.46 to 6.2; and in Baltic-type raised bog, from 3.98 to 6.36. In peat-moorsh soil profiles,
the variability of this value was generally low. As expected, the E4/E; ratio of HAs decreased with
increasing depth profile in all investigated sites related to progressive humification and condensation of
aromatic constituents. These findings are in line with our data of elemental analysis of HAs, indicating
more chemically mature HAs in the bottom rather than in the upper layers.

Moreover, the E4/E¢ trend was found to be higher in drained peats compared to E4/Eq from
undrained peats. This reflects a lower degree of aromatic condensation and poly-conjugation and a lower
degree of humification in the molecules of HAs from drained rather than undrained peats [88,91,92].

In this context, Klaving and Sire [93] showed strong negative correlations between total acidity
values and the E4/Eg ratios in peat bog profiles. They pointed out that an increase of the acidic groups
in the HAs samples resulted in a reduced E4/E¢ ratio.

3.2.3. Electron paramagnetic resonance of HAs

Our study shows the impact of peat type and the degree of decomposition on the EPR spectra,
which consists of one signal with AHp,, at about 4 G typical for radical species (Figure 3) (Table 7).

3440 3460 3480 3500 3520 3
Magnetic field, Gauss

Figure 3. The electron paramagnetic resonance (EPR) spectra of the studied samples of HAs consists of
one signal with AHp,, at about 4 G typical for the radical species.
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A strong aromatization in the deeper layer is distinctly observed for the Baltic-type raised bog.
The drop of oxidative conditions in the depth has led to an increase in EPR signal intensity for HAs
(Table 7) and decline of the g-value from 2.0035 to 2.0021.

The maximum of spin concentrations determined in the deepest layers are in line with the
VIS-spectra of HAs and reflects more chemically mature HAs from the Baltic-type raised bog compared
with the fen and peat-moorsh soils.

Our results are in line with Czechowski and Jezierski [94], who observed a steady decrease in
the g parameter towards the g = 2.0023 value of free electrons for free radicals in bituminous carbon
components in parallel with an increase in the aromaticity of the free radicals. In addition, the effect
of g parameter reduction (determined by EPR studies) of semiquinone radicals naturally occurring
in HAs of increasing aromaticity (Kntipling at al. [95]) was confirmed and explained theoretically by
Witwicki and Jezierska [96] on the basis of quantum mechanical calculations of g parameters for model
semiquinone radicals.

Inspection of EPR spectra of HAs from fen and peat-moorsh soils (Ch1 and Ch3) reveals g-value
characteristics for HAs (2.0036) [64]. The deeper layers of these deposits include an increasing
concentration of semiquinone radicals (Table 7) connected with the formation of oxygen containing
polymers without growing aromaticity, as the g-values are practically unchanged. In addition, the
same g-values of the HAs in all deeper layers are related to similar redox conditions.

The sample Ch2 (peat-moorsh soil) reveals a rather unexpected change of the spin concentration
that appeared to be highest in the upper layer. The oxidative conditions of the upper layer impacted
the g-value and the spin concentration in this HAs. The g-value is smaller for the upper layer (2.0035)
as compared to the g-values (the difference exceeds the experimental error) for lower layers (2.0036),
showing a slightly greater aromaticity. This phenomenon is related to the high degree of decomposition
of the upper layer; the most transformed peat soil from all studied peat-moorsh soils; the highest O/C
ratio in molecule of HAs; and the highest TOC, Cywg, and N-total (Table 1). In the context of CH2,
due to a high in situ, the oxidative properties in the decomposition rate of the organic matter are faster
than its accumulation.

3.2.4. Thermal Properties of HAs

All shapes of DTA and DTG curves are compatible. Thus, each thermal effect on the DTA curve is
related to a weight loss measured in TGA of thermal degradation of HAs exhibiting endothermic and
exothermic peaks associated with these in all samples (Figure 4; Table 8) [97-99]. The DTA curves of
all HAs showed one endothermic effect and three exothermic effects.

V~——n /|

DTG
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T T T T T T
0 100 200 300 400 500 600 700 [C]

Figure 4. Thermogram of HAs isolated from Kusowo Bog at the depth 25-50 cm.
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The endothermic effect ranges from 74 to 84 °C, with weight loss from 12% to 20% and
corresponding to the evaporation of absorbed water and dehydration reaction. This effect does
not demonstrate any significant changes downsizing into the peat profile, and the intensity of weight
losses is related to weakly bounded water by hygroscopic components.

Our results are in line with Schnitzer et al. [100], Kodama and Schnitzer [101], Shurygina et al. [102],
Leinweber and Schulten [103], and Gotebiowska et al. [65], who pointed out that, at low temperature
(about 100 °C), the evaporation of hydroscopic moisture is observed. In addition, Klavins and Sire [59]
showed that the amount of hygroscopically bound water in HAs from peat is higher compared to peat
from the corresponding layer and does not differ in peat profile.

The thermal analysis of HAs in all peat samples showed an increasing combustion temperature
with a downsizing depth of the profile for three exothermic effects (Table 8), which are related to more
thermally labile fractions in HAs of the upper layer compared to bottom layers.

The first exothermic reaction ranged from 277 to 320 °C with a mass loss from 27.4% to 31.6%
related to the thermal combustion of carbohydrates, peptides, lignin, external functional groups of
HAs, decarboxylation of acidic groups in aliphatic compounds, and dehydration of hydroxylate
aliphatic structures.

The second exothermic reaction varied from 348 to 427 °C with a mass loss from 9.1% to 32.4%,
corresponding to the combustion of less mature components of HAs.

The third exothermic reaction ranged from 437 to 496 °C with a mass loss from 24.6% to 41.4%,
which is related to the combustion of bitumens, to highly mature HAs of increasing thermal stability,
and to the cleavage of C—C bonds [104,105].

In contrast, in Ch1 and Ch2 (peat-moorsh soils with the highest degree of decomposition), the
mass loss of the second exothermic effect increased with an increase in depth.

The lowest mass loss was measured for the second and the highest mass losses for the third
exothermic effect in Ch2 with the highest degree of decomposition.

Schnitzer and Levesque. [66] detected two exothermic peaks between 200 and 500 °C for humic
substances of podzolic soil. The authors hypothesized that the first peak was associated with
dehydratation and decarboxylation and that the second was associated with carbon oxidation.

The thermal analysis provides some important information on HAs structure based on Z parameter
values, which expresses the ratio between thermally labile and stable parts in HAs (mainly aliphatic
and aromatic) [97].

Inspection of Z parameters revealed that, with increasing depth, HAs contain more structures
resistant to oxidation in high temperatures. The HAs from Ch2 and Ch3 (peat-moorsh soils) revealed a
more aliphatic character in contrast to the CH1 and Ch4 Baltic-type raised bog and fen, which were
found to be more aromatic (Table 8).

The significant negative correlation between the heat of the combustion (DTA/DTG;) and E4/E¢
(r = —0.528) (Table 9) may be attributable to more condensed stable aromatic structures of HAs in the
deeper layers of peat deposits.

The thermal analysis of HAs in all peat samples showed an increasing combustion temperature
with a downsizing depth of the profile for three exothermic effects (Table 8), which are related to more
thermally labile fractions in HAs of the upper layer compared to bottom layers.

The first exothermic reaction ranged from 277 to 320 °C with a mass loss from 27.4% to 31.6%
related to the thermal combustion of carbohydrates, peptides, lignin, external functional groups of
HAs, decarboxylation of acidic groups in aliphatic compounds, and dehydration of hydroxylate
aliphatic structures.

The second exothermic reaction varied from 348 to 427 °C with a mass loss from 9.1% to 32.4%,
corresponding to the combustion of less mature components of HAs.

The third exothermic reaction ranged from 437 to 496 °C with a mass loss from 24.6% to 41.4%,
which is related to the combustion of bitumens, to highly mature HAs of increasing thermal stability,
and to the cleavage of C—C bonds [104,105].
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In contrast, in Chl and Ch2 (peat-moorsh soils with the highest degree of decomposition), the
mass loss of the second exothermic effect increased with an increase in depth.

The lowest mass loss was measured for the second and the highest mass loss for the third
exothermic effect in Ch2 with the highest degree of decomposition.

Schnitzer et al. [100] detected two exothermic peaks between 200 and 500 °C for humic substances
of podzolic soil. The authors hypothesized that the first peak was associated with dehydratation and
decarboxylation and that the second was associated with carbon oxidation.

The thermal analysis provides some important information on HAs structure based on Z parameter
values, which expresses the ratio between thermally labile and stable parts in HAs (mainly aliphatic
and aromatic) [97].

Inspection of Z parameters revealed that, with increasing depth, HAs contain more structures
resistant to oxidation in high temperatures. The HAs from Ch2 and Ch3 (peat-moors soils) revealed a
more aliphatic character in contrast to the CH1 and Ch4 Baltic-type raised bog and fen, which were
found to be more aromatic (Table 8).

The significant negative correlation between the heat of the combustion (DTA;/DTG;) and E4/E¢
(r = —0.528) (Table 9) may be attributable to more condensed stable aromatic structures of HAs in the
deeper layers of peat deposits.

The findings illustrated in Table 9 show a significant negative correlation between TOC
concentrations and Z values (r = —0.645), which is related to the increasing contents of aromatic
structures in line with the downsizing of peat profile. The above data agrees with E4/E4 and C/N values
(Table 9), where the decrease of both ratios with an increase of depth corresponded to a high degree of
aromatic condensation and poly-conjugation of aromatic structures and to the presence of relatively
low proportions of aliphatic structures.

As shown in the study of thermal organic matter stability [106], these properties are a function
of the chemical composition, degree of humification, and mineral association. However, Klavins
and Sire [93] showed that the decay of more labile structure in HAs decreases as the degree of peat
decomposition increases, though more condensed aromatic structures were positively correlated with
the peat degree of decomposition.

Francioso et al. [107] showed in peat HAs various biochemical fractions of plants preserved during
peat formation characteristic of thermal decomposition and more labile structures in the origin and
formation process of HAs. This preservation therefore might be the result of anoxic environmental
conditions occurring due to peat accumulation.

3.2.5. PCA Analysis

A variety of multiple causes are responsible for the composition of peat and the properties of HAs
from undrained and drained peats. Therefore, a comparative study was carried out of the chemical
composition of peats and the properties of HAs from various undrained and drained types of peats
developed in various compositions of botanical cover, peat-forming species, and oxic and anoxic
conditions as a result of the oscillation of ground water during drainage.

The PCA analysis was conducted to determine the impact of various types of peat and
decomposition degree on the properties of peat deposits and HAs. The results reveal that the
properties of organic matter and HAs vary in different environments (Figure 5).

The results of the PCA explain 80.26% of the total variability of organic matter properties. The first
two axes were statistically significant (o < 0.05): the first axis (PC1) explains 45.98%, and the second
(PC2) explains 19.84% of the total variability, while the third axis (PC3) explained 14.43% (Table 10).
The PC1 was negatively associated with the TOC, C/N, spin concentration DTA{/DTG;, and C/N*
and positively coordinates with E4/E4, g-value, and carbon in HAs on this axis in peat soils. The PC2
showed a close negative association with Cryyg and H/C.
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Figure 5. Eigenvectors of soil chemical variables: Abbreviations as in the Tables 1-9.

Table 10. Analysis of principal components for Baltic-type raised bog, fen, and peat-moorsh soils.

- A
Principal Components Eigenvalues % of total Variance C.umulatlve Cumula.tlve % of
Eigenvalues Variance
PC1 6.44 45.98 6.44 45.98
PC2 2.78 19.84 9.22 65.83
PC3 2.02 14.43 11.24 80.26

The results of the PCA analysis showed on PC1, with 45.98% variability, a significantly positive
correlation between TOC, spin, and DTA/DTG; (Figure 5). The data suggest significantly an increased
TOC, spin, and DTA;/DTG; with the depth, indicating a decrease in the content of thermolable
structural units (carbohydrates, free, and bound functional groups) and an increase in thermostable
skeleton part of the HAs molecules. This reflects that the transformation of the organic matter is
strongly connected with the humification process and the molecular structure of HAs. Moreover, there
were significant negatively associate of TOC, spin, and DTA;/DTG; with E4/E4. The observed changes
can be explained by a higher degree of aromatic condensation and poly-conjugation in the molecules
of HAs, in the deeper layers (Table 10).

Additionally, on the second axis PC2 with 19.84% variability, the Cuwg vs. H/C was significantly
positively associated (Figure 4). The decrease of Cywg content and H/C values with the depth suggests
the decline of aliphatic bridges between aromatic structural units HAs. On this basis, it can be
stated dominantly the accumulation processes rather than ones of decomposition with the depth of
peat profile.

The third axis showed a significant positive correlation with LDTA/EDTG (Table 11).
These variables suggest that the first principal component describes the dependence of VIS-spectra,
electron paramagnetic resonance, and thermal properties of HAs on the organic matter. Therefore,
a higher g-value and E4/Eq in peat-moorsh soils as well as fens compared to those from Baltic-type
raised bogs affects a lower degree of aromatic condensation and humification of HAs.
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Table 11. Factor loadings and explained variance of three principal components in PCA.

Variable PC1 PC2 PC3
TOC -0.78 017  -033
CwHE -0.01 -0.89 -0.20
N-total 0.68  0.38 0.46
C/N -086 -037 -0.32
E4/E¢ 092 -0.08 0.18
g-value 0.80 0.50 0.01
Spin concentration —0.80  0.09 0.30
DTA
BTG, -070 001 047
DTA,..
DTG;z -058 -022 0.63
Y. DTA
e -0.62 -0.18 0.74
z 052 038 041
H/C 019 -092 -0.12
C/N* -072 049 -027
O/C 068 -0.33 -0.03

C/N*—atomic ratios of the HAs; abbreviations as in Tables 1-9.

4. Conclusions

This study has examined the vulnerability of organic matter of Baltic-type raised bog, fen, and
peat-moorsh soils to decomposition by determining the chemical composition and physicochemical
properties of HAs.

Drainage was shown to be the principal factor causing the chemical composition and
physicochemical properties of HAs. The latter properties of HAs were found to be in line with
their chemical composition of peats.

Conversion of undrained to drained peatlands (modifications in oxic—anoxic properties) has led to
an increase of the degree of decomposition, relating to the mass loss of organic matter, particularly
labile organic fractions, and was confirmed by a correspondingly lower content of TOC, lower C/N
values, and higher E4/E¢ values. In line with an increase of the degree of organic matter decomposition,
the N-total; E4/Eg, g-values; mass loss for exol, exo 2, and exo 3; Z values; and spin concentrations all
increased while C/N decreased.

In light of these results, the HAs from undrained peatlands were found to be richer in aromatic
structures and can be regarded therefore as more humified and mature (therefore, more stable) than
that of peat-moorsh soils. Overall, the most important indicators for the propensity of organic matter
to decomposition as a consequence of drainage identified in the present study were more aliphatic
structures in the HAs. There would appear to be therefore a positive feedback loop of drainage and
the consequent vulnerability of soil organic matter to decomposition.

In this context, the analytical methods of thermal analysis together with optical densities and
paramagnetic behaviour can be said to be suitable and effective tools for characterizing the origin and
formation process of HAs in various environmental properties.
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Abstract: As direct digital manufacturing, 3D printing (3DP) technology provides new development
directions and opportunities for the high-value utilization of a wide range of biological materials.
Cellulose nanofibrils (CNF) and polylactic acid (PLA) biocomposite filaments for fused deposition
modeling (FDM) 3DP were developed in this study. Firstly, CNF was isolated by enzymatic
hydrolysis combined with high-pressure homogenization. CNF/PLA filaments were then prepared by
melt-extrusion of PLA as the matrix and CNF as the filler. Thermal stability, mechanical performance,
and water absorption property of biocomposite filaments and 3D-printed objects were analyzed.
Findings showed that CNF increased the thermal stability of the PLA/PEG600/CNF composite.
Compared to unfilled PLA FDM filaments, the CNF filled PLA biocomposite filament showed an
increase of 33% in tensile strength and 19% in elongation at break, suggesting better compatibility for
desktop FDM 3DP. This study provided a new potential for the high-value utilization of CNF in 3DP
in consumer product applications.

Keywords: melt extrusion; 3D printing; cellulose nanofibrils; biocomposite filaments; physical property

1. Introduction

From aerospace engineering to the maker communities, 3D printing (3DP), as a form of direct
digital manufacturing and additive manufacturing, has gained exponential growth in a variety
of fields during the last few decades [1-5]. Many have found promising potential in its mass
adoption resulting in products such as furniture and architectural design that use various 3DP
technologies. Among them, the apparel and textile fields have already been using 3DP in footwear and
accessory products that require less flexibility in the 3DP materials applied [6]. Considering the unique
advantages of design efficiency and customization in 3DP, some industry brands and professional
designers and engineers have been exploring its integration into more wearable textile and apparel
products [7,8]. Through unique 3D computer-aided design (CAD) techniques and approaches [9,10],
garments developed with 3DP components are now much more versatile and even resilient towards the
human body’s movements and fitting. However, few examples are found for the use of a sustainable
material base in 3DP-integrated textiles and apparel. Currently, the textile and apparel industry has
recognized the negative environmental effects of fiber and fabric production processes, all of which
can often involve extensive toxic or biologically modifying reagents [6]. Further, there is a challenge
with regards to efficiency and cost in recycling and upcycling postconsumer textile and apparel
products [11,12]. Therefore, it is essential that new fabrication technology, such as 3DP, adopts more
environmentally sustainable approaches and materials.

Although researchers have begun to explore recycled 3DP materials [13], biocomposite materials
used in desktop fused deposition modeling (FDM) 3DP are expected to also become highly impactful
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in the development of bio-based materials for consumer products [2]. The biomaterials are often
derived from wood or agricultural waste. Polylactic acid (PLA), commonly made using corn starch
and sugar cane has been one of the FDM thermoplastic options. However, as the 3DP technology
rapidly advances to integrate into fields like textiles and apparel, conventional virgin PLA filament
can no longer meet the need for diverse products. To improve the physicochemical properties of
PLA for FDM 3DP, some researchers have begun to introduce biomass raw materials into the PLA
matrix. The addition of microcrystalline cellulose (MCC) as a reinforcing material to the PLA matrix
has improved the crystallinity and the strength of the composite material as compared to that of virgin
PLA [14,15].

Further, nanocellulose has also been studied as a key additive to strengthen PLA. It is produced
from natural cellulose. Its low density, ultra-fine structure, and high strength properties are attractive in
the field of reinforcing materials [16]. In a small proportion, nanocellulose can improve the PLA matrix
in crystallinity, mechanical properties, degradability, etc. [17]. Scholars have further recognized that
3D printing with nanomaterials could be used in leveraging greater control in fundamental material
properties, providing multifunctionality and custom geometry to product needs [18]. Wang et al. [19]
prepared micro-nanocellulose using a colloid mill and combined it into the PLA matrix at a relatively
high proportion. The developed composite filament had a higher tensile strength.

Additionally, the preparation of nanocellulose is critical in composite development and mainly
includes chemical, mechanical, and biological methods [20—22]. Nanocellulose prepared by a
concentrated sulfuric acid hydrolysis is poor in thermal stability due to the introduction of sulfate half
ester groups [23]. Nanocellulose can also be prepared by high-pressure homogenization with long
fibers as raw materials. Mechanical homogenization requires high energy consumption. Moreover,
the high-pressure homogenizer was occasionally blocked by the long fiber, which led to the failure
to discharge. This limitation still exists in the PLA/cellulose nanofibrils (CNF) composite technique
when applied to 3D printing processing. Particularly, the uniform dispersion of nanocellulose into
the PLA matrix is a real challenge that will significantly affect the printability of the fabricated
composite filament [24] and the physical properties of 3D-printed architectures. In addition, PEG, as a
plasticizer, commonly used in the melting process for polymers, is another important factor involved
in biocomposite fabrication.

In this study, the enzymatic hydrolysis of MCC was used to a pretreatment step for high-pressure
homogenization. The obtained CNF was freeze-dried. The PLA/CNF composite filaments for 3DP
were prepared by melt-extrusion as shown in Figure 1. The properties of the composite filament were
characterized and its printability with an FDM 3D printer was verified. The kinetic thermal behavior of
the CNF filled PLA filaments were systematically investigated in our previous study [25]. The purpose
of this study is to develop CNF filled PLA biocomposite filaments for 3D FDM printing with CNF as
the filler, polyethylene glycol 600 (PEG600) as the smoothing agent, and virgin PLA granules as the
host matrix. The isolated CNF was tested through morphological studies. The PLA/CNF composite
specimens were evaluated in thermal, mechanical, and water absorption tests. The best-performing
PLA/CNF composite specimen was extruded into 3DP filament and then used in 3D printing for
prototype objects.
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Figure 1. Cellulose nanofibrils (CNF) powder: (a) composite filament extruded on Wellzoom desktop
extruder; (b) composite filament (1.75 mm diameter); (c) specimen in printing on M3036 FDM desktop
3D printer; (d) 3D-printed specimen with 10% and 35% infill; (e) 3D-printed specimen monkey face
with 40 mm/s printing speed and 100% infill (f).

2. Results

2.1. CNF Morphological Observation

As can be seen from the TEM images (Figure 2c), the CNF was successfully isolated with 10 passes
using enzymatic hydrolyzed MCC. The length of the CNF was in the range of a few hundred nanometers
and 1 micron and the diameter was less than 50 nm. This indicated that CNF can be obtained via
the combined enzymatic hydrolysis and high-pressure homogenization techniques. The CNF has a
large number of hydroxyl groups and a high surface area, thus, a great tendency to form networks
during freeze-drying, as shown in Figure 2d. The mechanically milled CNF exhibits a similar network
structure (Figure 2e).

The CNF prepared by enzymatic hydrolysis and high-pressure homogenization showed good
homogeneity in length and diameter as determined by the statistical analysis of the TEM images.
A large CNF fibrous network structure can be seen in the SEM and TEM images. Dried CNF forms
complex three-dimensional network structures. The high-pressure homogenization process destroys
part of the crystalline structure, resulting in a decrease in the crystallinity of the developed CNF [20].
FTIR spectra (Figure 2a) show typical IR bands for the cellulose structure. The peak at 3450 cm™! was
attributed to the O-H group stretching vibration. The peak at 2900 cm™! was derived from the C-H
stretching, while the peak at 1060 cm ™! was attributed to the vibration of C-O-C in the glucose ring [26].
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Figure 2. FTIR Spectrum of microcrystalline cellulose (MCC) and CNE. (a) TEM images of enzymatic
hydrolysis of cellulose with high-pressure homogenization under different scales. (b) and (c) after
10 passes through the homogenizer. FE-SEM micrographs of CNF at a magnification of 20,000 (d) after
freeze-drying and (e) after mechanical dispersion (following freeze drying).
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2.2. PLA/CNF Thermal Stability Analysis

In our study, PEG600 is not only working as a plasticizer but also as an adhesive in the filament
preparation procedure. The CNF and PLA particles with PEG600 can be homogeneously mixed at a
temperature above the PEG600 melting point (1722 °C). The CNF/PEG600 mixture stuck to the PLA
particles when the temperature dropped below the melting point of the PEG600. Without PEG600,
the dispersion of CNF in the PLA particles is a real challenge for the single screw extruder. High-quality
filaments cannot be prepared without the addition of the PEG600 using the single screw extruder,
and only the filaments with high quality are suitable for further analysis.

In Table 1 the weight loss temperature at 5% wt. of mass loss (T5%) was used as the initial
decomposition temperature because we decided that is more reliable than Topset. In the TG and DTG
curves of the MCC and CNF the peak at 100 °C due to the adsorbed water can be observed (Figure 3a).
The values of Tso,, T10%, T50%, and Tymax for the CNF are lower than that of the MCC, suggesting that
the thermal stability of the CNF is lower than that of the MCC (Table 1).
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Figure 3. TGA analysis of MCC and CNF: (a) TG curves, (b) DTG curves; TGA analysis of virgin
polylactic acid (PLA) and composites with different wt.% CNF: (¢) TG curves and (d) DTG curves.
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Table 1. Weight loss temperature of MCC, CNFE, PLA, PLA/PEG, and PLA/PEG/CNF composites.

Specimen * Tonset(°C) Ts59,(°C) T19%(°C) Ts500,(°C) Tymax(°C)
MCC 353 301 340 371 372
CNF 321 257 292 362 369
PLA 311 308 316 340 346
PLA/PEG 295 267 284 321 330
PLA/PEG/CNF 1 wt.% 320 298 312 350 361
PLA/PEG/CNEF 2.5 wt.% 311 290 304 344 352
PLA/PEG/CNEF 5 wt.% 302 273 288 328 335

*: PLA/PEG/CNF 1 wt.%, PLA/PEG/CNF 2.5 wt.%, PLA/PEG/CNF 5 wt.% means CNF loading were 1, 2.5 and
5 wt.%, respectively.

Compared to composites with and without PEG600 (Figure 3c-d), the thermal stability of the PLA
with PEG600 is lower than the virgin PLA. This suggests that the small molecule PEG600 can alter the
thermal behavior of the PLA [27], making the intermolecular heat transfer faster and accelerating the
break of the molecular chain. Table 1 shows that the virgin PEG600 composite began to decompose at
267 °C, which contrasts with the PLA/PEG600/CNF composite’s initial decomposition temperature that
is higher, up to 298 °C at 1 wt.% CNF. Also, the composite’s Tse, appears to improve when the CNF is
at 1 wt.% that decreases to 273 °C than when the CNF is at 5 wt.%, which is still higher than the virgin
PLA and PEG600 composite. The thermal stability of the composite shows the tendency of rising at a
low CNF addition and declining as the CNF wt.% increases that suggests the CNF proportion increase
results in the gradual change of the composite’s thermal degradation behavior.

The DTG curves (Figure 3d) show that the PLA/PEG600/CNF composite’s maximum rate of
weight loss starts at 361 °C and tends to decrease as the CNF wt.% increases. The best thermal stability
was found for composites with 1 wt.% of CNF addition.

2.3. PLA/PEG600/CNF Composites Mechanical Performance Analysis

Figure 4a shows the tensile strength of the PLA/PEG600/CNF filaments. The addition of PEG600
increased the elongation at break and reduced the tensile strength of the PLA filament. This is due to the
plasticizing effect of PEG600. The mechanical properties of the composite material first increased and
then decreased with the increase of the CNF content. The maximum mechanical stability was observed
at 2.5 wt.% loading. The CNF can be well-dispersed in the PLA matrix thanks to the compatibilizing
effect of the PEG600, and the hydrogen bonds could be formed among CNEF, PLA, and PEG600,
leading to the increase in the tensile strength and elongation at break. When the CNF content is low,
the cross-linked structure of the CNF is loose in the composite system, which has little effect on the
mechanical properties. When 5 wt.% of CNF is added, the CNF can be partially agglomerated in
the PLA matrix, and this becomes a defect point in the composite material. The specimen’s cross
section was analyzed by FE-SEM (Figure 4b—e). Compared to the high, flat surface of the virgin PLA,
the cross-section of the various CNF composites appeared increasingly uneven with fibrous structures.
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Figure 4. (a) Tensile properties of PLA/PEG/CNF composites with different CNF loading; (b) FE-SEM
micrographs of cross-section of virgin PLA; (c) PLA/PEG/CNF 1 wt.%; (d) PLA/PEG/ CNF 2.5 wt.%,;
(e) PLA/PEG/CNF 5 wt.%. Scale bar = 10 um.

2.4. PLA/PEG600/CNF Composites Water Absorption

Although water absorption may harm the structural stability of the specimen, it may also have
a positive effect on the biodegradability. Since CNF is hydrophilic, it is vital to determine the water
absorption rate. In water absorption results, the specimens showed a slight weight increase during
the 96 h of the experiment (Figure 5). Overall, compared to the virgin PLA, the composites with CNF
at various wt.% showed a similar trend, and absorption of water was the fastest in the first 24 h and
stabilized afterward around hour 48 of the experiment. The higher the wt.% of CNF, the higher the
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water absorption rate of the specimen. Furthermore, the virgin PLA/PEG600 composite reflects a
drastic increase in water absorption rate as compared to neat PLA. The water absorption rate increased
gradually with the increase of CNF content because the cellulose surface contains a large number
of hydrophilic hydroxyl groups. The terminal hydroxyl groups in PEG600 may also affect water
absorption rate. Because PEG600 can alter the formation of crystallites of PLA, it allowed more
water molecules to bond with hydroxyl groups in the composites” structure, thus increasing the water
absorption rate. PLA degradation is water-based. Thus, the improvement in the water absorption rate
may enhance the PLA degradation rate.
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Figure 5. (a) Water absorption rate of virgin PLA; (b) PLA/PEG; (c¢) PLA/PEG/CNF 1 wt.%;
(d) PLA/PEG/CNEF 2.5 wt.%; () PLA/PEG/CNF 5 wt.%.

3. Discussion

3.1. Filament Extrusion and 3D Printing

The PLA/PEG/CNF 2.5 wt.% filament was tested in 3D-printed prototypes (Figure 1b,c). Overall,
the resulting filaments revealed a smooth surface with improved properties compared to the
conventional PLA filament. It suggests the compatibility of this kind of material in desktop FDM
3D printing. In evaluating the surface quality of the composite filament, the developed prototypes
(Figure 1b,c) are compared in a simple strip design with 10% and 35% fill rates. The outcome with the
higher fill rate (35%) showed higher compactness than the sparse texture in the lower fill rate (10%)
prototype, which can be suitable for application needs. In the more complex structure (Figure 1f),
the outcome surface remained smooth, and no clogging occurred in the printer nozzle during the
printing process.

In terms of the tensile strength and elongation at break for the final filament, the results show that
the maximum tensile strength and elongation at break of the PLA/PEG600/CNF composite filaments
range from 19.5% to 33.8%, which is higher compared to the pure PLA filament [28]. Two aspects are
vital in developing the CNF filled PLA filaments: (1) PEG600 served as a plasticizer in improving the
composite’s compatibility. In the post-enzymatic reaction, the higher-pressure homogenized CNF leads
to a larger surface area of CNF. Therefore, mixing of the PEG600 with the CNF allowed the additives
to blend with the PLA granules more efficiently. It is important to note that PEG600 also provides
lubrication in the final filament extrusion. (2) When the CNF wt.% is low (2.5 wt.%), the composites
resulted in a looser crosslinked structure that provided minimal impact on the composite’s final tensile
strength. On the contrary, when the CNF is high (5 wt.%), the CNF is not able to evenly disperse in
the PLA matrix, which leads to agglomeration and weakness of tensile strength. Compared to the
pure or conventional PLA, the final PLA/PEG600/CNF composite filaments show the maximum tensile
strength and elongation at break of 33.8% and 19.5%, respectively.
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3.2. Preparation CNF and PLA/PEG600/CNF Composites

To develop high-quality PLA-based composites, several factors are critical.

1) The 2-stage preparation procedure for CNF is prerequisite for the later effective composite
mixing. The combined use of enzymatic hydrolysis and high-pressure homogenization enabled efficient
CNF modification. Further, previous research has resulted in visible granules in the specimens with
high CNF concentration. This may become one of the major limiting factors in the PLA composite’s
development [29]. Therefore, the mechanical pretreatment for freeze-dried composite is critical to
increase the material dispersion and reduce agglomeration in the PLA composite.

2) The unique use of PEG600 is very important in achieving high performance in the final filament
extrusion and 3D printing. The CNF developed already shows higher water absorption and thermal
stability. After adding PEG600, these qualities were further enhanced.

3) The CNF used in composite development is often customized but limited in the preparation
techniques or recipes in former studies. Previous research [30] employed fine wood powders to mix into
the PLA that resulted in a rough and uneven texture. Here, the mixing of the PEG600 is much simpler
and cheaper, and largely reduces the need for industrial processing to achieve an even composite
mixture. In addition, the properties of the CNF produced by different techniques vary greatly, so it is
critical to ensure the stability and quality of the CNF for 3D-printing-related applications.

3.3. Textile and Apparel Product Applications

In the textiles and apparel fields, ready-to-wear products and experimental explorations using FDM
3DP are currently limited to thermoplastic materials that are not biodegradable. The PLA/PEG600/CNF
biocomposite filament developed in this study indicates great potential for more renewable material in
future 3DP-integrated wearables in several ways: (1) Based on the mechanical performance measures,
the increased tensile strength and elongation at break provides a foundation for potential 3D-printed
structures that can be used in textiles and apparel [7,8]. Many of the currently available filament
options for FDM printing have limitations in the material’s overall resilience and durability for comfort
considerations. For complex or detailed textile or apparel 3DP structures, it is also important to
test the mechanical responses in filament form and outcomes from different printing directions [30].
(2) The hydrophilic nature of the CNF helps to enhance the quality of the developed biocomposite and,
more importantly, allows the later coloring or dying post-processing to be more accessible for varying
the 3D-printed parts in textile and apparel products.

At alarger scale, (4) the PLA/PEG600/CNF biocomposite filament has the potential of providing
a naturally derived material for consumer products and allows higher efficiency in post-consumer
recycling and upcycling. (5) It also promotes compatibility in combining with other natural fiber-based
traditional fabrics in other applications and design possibilities. However, a limitation still exists in
achieving the market-ready quality filament for wearable products. In previous filament explorations,
scholars have pointed out the limitations in processing, cost, consistency, volume reliability, and high
lead time in nanocomposite production [18]. Further investigation must be conducted to perfect the
techniques for higher production yield, as well as its economic performance for various applications.

4. Material and Methods

CNF was produced from microcrystalline cellulose (MCC) from the Qu Fu Tian Li Medical
Supplement Corporation (Qufu, China). Cellic CTec2 (cellulase cocktail, enzyme blend) was obtained
from Novozymes (Suzhou, China), while PEG600 and virgin PLA (4032D) were purchased from
Sinopharm Chemical Reagent Limited Company (Shanhai, China) and Natureworks (Minnetonka,
MN, USA), respectively. The density of PLA was 1.24 g.cm ™2 and it had a melting point in range of 155
to 170 °C [31].
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4.1. CNF Isolation

A 2-stage process was utilized in the CNF preparation. First, the MCC was mixed with acetic
acid-sodium acetate buffer solution (pH = 4.6) in 10 wt.% consistency, and 0.5 mL cellic CTec2 (cellulase
cocktail, 128 FPU/mL) per gram MCC was added. The enzymatic hydrolysis was kept in a 50 °C water
bath for 2 h and inactivated in an 80 °C water bath for 30 min. The resulting cellulose suspension was
vacuum filtrated and washed with deionized water. The filtered cellulose suspension was diluted into
2% solid content and homogenized 10 times at 80 Mpa (AH-BASIC, ATS Engineering Co. Ltd., Jiangsu,
China). The homogenized cellulose suspension was finally pre-frozen, freeze-dried, and milled to
pass through a 300 mesh (Herb Grinder 2, Yongkang Boou hardware products Co. Ltd., Zhejiang,
China). The morphology of the resulting CNF was tested with a Tecnai F30 TEM and a Hitachi 7800F
FE-SEM. The FTIR spectra of the isolated CNF were determined with a Fourier-transform infrared
instrument (Nexus 470, Nicolet Instruments, Offenbach, Germany) in transmission mode. Freeze-dried
CNF samples were ground and pelletized using KBr and the spectra were recorded in the range from
400 to 4000 cm™1,

4.2. PLA/CNF Composite Development and Testing

4.2.1. Preparing the PLA/CNF Composite

The lab for filament extrusion is not air conditioned. The temperature of the lab was around
0 °C in winter. PEG600, which is in a solid state at 0 °C, was heated to liquid form and added into
the PLA granules at 4% loading to provide a more even and well-blended consistency. CNF powder
was then added at three different wt.% (1, 2.5, and 5) to the final granule mixture for refrigeration
(Figure 1a). The PLA/PEG/CNF mixture was melt-extruded using a Wellzoom desktop single screw
extruder specially designed for manufacturing 3D printing filaments by Shenzhen Si Da Technology
Limited (175 °C at mixing region and 170 °C at extrusion region). The speed of the single screw
extruder was set to 35 rpm. A 1.8 mm round hole is arranged at the front of the cooling water tank to
control the diameter of the filament and the speed of the extractor was tuned manually according to
the speed of the extruder. The resulting filament was maintained with a diameter of 1.75 + 0.05 mm
and was air-cooled and water-cooled. Total of five specimens (virgin PLA, PLA/PEG, PLA/PEG/CNF
1 wt.%, PLA/PEG/CNF 2.5 wt.%, PLA/PEG/CNF 5 wt.%) were used in the following tests.

4.2.2. Thermal Stability

The specimen (~5 mg) was analyzed in an alumina crucible by thermal gravimetric analysis (TGA)
for its thermal stability using the temperature range of 30-600 °C at a heating rate of 10 °C/min under
nitrogen atmosphere, and the gas flow rate of 20 mL/min.

4.2.3. Mechanical Performance

Tensile strength was measured with a JF-9003 tensile tester by Dongguan Jianfeng Instrument
Limited with a gauge of 50 mm, and a speed of 5 mm/min. Filaments with various formulations were
tested at least 5 times each and the average value was reported.

4.2.4. Water Absorption

The specimens were first oven-dried at 60 °C for 48 h and weighted, and then submerged in PBS
buffer (Phosphate-buffered saline) with pH 7.4 for 24 h at room temperature (20 °C). The specimen was
then surface-cleaned with absorbent paper and weighted with an analytical balance (Sartorius TE214S
with an accuracy of 0.1 mg, Goettingen, Germany). The water absorption rate was calculated using the
following equation [32]:

water absorption rate = [(My — M;)/M;] x 100% 1)

182



Molecules 2020, 25, 2319

Here, the M; represents pre-absorbent mass, and M, is the post-absorbent mass. The results were
reported as an average of two measurements.

4.2.5. 3D Printing and Evaluation

The fabricated filaments were used in printing prototypes for evaluation. The M3036 FDM desktop
3D printer by Shenzhen Technology Limited Co. and Cura slicing software was used to process the
CAD models. As for the 3D printing processing, a 0.4 mm nozzle was used. The extruder temperature
and printing speed were set as 210 °C and 40 mm/s, respectively. A simple model sample was compared
at different fill rates (10%, 35%), and a complex model sample was printed for printability evaluation.

5. Conclusions

In this paper, PLA/PEG600/CNF biocomposite filaments were developed and tested for desktop
FDM 3D printing. The CNF was prepared using a 2-stage technique involving enzymatic hydrolysis
with high-pressure homogenization. PEG600 was added to the composite to improve material
performance. The final PLA/PEG600/CNF composite material was extruded to 3DP filament and
printed into prototypes. With a CNF content of 2.5 wt.%, the test results showed that the composite
filament can meet the requirements of desktop FDM 3D printing. The water absorption rates of CNF
composites may indicate good structural stability in a humid environment. The study further pinpoints
some valuable properties for applications in the highly prospected textiles and apparel industry.
The potential advantage in using the biodegradable 3DP composite in relevant products could lead to
higher energy-efficient processing in product recycling and upcycling. Traditional fabric customization
by 3D printing may be possible with less labor-intensive processing and could be explored in a future
study. Further studies should evaluate the functional and comfort properties and potential of the
3D-printed parts, particularly in different textile and apparel product integrations. Additionally,
the effects of infill structures in the 3D-printed parts should be considered for different functional
applications. Future studies can also expand to the fields of architecture, interiors, and packaging
applications. More efforts in structural design, 3D printing process optimization, and post-processing
are needed to increase the mechanical performance in nanosized natural fiber-reinforced PLA filament
and 3D-printed products.
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Abstract: Aliphatic polycarbonates represent an important class of materials with notable
applications in the biomedical field. In this work, low Tg furan-functionalized bio-based aliphatic
polycarbonates were cross-linked thanks to the Diels—Alder (DA) reaction with a bis-maleimide as
the cross-linking agent. The thermo-reversible DA reaction allowed for the preparation of reversible
cross-linked polycarbonate materials with tuneable properties as a function of the pendent furan
content that was grafted on the polycarbonate backbone. The possibility to decrosslink the network
around 70 °C could be an advantage for biomedical applications, despite the rather poor thermal
stability of the furan-functionalized cross-linked polycarbonates.

Keywords: polycarbonates; furan-maleimide; Diels-Alder; bio-based; fatty acids

1. Introduction

Aliphatic polycarbonates (APC) raise considerable interest in the last decades for their specific
characteristics i.e., biocompatibility and biodegradability [1]. Different routes can achive their synthesis,
but these polymers are mainly synthesized by ring-opening polymerization (ROP) of cyclic carbonate
monomers allowing for a good control over the polymer’s microstructure [2]. The advantage of
designing functional polycarbonates when compared to traditional polytrimethylenecarbonate (PTMC)
lies in the modulation of their physico-chemical properties for specific needs, thus broadening
and improving their performance characteristics. Functional polycarbonates can be synthesized by
direct polymerization of a functional monomer or by post-polymerization chemical modification [3].
Besides, the use of APC from renewable resources, such as vegetable oils, is very interesting due to
environmental concerns and also to seek new functionalities [4].

In addition, polycarbonate networks with elastomeric properties are desirable for a large number
of biomedical applications, particularly in the emerging field of soft tissue engineering or drug
delivery [5-10]. Thus, several research groups have studied various cross-linking methods for obtaining
polycarbonate materials [11-16]. However, the main disadvantage of these cross-linked materials is
their inability to be reformed or recycled. As a result, the development of self-healing polymers has
been a very active area of research over the last decade [17-21]. In 2013, the World Economic Forum
even named self-healing materials among the top 10 emerging technologies and could be of interest
in many areas, such as protective coatings, biomedical applications, piping, and electronics [18,22].
Various stimuli can be employed to activate the reversibility of the transformation. Nevertheless,
temperature and light are the two stimuli, which are most commonly used in the synthesis of
“stimuli-responsive” self-healing materials.

A thermal process is convenient and effective for the treatment of materials and it can be easily
implemented to any object. As a result, heat-induced reversible reactions are attractive for building up
thermal-responsive self-healing materials. The most studied thermally reversible reactions are based
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on the Diels—Alder (DA) chemistry. The latter has been widely used in macromolecular chemistry and
mostly based on the furan/maleimide chemistry [23-32].

Therefore, the purpose of this investigation is to synthesize new, thermally reversible,
polycarbonate networks via Diels—Alder and retro-Diels—Alder reactions. The general method
is based on the synthesis of low Tg polymers containing dangling furan groups, followed by their
Diels-Alder cross-linking with an appropriate bis-maleimide cross-linking agent.

First, the grafting of pendent furan moieties will be detailed on a fatty acid based polycarbonate.
Subsequently, the thermal reversibility of the cross-linking will be demonstrated. Finally, the influence
of the cross-linking density on the polycarbonate properties will be studied.

2. Results and Discussion

2.1. Grafting of Furan Moieties on the Polymer

Aliphatic polycarbonate P(NH-Und-6CC) was used as the starting materials, since its synthesis
by ROP of NH-Und-6CC is well-controlled and it can be performed on a multi-gram scale according o
already published protocols (see Supplementary Materials for the full protocols) [16,21].

Therefore, the first task was the preparation of a furan-functionalized polycarbonate. Thiol-ene
click chemistry appears to be straightforward to graft a desired functionality onto the polymer backbone,
thanks to the available terminal unsaturation on each monomer unit.

The thiol-ene reaction between P(NH-Und-6CC) and the commercially available furfuryl
mercaptan was performed at room temperature in ethanol at 2 mol L™ for 8 h under UV irradiation
(365 nm) (Scheme 1). DMPA was used as a radical initiator. The mixture was irradiated through an
optical fiber (365 nm) to improve the conversion and decrease the reaction time. Additionally, three
equivalents of furfuryl mercaptan with respect to C=C double bond were added for the same reasons.
The polymer was recovered by precipitation in cold methanol.

o) 3eq EC;)_/SH
P’LO/\/\O{n

o%o
HN._O Ethanol
)g DMPA, 365 nm, 8h, RT Jj révr
P(NH-Und-6CC) =
\_4 f,-P(NH-Und-6CC)

Scheme 1. Experimental procedure for the preparation of furan-functionalized P(NH-Und-6CC).

"H NIMR spectroscopy followed the thiol-ene reaction for 8 h (Figure S1). The disappearance of
the characteristic signals of the terminal double bond (5.0 and 5.8 ppm) and the appearance at 2.50 ppm
of the proton in o position of the sulfur atom (towards the polymer chain) enable the monitoring of
the reaction. The signal at 2.25 ppm (integrated for 2) of the protons in « position of carbonyl from
the amide group was taken as an internal reference to determine the furan content in the copolymer,
thanks to the ratio of the peak at 2.25 and 2.50 ppm.

The evolution of the furan and the double bond content in the polycarbonate was plotted as
a function of time (see Figure 1). The polymer displayed a moderate reactivity towards furfuryl
mercaptan, since only 85 mol% of furan was grafted on the polycarbonate backbone after 8 h of reaction.
However, the amount of furan that is grafted on the polycarbonate backbone can easily be adjusted by
varying the reaction time. In addition, one can assume that the higher the furan content, the higher the
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cross-linking density. Thus, this control of the furan content is interesting to investigate the influence
of the cross-linking density on the network properties.
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Figure 1. Kinetic profile of the P(NH-Und-6CC) functionalization by furan moieties.

"H NMR characterized the resulting 85 mol% furan-functionalized polycarbonate,
fg5-P(NH-Und-6CC) (see Figure 2). All of the peaks were assigned confirming the structure of
the furan-functionalized polymer.
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Figure 2. 'H NMR of fg5-P(NH-Und-6CC) in CDClj,

Various polycarbonates were synthesized with different targeted furan contents while using the
kinetic master curve. Table 1 summarizes the results.

First, it is noteworthy that the furan content is in a good agreement with respect to the kinetic
profile (1). Tgs of these polycarbonates (Figure 1) range from 23.1 to —59.6 °C as a function of the
furan content increase. Such a Ty decrease can be explained by the flexibility that the sulfur atoms
introduced to the polymer chains. In addition, the SEC traces (Figure S2) indicated that the polymer
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molar masses increase is proportional to the furan content and testified no apparent degradation of the
polymer during the grafting reaction.

Table 1. Characteristics of fy-P(NH-Und-6CC) with pendent furan moieties.

Reaction Time  Furan Content M, P o
Polymer (h) 2 (mol®) & m?)l*) [p]°P Tg (°O) €
P(NH-Und-6CC) 0 0 5700 1.07 23.1
f31-P(NH-Und-6CC) 1 31 6200 1.15 —6.6
f51-P(NH-Und-6CC) 2 51 6650 112 -135
feo-P(NH-Und-6CC) 4 69 7300 1.19 -49.0
fgg-P(NH-Und-6CC) 12 88 7850 122 -59.6

2; Determined by 'H NMR; P: Determined by SEC in THF (PS Std); <: Determined by DSC at 10 °C min~" from the
second cycle (see Figure S3).

Therefore, several pendent furan-containing polycarbonates have been successfully synthesized.
The reversible cross-linking will now be investigated thanks to the introduction of a bis-maleimide as
cross-linking agent.

2.2. Reversible Cross-Linking and Reprocessability

The thermal reversibility of the cross-linking reaction was first demonstrated while taking
fg5-P(NH-Und-6CC) as starting furan-containing polymer. Scheme 2 summarizes the mechanism that
is involved in the cross-linking reaction.
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Scheme 2. Cross-linking reaction between fgs-P(NH-Und-6CC) and bis-maleimide.

The cross-linked polycarbonate material was obtained, as follows. The polymer
fg5-P(NH-Und-6CC) was dissolved in chloroform (CHCl3) at 1 g mL~! in a vial. The bis-maleimide
cross-linking agent was then added to the previous solution (0.5 equiv., with respect to furan groups)
and the mixture was homogenized by vortex stirring until a clear yellow solution appears (the color is
due to the bis-maleimide molecule). The vial was closed tightly and then heated up to 60 °C for 10 min.

The warm solution was poured in a Teflon mold and the chloroform was allowed to gently
evaporate overnight at room temperature. A cross-linked film was obtained (Diels—Alder reaction)
and was dried under reduced pressure for several hours to remove the traces of chloroform.

Placed in chloroform, this cross-linked polycarbonate should be back in solution upon heating
at 90 °C for 10 min. (retro-Diels-Alder reaction). Figure 3 shows the solubility of the polymer after
heating at 90 °C and the formation of an insoluble network when the solution is cooled down to room
temperature. These transformations can be done several times in a row without any decomposition of
the polymer.

FT-IR analysis was performed to demonstrate the reversibility of the cross-linking reaction
(Figure 4). First, de-cross-linking of the material was followed by increasing the temperature (2 °C/min)
(Figure 4a). The decreasing of the characteristic DA cyclo-adduct peak at 1190 cm™! confirms the
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de-cross-linking reaction. Once thede-cross-linking of the material was achieved, the temperature was
allowed to slowly decrease (2 °C/min). The re-cross-linking reaction was followed by transmission
FT-IR (Figure 4b). This time, a significant increase of the DA cyclo-adduct peak was observed at

1190 cm™, highlighting the re-cross-linking reaction.

Room temp.

90°C

Figure 3. Thermo-reversible bio-based polycarbonate networks: from a soluble polymer solution
(left picture) to an insoluble network (right pictures).

(a) (b)
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Figure 4. FT-IR traces following (a) the de-cross-linking reaction upon heating and (b) the cross-linking
reaction upon cooling.

Figure S4 shows the stacked transmission FI-IR spectra of DA (de/re)-cross-linked
furan-containing polycarbonate. Some characteristic furan peaks, such as v(COC) at 1013 cm™
and v(C-H for mono-substituted furan) at 710 cm™!, decrease upon cross-linking and increase
after de-cross-linking. The v(COC) peak, for example, is clearly visible in the spectrum of
fg5-P(NH-Und-6CC). Its magnitude decreases upon the addition of the bis-maleimide cross-linking
agent (cross-linked fg5-P(NH-Und-6CC)). Directly after heating the sample at 120 °C, the magnitude
of this peak increases again as the furan groups are decoupled (de-cross-linked fg5-P(NH-Und-6CC)).
The peak disappears again after the sample has been cooled down at room temperature (re-cross-linked
fg5-P(NH-Und-6CC)). The reverse phenomenon is observed with the cyclo-adduct peak v(DA
cycloadduct) at 1190 em™1.

Both of the observations prove cross-linking and decross-linking take place via a reversible DA
reaction between the grafted furan groups and the added bis-maleimide cross-linking agents.

The film obtained with f5;-P(NH-Und-6CC) was cut in several pieces then re-mold in order
to demonstrate further the reprocessability of the cross-linked material, as illustrated in Figure 5.
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Subsequently, the mechanical properties of the reprocessed materials were compared to the pristine
ones to gauge self-healing behaviors.

Former material Cut material Re-processed material

Figure 5. Reprocessability of the cross-linked polycarbonate material.

Dynamic Mechanical Analysis (DMA) measured the temperature response of the material’s
mechanical behavior (Figure 6a). The moduli of the samples were determined while heating and
cooling at a controlled rate (4 °C/min.) with an oscillation frequency of 1 Hz and a strain of 0.04%.
The tensile tests at room temperature were also performed with a strain rate of 50 mm/min on three
samples (Figure 6b).

(a) (b)
—— Cross-linked f, -P(NH-Und-6CC) ——Cross-linked f, -P(NH-Und-6CC)
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Figure 6. Reprocessability testing: (a) dynamic mechanical analyses (DMA) traces and (b) Strain-Stress
traces of f51-P(NH-Und-6CC).

The DMA traces show that DA cross-linked polycarbonate, before and after two reprocessing,
display exactly the same mechanical behavior upon heating (Figure 6a). Indeed, the storage modulus
(E’), which largely determines the elasticity of the rubber, follows the same trend before and after
reprocessing. The cross-linked samples show high moduli (>1000 MPa) before 0 °C (glassy state),
with only a modest decrease upon heating. A broad glass transition is then observed from 0 °C
to 50 °C associated with a significant decrease of E’ upon heating. A drastic loose of mechanical
resistance appears after 70 °C, although a very narrow elastic plateau (E’ ~ 3 MPa) from 50 °C to
70 °C (rubbery state) is detected where the decrease of E’ is less marked, which testifies the start of the
retro-DA reaction (de-cross-linking of the material).

Following the same trend, the tensile tests prove that the reprocessing of the polycarbonate
materials does not affect its mechanical properties, such as young modulus, elongation at break,
and strain at break (Figure 6b).

The next part discusses the influence of the cross-linking density on the mechanical properties
of these materials, aving demonstrated the thermo-reversibility of the DA cross-linking and the
reprocessing ability of the so-formed cross-linked polycarbonates.
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2.3. Tuneable Network Properties

In this part, we aim at investigating the influence of several parameters on the thermo-mechanical
properties of the networks. For this purpose, the cross-linking procedure exposed in Scheme 2 was
applied to all the polycarbonates with different furan contents. The thermo-mechanical properties of
the DA cross-linked polycarbonates are summarized in Table 2.

Table 2. Thermo-mechanical properties of Diels-Alder (DA) cross-linked polycarbonate materials.

Pel::;:_}led Performed at 65 °C
Ta(s%) Tg Young Young . .
Furan R fi-Network  fy-Network Modulus Modulus Max Streess Elongatl:)n eal Gel Coontenl Swglll?g
Content coPb coe (MPa) ¢ (MPa) © (MPa) Break (%) (%) Ratio (%)
88% 108 4.6 31+2 53 17 70 96.5 238
69% 107 6.8 43+2 39 15 79 93.7 296
51% 110 13.4 90 + 15 2.7 13 98 96 318
31% 112 10.2 230 + 70 0.85 08 170 71 765

2 Calculated with 'H NMR. P Measured by TGA analysis. ¢ Measured by DSC analysis (see Figure S5). ¢ Calculated
with tensile tests at RT. ¢ Calculated with tensile tests at 65 °C.

Table 2 shows that the DA cross-linked polycarbonates are not very thermally stable. Indeed,
the decomposition of the networks starts at around 110 °C, which is just after the retro-DA reaction
temperature. Such a feature can be a limitation for these materials. Table 2 also indicates that the Tg of
the different cross-linked polycarbonates range from 4.6 °C to 13.4 °C. These values are not following
a trend with respect to the furan content grafted on the P(NH-Und-6CC). Indeed, the highest furan
content network (i.e., 88 mol%) that has potentially the highest cross-linking density, exhibits a Tg of
4.6 °C, while the network that was prepared from the linear precursor only containing 31 mol% of
furan moieties displays a higher Tg of 10.2 °C. At a first glance, this result seems to be not logical,
but while taking into account that the Ty of the polymer fgg-P(NH-Und-6CC) is —59.8 °C and those of
f31-P(NH-Und-6CC), —6.6 °C, the difference between the Ty of the network and the Tg of the linear
precursor is much more significant for high furan content samples.

Nevertheless, the mechanical properties of the networks evaluated at room temperature will be
influenced by the state of the material (rubbery or glassy) and not only by the cross-linking density,
due to these different Ty values.

Thus, the mechanical properties were tested at 65 °C, where all of the cross-linked polymers are in
a rubbery state and before the r-DA. Tensile tests were performed on the various cross-linked samples
(Figure 7a). The tensile strength, the Young’s modulus and the elongation at break were determined
from these tensile tests and averaged over four measurements (Figure 7b). These values are also
reported in Table 2. Figure 7 shows that the high furan-containing materials exhibit significantly higher
tensile modulus and lower elongation at break values when compared to those containing lower furan
moieties. This is typical, as high tensile moduli and low elongation values are indicative of material
with high cross-linking densities. Consequently, the cross-linking density increases as a function of the
dangling furan content in the former polycarbonate, as expected.

In addition, DMA measured the mechanical behaviour with temperature of the cross-linked
polycarbonates (Figure 8). The test was performed under the same conditions than mentioned previously.

Figure 8 confirms the results that were obtained by DSC i.e., the T slightly decreases with the
increase of cross-linking density. Additionally, the cross-linking density also influences the retro
DA reaction. Indeed, the DMA traces show that the higher the cross-linking density, the later the
retro-DA reaction. The slope of the curve corresponding to the rDA is also less steep, meaning that the
rDA reaction is slower.
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Figure 7. (a) Tensile tests performed at 65 °C for various polycarbonate materials and (b) the
corresponding Young’s modulus, max stress, and strain at break.
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Figure 8. DMA traces for cross-linked polycarbonates samples.

Finally, gel content and swelling ratio of the cross-linked materials provide information about
the cross-linking density. A high gel content combined with a low swelling ratio indicates that the
material is highly cross-linked. The gel fraction [33] was calculated according to

Gel fraction(%) = Z—Z x 100 1)

where 1, is the mass of dried (extracted) samples and m is the mass of the specimens before swelling.
Equation (1): Formula used to calculate the gel fraction.
The swelling ratio was calculated according to Equation (2), where m; is the mass of the swollen

samples in DCM.
M= 100 2)
mq

Equation (2): Formula used to calculate the swelling ratio.

Table 2 provides the gel contents and the equilibrium swelling ratios values of the networks.
The effect of the pendent furan content on the polymer can be clearly seen. The resulting polycarbonate
networks had greatly increased gel contents and decreased swelling ratios with increasing pendent
furan rings content. Indeed, the gel content of the network increases from 71% to 96.5% for 31 mol%
and 88 mol% of pendent furan content, respectively. Simultaneously, the swelling ratio of the
network decreased from 765% to 238% with the above-mentioned pendent furan content. As expected,
the cross-linking density is higher when high furan content is grafted on P(NH-Und-6CC).

Swelling ratio (%) =
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3. Materials and Methods

3.1. Materials

All of the products and solvents (reagent grade) were used as received, except otherwise mentioned.
The solvents were of reagent grade quality and they were purified whenever necessary according to
the methods reported in the literature. The polycarbonate, P(NH-Und-6CC) has been synthesized,
as previously described [21].

3.2. Characterization

'H and '3C-NMR spectra were recorded on Bruker Avance 400 spectrometer (400.20 MHz
or 400.33 MHz and 100.63 MHz for 'H and '3C, respectively, Bruker, Wissembourg, France) by
using CDCl3 as a solvent at room temperature, except otherwise mentioned. Two-dimensional
analyses, such as "H-'H COSY (COrrelation SpectroscopY), and 'H-1*C HSQC (Heteronuclear Single
Quantum Spectroscopy) were also performed.

Size Exclusion Chromatography (SEC) analyses were performed in THF (25 °C) on a PL GPC50
with four TSK columns: HXL-L (guard column), G4000HXL (particles of 5 mm, pore size of 200A,
and exclusion limit of 400,000 g/mol), G3000HXL (particles of 5 mm, pore size of 75 A, and exclusion
limit of 60,000 g/mol), G2000HXL (particles of 5 mm, pore size of 20 A, and exclusion limit of
10,000 g/mol), at an elution rate of 1 mL/min. The elution times of the filtered samples were monitored
while using UV and RI detectors and SEC were calibrated using polystyrene standards.

The differential scanning calorimetry (DSC) thermograms were measured using a DSC Q100
apparatus from TA instruments (New Castle, DE, USA). For each sample, two cycles from —80 to
100 °C at 10 °C min~! were performed and then the glass transition and melting temperatures were
calculated from the second heating run.

Thermogravimetric (TGA) analyses were performed on TGA-Q50 system from TA instruments
(New Castle, DE, USA) at a heating rate of 10 °C min~! under nitrogen atmosphere from room
temperature to 600 °C.

The dynamic mechanical analyses (DMA) were performed on RSA 3 (TA instrument,
New Castle, DE, USA). The sample temperature was modulated from —50 °C to 150 °C, depending on
the sample at a heating rate of 4 °C min~!.

Tensile tests were performed on a MTS Qtest 25 Elite controller (Cary, NC, USA) at room temperature.
The initial grip separation was set at 20 mm and the crosshead speed at 50 mm min~'. The results were
obtained from at least three replicates for each sample. Tensile test at 65 °C was also performed on one
sample while using the same procedure.

Strip-shaped specimens (0.6 mm thick, 0.5 mm width, 3 mm length) were placed in 10 mL of
DCM for 48 h to determine the equilibrium swelling ratios and gel contents. DCM was replaced once
after 24 h. We assume that this procedure ensured complete removal of the sol fraction. Subsequently,
the swollen gels were dried to constant weight at room temperature in vacuum and weighed.

3.3. General Procedure for the Synthesis of Furan-Functionalized fx-P(NH-Und-6CC)

In a round-bottom flask equipped with magnetic stirrer, P(NH-Und-6CC) (1 equiv.), furfuryl
mercaptan (3 equiv.) and DMPA (1 mol%) were dissolved in ethanol (2 mol/L™1). The reaction was
allowed to proceed at room temperature during the appropriate period of time under UV irradiation
through an optical fiber (365 nm). The solvent was removed to produce f,-P(NH-Und-6CC), which was
purified by precipitation in cold methanol (—63 °C, mixture liquid nitrogen/chloroform). The functional
polymer was obtained as waxy solid. Yield = 80-90%, depending on the degree of functionalization.

3.4. General Procedure for Polycarbonates Cross-Linking by Diels-Alder Reaction

The polymer fy-P(NH-Und-6CC) was dissolved in chloroform (CHCl3) at 1 g mL™! in a vial.
The bis-maleimide cross-linking agent was then added to the previous solution (0.5 equiv. with respect

195



Molecules 2020, 25, 74

to furan groups) and the mixture was homogenized by vortex stirring until a clear yellow solution
appeared. The vial was closed tightly and then heated up to 60 °C for 10 min.

The warm solution was then poured in a Teflon mold, and the chloroform was allowed to gently
evaporate overnight at room temperature. A cross-linked film CL-f,-P(NH-Und-6CC) was obtained
and then dried under reduced pressure for several hours to remove traces of chloroform. DSC, TGA,
DMA, and tensile tests characterized the obtained cross-linked film.

3.5. General Procedure for Polycarbonates Decross-Linking by Retro-Diels—Alder Reaction

Placed in chloroform, the cross-linked polycarbonate CL-f,-P(NH-Und-6CC) was heated at
90 °C for 10 min. The retro-DA reaction occurs and the polymer is dissolved in the chloroform.
These transformations can be done several times in a row without any decomposition of the polymer.

4. Conclusions

To conclude, several furan-containing polycarbonates were synthesized via the thiol-ene reaction
between P(NH-Und-6CC) and furfuryl mercaptan. The content of dangling furan rings that were grafted
on the polymer backbone can be tuned by monitoring the reaction time. Such furan-functionalized
polycarbonates were then cross-linked thanks to the Diels-Alder reaction with a bis-maleimide as
cross-linking agent. The reversibility of the cross-linking reaction was proven by FT-IR analyses.
Moreover, cross-linked polycarbonate materials have been reprocessed twice without altering their
mechanical properties. Finally, the thermo-reversible DA reaction affords the preparation of reversible
cross-linked polycarbonate materials with tuneable properties as a function of the pendent furan
content that was grafted on the polycarbonate backbone.

While, the poor thermal stability of the furan-functionalized cross-linked polycarbonates represent
a hindrance for other applications, the possibility to decrosslink the network around 70 °C could be an
advantage in biomedical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/1/74/s1,
Experimental procedure to synthesize P(NH-Und-6CC), Figure S1: Stacked TH NMR monitoring the reaction
between furfuryl mercaptan and P(NH-Und-6CC); Figure S2: SEC traces in THF of fx-P(NH-Und-6CC) as a
function of furan content; Figure S3: DSC traces of furan-functionalized P(NH-Und-6CC); Figure S4: FT-IR
absorption spectra of furan-containing polycarbonate and DA (de/re)-cross-linked furan-containing polycarbonate;
Figure S5: DSC traces of cross-linked furan-functionalized P(NH-Und-6CC); Figure S6 TGA traces of cross-linked
furan-functionalized P(NH-Und-6CC).
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Abstract: Nowadays, polyols are basic chemicals for the synthesis of a large range of polymers,
such as polyurethane foams (PUF), which are produced with several other compounds, such as
polyisocyanates. During the last decades, the oleo-chemistry has developed several routes from
glycerides to polyols for the polyurethanes (PU) industry to replace mainly conventional fossil-based
polyols. A large range of biobased polyols can be now obtained by epoxidation of the double bonds
and ring-opening (RO) of the subsequent epoxides with different chemical moieties. In preliminary
studies, the RO kinetics of an epoxidized model molecule (methyl oleate) with ethanol and acetic
acid were investigated. Subsequently, polyols that were derived from unsaturated triglycerides
were explored in the frame of e.g., PUF formulations. Different associations were studied with
different mono-alcohols derived from epoxidized and ring-opened methyl oleate while using several
ring-openers to model such systems and for comparison purposes. Kinetic studies were realized
with the pseudo-first-order principle, meaning that hydroxyls are in large excess when compared
to the isocyanate groups. The rate of isocyanate consumption was found to be dependent on the
moiety located in 3-position of the reactive hydroxyl, following this specific order: tertiary amine >>
ether > ester. The tertiary amine in 3-position of the hydroxyl tremendously increases the reactivity
toward isocyanate. Consequently, a biobased reactive polyurethane catalyst was synthesized from
unsaturated glycerides. These approaches offer new insights regarding the replacement of current
catalysts often harmful, pungent, and volatile used in PU and PUF industry, in order to revisit
this chemistry.

Keywords: kinetics; epoxide; ring-opening; biobased; polyurethane foam; catalyst

1. Introduction

The polyurethane (PU) is a very versatile family of polymer that is mainly obtained by polyaddition
between polyols and polyisocyanates [1]. PUs can be used in various forms to fulfill different
applications for a worldwide market of $50 Billion in 2016 due to the multiplicity of their structures.
With more than 60%, foams are the largest part of this market, with segments including the furniture,
bedding, insulation, building, or construction materials. Foams are elaborated through a complex
formulation that is based on polyols, polyisocyanates, blowing agent, and several other additives [2,3].
Commercial foams are mainly formulated with fossil-based components. However, increasing foams
are obtained from renewable resources nowadays.

The abundance and versatility of vegetable oils are the key points for replacing petrochemical
products in polymer synthesis and developing very promising renewable compounds while using
a well-established oleo-chemistry. During the last decades, starting from unsaturated triglycerides,
extensive research [4-6] has been performed to obtain new macromolecular architectures. Multiple
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strategies were developed to obtain polyols from unsaturated glycerides for the PU industry [7] (i) the
hydroformylation and ozonolysis, followed by a catalytic reduction is developed at an industrial
scale, (ii) the transesterification, (iii) the introduction of hydroxyl groups via double-bonds with
microorganisms is promising [8], and (iv) the epoxidation of the double bonds and subsequent
the ring-opening (RO) of the epoxides. The last way keeps the initial glyceride structure, and the
opportunity to synthetized different polyols structures, even at an industrial level.

In the case of vegetable oils and fats, the epoxide is mainly di-substituted and, consequently, less
reactive than a terminal one. Nevertheless, several different types of reagents can be considered for the
RO, such as amines [9-11], alcohols [12-14], carboxylic acids [15,16], or hydrogen halides [17,18]. The
epoxidation procedure is carried out while using a short carboxylic acid [19]. Although it is not fully
new, for instance, few publications are focused on the study of the RO kinetics of epoxide by acetic or
formic acid [20,21].

The presently studied way to obtain PUs from poly-unsaturated triglycerides contains three steps:
1. Epoxidation of double bonds, 2. RO reaction, and 3. Polymerization with polyisocyanate. In our
study, the polyunsaturated triglycerides were modeled by a fatty ester only containing one double-bond:
methyl oleate. The double bond was chemically converted into epoxide by a peracetic acid that was
formed in situ. The objective of this preliminary study was to understand the acid-catalyzed RO of
disubstituted epoxide. To do so, a new kinetic method that was based on Nuclear magnetic resonance
(NMR) was developed to monitor the epoxide RO reaction. Subsequently, it was applied to the kinetic
study of acid-catalyzed RO reactions of epoxidized methyl oleate. In the second part of this paper, the
reactivity of different alcohols (models) that were obtained from RO of epoxidized fatty esters with
various conditions was compared in the frame of PU synthesis. The model-alcohols were synthesized
by the RO of the epoxide, with acetic acid, ethanol, hydrogen halide, or diethylamine.

2. Materials and Methods

2.1. Materials

Fatty Acid Methyl Ester of Very High Oleic Sunflower Oil (FAMEVHOSO) with 3.32 mmol double
bond/g was kindly supplied by the ITERG group (Canéjan, France). The FAMEVHOSO is composed of
83% of oleic acid. Table S1 presents the distribution of fatty methyl esters of unsaturated FAMEVHOSO.
Glacial acetic acid (AA), toluene (99%), HyO;, 30%, ethyl acetate (99%), and ethanol (99.9%) were
obtained from Fisher Scientific (Illkirch-Graffenstaden, France). Amberlyst® 15H (strongly acidic
cation exchanger dry), Amberlite® IR120H (strongly acidic hydrogen form), CDCls, phenylisocyanate
(98%), dibutylamine (DBA) (99.5%), HBr (48% in water), HCI (37% in water), and diethylamine (99%)
(DEA) were provided by Sigma-Aldrich (Saint-Quentin-Fallavier, France). Ethanol absolute (EtOH)
was purchased from VWR (Briare, France). All of the chemicals were used without any purification.

2.2. Epoxidation of FAMEVHOSO

According to a previously described protocol [22], 200 g of FAMEVHOSO (0.66 mol, 1 eq), 50 g
of Amberlite® IR 120H (25 wt% of FAMEVHOSO) were introduced in a 1 L three-neck flask that was
equipped with a reflux condenser, a magnetic stirrer, and a dropping funnel. 20 mL of acetic acid
(0.35 mol, 0.5 eq) and 200 mL of toluene were added. The mixture was heated to 70 °C under vigorous
magnetic stirring. Afterwards, 90 mL of H,O, 30% (1.15 mmol, 1.7 eq) was added dropwise by the
dropping funnel for 30 min. to prevent overheating and epoxide RO. The mixture was heated at
70 °C for 7 h additional hours. At the end, the mixture was recovered in 500 mL of ethyl acetate. The
Amberlite® IR 120H was filtered off. The organic phase was washed with saturated NaHCO; solution
until neutral pH. Afterwards, it was washed with brine solution, dried with anhydrous sodium sulfate,
and then filtered. The solvent was evaporated under reduced pressure. The epoxidized FAMEVHSOSO
(EVHOSO) was dried overnight in a vacuum oven at 40 °C. The yield was 90 mol%.
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2.3. Ring-Opening of EVHOSO with Acetic Acid

The reaction was carried out in a round bottom flask that was equipped with a reflux condenser
and a magnetic stirrer. The flask was filled with 50 g of EVHOSO 3.05 mmol epoxide/g, (0.24 mol,
1 eq) and 100 mL of acetic acid (2.8 mol, 11.5 eq). The mixture was stirred at 90 °C for 7 h. At the end,
the mixture was recovered in 300 mL of ethyl acetate. The organic phase was washed with saturated
NaHCOj; solution until neutral pH. Subsequently, it was washed with brine solution, dried with
anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure.
The ring-opened EVHOSO with acetic acid (EVHOSO-AA) was dried overnight in a vacuum oven at
40 °C. The yield was 82 mol%.

2.4. Ring-Opening of EVHOSO with Ethanol

The protocol was adapted from a previously published work [23]. The reaction was carried out in a
round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask was
filled with 50 g of EVHOSO 3.05 mmol epoxide/g, (0.15 mol, 1 eq) and 2 g of Amberlyst® 15 H. 100 mL of
ethanol (1.7 mol, 11.5 eq). The mixture was stirred at 70 °C for 9 h. At the end the mixture was recovered
in 300 mL of ethyl acetate. The organic phase was washed with saturated NaHCOj solution until neutral
pH. Subsequently, it was washed with brine solution, dried with anhydrous sodium sulfate, and then
filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with ethanol
(EVHOSO-EtOH) was dried overnight in a vacuum oven at 40 °C. The yield was 92 mol%.

2.5. Ring-Opening of EVHOSO with Diethylamine

The protocol was adapted from a previously published work [24]. The reaction was carried out
in a round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask
was filled with 5 g of anhydrous ZnCl; (0.5 eq). 25 g of EVHOSO 3.05 mmol epoxide/g (76 mmol,
1 eq) was dissolved in 20 mL of diethylamine (193 mmol, 2.5 eq). The solution was added in the flask.
The mixture was stirred at reflux for 15 h. At the end, the mixture was recovered in 300 mL of ethyl
acetate and deionized water. The organic phase was washed with saturated NaHCOj; solution until
neutral pH. Afterwards, it was washed with brine solution, dried with anhydrous sodium sulfate, and
then filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with
diethylamine (EVHOSO-DEA) was dried overnight in a vacuum oven at 40 °C. The yield was 90 mol%.

2.6. Ring-Opening of EVHOSO with Different Hydrogen Halides

The reaction was carried out in a round bottom flask that was equipped with a reflux condenser
and a magnetic stirrer. The flask was filled with 25 g of EVHOSO 3.05 mmol epoxide/g (76 mmol,
1 eq) dissolved in 15 mL of acetone. The halogen halide (1.5 eq) was added dropwise for 15 min.
to avoid overheating. The mixture was stirred at room temperature for 30 min. At the end, the
mixture was recovered in 300 mL of ethyl acetate and deionized water. The organic phase was washed
with saturated NaHCOj3 solution until neutral pH. Subsequently, it was washed with brine solution,
dried over anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced
pressure. The ring-opened EVHOSO with hydrochloric acid (EVHOSO-HCI) or hydrobromic acid
(EVHOSO-HBr) was dried overnight in a vacuum oven at 40 °C. The yield was 99 mol%.

2.7. Kinetic Study of Epoxide Ring Opening with Ethanol

In a typical procedure, 0.5 g of EVHOSO (1.7 mmol, 1 eq) and between 4 to 20 wt% (depending
on the experiment) of Amberlyst® 15H in a 50 mL round bottom flask was heated to the desired
temperature while using a hot plate that was equipped with magnetic stirring. When the temperature
was attained, 3.8 mL of absolute ethanol was added (65 mmol, 38 eq). A few drops of the reaction
mixture were taken at different reaction times and recovered in ethyl acetate and washed two times
with water to remove any trace of acid. The solvent was evaporated on a rotary evaporator. The drops
of oil were recovered with CDCl3 and analyzed by NMR.
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2.8. Kinetic Study of Urethane Formation

In a typical procedure, 3 g of VHOSO-AA (7.2 mmol, 11.5 eq) was introduced in a round bottom
flask that was equipped with a magnetic stirrer. The flask was heated to the desired temperature. The
flask was put under vacuum for 15 min. and then flushed with argon. 1 mL of a 0.62 mol/L solution
of phenyl isocyanate in toluene was introduced. The conditions were set to avoid any contact with
humidity or another nucleophile. The isocyanate content ([NCO]) over time was determined by taking
aliquots of 0.4 mL quenched by a DBA solution. [NCO] was determined by potential titration of the
excess of DBA by an acid.

2.9. Kinetic Model of Ring-Opening

2.9.1. Mechanism of Ring-Opening

The RO of the epoxide is catalyzed by acid [25], as shown in Scheme 1. The nucleophilic attack is
favored by the enhancement of the electrophilic character of epoxide group carbons. The nucleophilic
species can be alcohol, carboxylic acid, water, hydrogen halide, etc.

Epoxide activation

. /O _ H* _ B'+
e = Ri——\R.

Nucleophilic attack:

H+
(Nu,  + 0

R2
H R Ri—4 <R~ o R1H
R

Scheme 1. General mechanism of an acidic catalyzed nucleophile ring-opening (RO).

The reaction forms a secondary hydroxyl and another group, depending on the nature of the
nucleophile. Reactions with acid groups, such as carboxylic acid or halogen halide, are self-catalyzed.

2.9.2. Kinetic Equations

The activation step that is presented in Scheme 1 is considered to be fast. Subsequently, the
nucleophilic attack is the rate-determining step. The acid catalyzed RO rate is described by Equation (1):

r =k [Ep]® * [B]f + [Cat]® 1

where k is the reaction rate constant, [Ep] is the epoxide concentration, [B] the RO reagent concentration,
[Cat] the catalyst concentration, and «, f and 6 are the respective partial orders. The consummation of
epoxide over time, depending on the reaction rate, is written as Equation (2):
d[E
- _ o g« (8 < ) @
The kinetic parameters were determined while using a pseudo-first order assumption [26]. The
nucleophile (B) was in large excess as compared to the epoxide groups (Ep). Subsequently, the
concentration of the nucleophile ([B]) was considered to be constant during the reaction. Furthermore,
the catalyst is regenerated along the reaction, [Cat] is a constant over time. When considering these
hypotheses, the rate of reaction that is expressed in Equation (2) is transformed in Equation (3):
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E
- d% = Kapp * [EF’}O{ 3)

where kg is a constant, as expressed in Equation (4):

kupp = k= [B]ﬁ *