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ABSTRACT

A novel biobased latex was synthesized by redox initiated emulsion copolymerization of ethoxy
dihydroeugenyl methacrylate with 5 wt.% of a photosensitive methacrylate containing a
coumarin group. A stable copolymer latex having 16 wt.% solids content and a particle size of 53
nm was obtained. The copolymer had a Tg of 29 °C and was soluble in acetone. Coatings were
obtained and the effect of UVA irradiation was tested: the light-induced crosslinking of the
copolymer by [2 + 2] cycloaddition of the coumarin pendant moieties was demonstrated by UV-
visible spectroscopy. As a consequence of UVA-induced crosslinking, the copolymer became
insoluble in acetone. The copolymer latex was combined with hemp-derived nanocellulose to
obtain composite self-standing films, by simple mixing in aqueous medium followed by casting,
evaporation of water and hot pressing. The composite films were also successfully crosslinked
by [2 + 2] cycloaddition, with an enhancement of barrier properties. The water vapor
transmission rate of the crosslinked composite films with up to 45 wt% nanocellulose was 5
times lower than that of the hemp nanocellulose film, while further addition of nanocellulose

increased permeability.

INTRODUCTION

The use of polymeric materials in several applications enhancing the quality and comfort of
modern life has become widespread, although often at the cost of environmental damage and
health hazards related to energy intensive and polluting production processes, exploitation of
fossil resources, and incorrect waste disposal habits. The use of renewable resources, including

upcycling of waste and valorization of biomass, the adoption of eco-friendly production



processes, and the design of new materials coupling durability with sustainable end-of-life
options, are key strategies for solving these issues.

A great effort is ongoing to enlarge the platform of available biobased raw materials, including
those derived from waste biomass through different refining and extraction processes. Cellulose,
the most abundant natural polymer, can be extracted in the form of nanocellulose, i.e. nanofibrils
or nanocrystals, from a wide variety of lignocellulosic biomasses, including, besides wood,
abundant agricultural residues such as rice husks'?, corn stover™ or hemp stems’ .
Nanocellulose shows in dry conditions remarkable mechanical and gas barrier properties, which
are however dramatically affected in humid environments®. A well-recognized strategy to
improve the water resistance of nanocellulose is to combine it with polymers’. Among polymeric
materials, polymer networks, obtained via thermal or photoinduced crosslinking, offer distinct
advantages, such as improved chemical resistance, absence of creep, and durability. Particularly,
crosslinking processes induced by light exhibit remarkable energy efficiency and low volatile
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organic carbon emissions'™'"; furthermore, the exploitation of renewable carbon'*"

and the
development of photoinitiator-free'* or reversible'® reactions are underway for further improving

their safety and environmental friendliness.

Due to the polar nature of its molecular structure, rich in surface hydroxyl groups forming
inter- and intra-molecular hydrogen bonds, nanocellulose tends to aggregate when mixed with
non-polar monomers or oligomers'®. Complex solvent mediated procedures or surface
modification of nanocellulose were thus developed to improve dispersion and compatibility with
non-polar polymers'’. Waterborne polymer latexes offer a simple and environmentally
convenient alternative as they can directly be mixed with nanocellulose in water suspensions.

Synthesis of latexes from renewable resources has already been reported in the literature, but



mainly from vegetable oils, sugars or terpenes'®. Although there have been some recent works on
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cardanol, vanillin, ferulic acid or eugenol derivatives , including those of our team™ ~°, the
emulsion polymerization of biobased aromatic monomers remains underdeveloped, in particular

the synthesis of aromatic copolymers.

An interesting option for imparting to polymer latexes the ability to form crosslinks is the
introduction in the polymer structure of moieties able to dimerize upon irradiation with UV light,
without the need for photoinitiators. Coumarin, a natural aromatic compound which can be
extracted from several plants®® dimerizes via a photochemical [2+2] cycloaddition. This reaction,
known since the early 1900’s>’, has in the last few decades been engineered in polymers to
prepare light responsive networks®®. Some works reported the photocrosslinking of polymer latex
particles exploiting coumarin functional groups, introduced by copolymerization or post-
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polymerization  functionalization Self-healing photo-responsive cellulose nanocrystal-

modified fluorinated polyacrylates containing coumarin derivatives were synthesized by
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Pickering emulsion polymerization®' >,

In addition, few examples of partially biobased
photoresponsive polymer networks with coumarin functional groups have been reported®*>.

However, to the best of our knowledge, coumarin-containing biobased polymer latexes

photocrosslinkable via [2+2] photocycloaddition have not been widely investigated so far.

In previous work, we proposed the synthesis of a copolymer latex of ethoxy dihydroeugenyl
methacrylate (EDMA) with 1 wt.% coumarin methacrylate (CouMA) by redox initiated emulsion
polymerization; the latex was used to prepare composite films reinforced with wood-derived
microfibrillated cellulose, whose oxygen permeability was investigated *°. The introduction of
coumarin moieties in the polymer backbone was found to decrease the oxygen permeability of

the non-crosslinked composites, while only a slight further decrease was obtained by



crosslinking, possibly owing to low crosslink density. Extending this preliminary study, in the
present work we synthesized an EDMA-based copolymer latex with a higher coumarin content,
to allow for a higher crosslink density, performed its physico-chemical characterization and
studied its crosslinking via [2+2] cycloaddition. We then prepared composite films with different
weight fractions of hemp nanocellulose, prepared by our group to valorize an abundant local
agricultural residue consisting of low-quality bast fibers separated from stalks discarded from
plants harvested for oil and seeds’. We crosslinked the composites by exposure to UV light to
produce insoluble materials, and we finally investigated the properties of the crosslinked

composites, with particular focus on water vapor permeability.

EXPERIMENTAL SECTION

Materials. (4-methyl)coumarin-7-yl methacrylate (CouMA, Specific Polymers); ethylene
carbonate (98%, Aldrich), 1,5- diazabicyclo[4.3.0]non-5-ene (DBN, 98%, Aldrich), methacrylic
anhydride (94%, Aldrich), sodium dodecyl sulfate (SDS, >99%, Aldrich), potassium persulfate
K5S,0s, (KPS, >99.0%, Aldrich), sodium metabisulfite Na,S,0s (SMBS, 99%, Aldrich), sodium
bicarbonate NaHCOs3 (99.7%, Aldrich), and dichloromethane (DCM, >99%, VWR) were used as
received. Deionized water (DI water, | uS cm ') was obtained using a D8 ion exchange
demineralizer from A2E Affinage de L’Eau. 2-(2-methoxy-4-propylphenoxy)ethyl methacrylate
(Ethoxy Dihydroeugenyl MethAcrylate, EDMA) monomer was synthesized from
dihydroeugenol (2-Methoxy-4-propylphenol, 98%, Aldrich) as described in previous work®’.

Emulsion copolymerization of EDMA with CouMA. The emulsion copolymerization of
EDMA with CouMA (Scheme 1) was carried out in a 50 mL double-walled jacketed glass
reactor with a U-shaped glass stirring rod, adapting the procedure previously published for the

emulsion polymerization with redox initiation of EDMA monomer’"; the recipe is summarized in



Table 1. The monomer mixture (5.86 g) was prepared by dissolving CouMA (5 wt.%) in EDMA;
the mixture was purged under argon for 15 min, heating at 40 °C to allow for complete
dissolution of CouMA. K,S,0s was dissolved in 9 mL of DI water and placed aside. SDS,
NaHCO3, Na,S,0s5 and the rest of the DI water (27.5 g) were mixed, placed in the reactor, and
purged with argon for 30 min (Attention! Na,S,0s and NaHCO3 will produce gas when mixed).
The reactor was then heated to 40 °C and the mixture of monomers was added. Finally, 3 mL of
the previously prepared solution of K,S,0g were added in one shot and this was considered as t =
0. The rest of the K,S,0g solution (6 mL) was added over four hours at 1.5 mL/h, and the

polymerization proceeded under mechanical stirring at 200 rpm.
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Scheme 1 Emulsion copolymerization of EDMA and CouMA

Table 1. Recipe for redox initiated emulsion copolymerization of EDMA and CouMA

Ingredient MW Mass Equivalents mmol % wt '
(g/mol) (®

EDMA 278.35 5.5670 1.00 20.00 95.00

CouMA 244.25 0.2930 0.06 1.2 5.00

SDS 288.37 0.2344 0.041 0.81

K>S,05 270.32 0.1172 0.022 0.43

Na,S,05 190.11 0.1072 0.028 0.56




NaHCO; 84.00 0.1311 0.078 1.56
DI water 36.5493

"9% weight percent of monomers in the monomer mixture

Preparation of hemp nanocellulose and nanopaper. An aqueous suspension of hemp
nanocellulose (1.3 wt.% solid content) was obtained from non-aligned bast fibers from hemp
(Cannabis sativa L.) plants of the Carmagnola variety following a previously published
procedure’. The suspension was formed by nanofibrils with lengths of 100 — 300 nm and widths
of 5 — 12 nm, together with stacks of nanofibrils and larger micron sized fibers. A handsheet of
hemp nanocellulose, indicated in what follows as hemp nanopaper (HNP), with a thickness of 53
pm, was prepared’ between two precision woven nylon screening fabrics using a Rapid-Kothen
standard sheet former (Frank-PTI, Germany) and was used as reference.

Preparation of poly(EDMA-co-CouMA) / hemp nanocellulose composite films. Hemp
nanocellulose was diluted with demineralized water to a solids concentration of 1 wt.% by means
of a T 10 ULTRA-TURRAX" homogenizer (IKA-Werke GmbH & Co. KG) at approximately
20k rpm. Then, the desired quantities of hemp nanocellulose suspension were added dropwise to
the poly(EDMA-co-CouMA) latex while mixing using a magnetic stirrer for 10 minutes at 1000
rpm. The nanocellulose contents were 15 — 30 — 45 — 60 wt.% of nanocellulose (dry weight) with
respect to total solids (dry nanocellulose + copolymer). After degassing under vacuum, the
suspensions were cast on Petri dishes lined with a high-density polyethylene (HDPE) film and
allowed to dry at ambient conditions until no weight change was detected. The films were then
hot-pressed with a PEI LAB 150 P (Pinette Emidecau Industries) press at 80 °C with 2kN force
for 10 min. Part of the composite films was crosslinked by exposure to UV light: a Dymax 2000-
EC flood system equipped with a 400 W metal halide lamp (Dymax Corporation) with an

emission spectrum in the UVA-UVB range® (wavelengths between 280 nm and 410 nm), was



used. The light intensity was fixed at 35 mW cm™ during 20 min at a temperature of about 40
°C. The thicknesses of the obtained composite films ranged from 70 to 95 um, and within a film

the typical standard deviation for thickness was about Sum.

Insoluble content. A sample of material of about 10 mg was weighed (m;), wrapped in a
metallic mesh and soaked at room temperature for 24 h in 10 mL of solvent (acetone or toluene).

Then, after drying in an oven at 60 °C until a constant weight was reached, the final mass of the

sample was recorded (m,). The insoluble content (%) was calculated as 100 - %

NMR spectroscopy was performed on poly(EDMA-co-CouMA) with a Bruker Avance 400
MHz spectrometer at room temperature. The spectra were recorded by dissolving 0.1 mL of
sample in 0.5 mL of CDCl;.:

IH NMR spectrum (400 MHz, CDCls;, 6, ppm): 7.40 (m, 1H, H-Ar CouMA), 7.26
(CHCl3),7.03 (m, 2H, H-Ar CouMA), 6.66 (m, 3H, Hs36-Ar ), 6.18 (s,1H, H-Ar CouMA), 4.10
(m, 4H, OCH,CH,0OPh), 3.78 (s, 3H, CH30Ph), 2.45 (t, 2H, CH3CH,CH,Ph), 2.31 ppm (s, 3H,
CH;3C=CH,COO CouMA), 1.85 (m, 2H, OC=0OC(CH3)=CH,a,p), 1.56 (m, 2H, CH3;CH,CH,Ph),
0.97 (m, 6H, OC=0OC(CH3)=CHs0.,,3 and CH3CH,CH,Ph).

Fourier Transform Infrared (FTIR) spectroscopy was performed in Attenuated Total
Reflectance (ATR) mode with a Nicolet iS50 spectrometer (Thermo Fisher Scientific Inc) fitted
with an ATR-Smart Orbit accessory with a diamond crystal. The spectra were taken in the 550 —
4000 cm’™ range, with 32 scans per spectrum and a resolution of 4 cm™.

Dynamic Light Scattering (DLS). A Vasco 3 nanoparticle size analyzer (Cordouan
Technologies) was used for performing particle size measurements on the latex by dynamic light

scattering using the Cumulant model, at a temperature of 25 °C. The laser power, time interval,



and number of channels were adjusted to obtain a good autocorrelation function (ACF). Samples
for DLS measurements were prepared by diluting one drop of latex with 5 mL of DI water, and

the results are the average of 6 measurements.

UV-Visible spectroscopy. UV-Visible spectroscopy was performed by means of a JENWAY
6850 UV/Vis (Cole-Parmer, UK) UV-visible spectrophotometer in transmission mode. To avoid
saturation of the signal, polymer and composite layers, having thickness of about 10-20 um to
avoid saturation of the signal, were coated on the side of a quartz cuvette as explained in what
follows. The poly(EDMA-co-CouMA) latex was dried in an oven at 80 °C and then dissolved in
acetone at a 1.5 wt.% concentration. A drop of the acetone solution was cast onto the side of a
quartz cuvette, and acetone was evaporated in an oven at 40 °C prior to the analysis. Also,
composite samples with 15 wt.% cellulose were analyzed: the nanocellulose containing latex
suspension was further diluted with demineralized water, then a drop was cast on the side of the
cuvette and dried at 80 °C to obtain a composite thin coating. To this aim, the samples were
irradiated with UV light using a high-pressure mercury-xenon lamp Lightning Cure LC8 model
L9588-02A%, equipped with a flexible light guide and optional optical filters, A9616-07 or
A9616-11, allowing selecting a specific wavelength range (Hamamatsu Photonics K.K.). To
induce the photodimerization of coumarin moieties, favored at wavelengths longer than 300 nm,
irradiation was performed either using a A9616-07 filter with a transmittance wavelength 355-
375 nm (Amax = 365 nm, UV Aj3¢s) or through a polyethylene terephthalate (PET) foil transmitting
light above 307 nm (UVA and UVB). To assess the capability of coumarin dimers to revert to
their original form, after achieving photodimerization by UV Ases light irradiation, the coatings
were further irradiated with UVC light using an A9616-11 filter with a transmittance wavelength

230-250 nm (Apax = 248 nm, UVC). The LC8 lamp and the filters were manufactured by



Hamamatsu. An EIT Powerpuck® II radiometer was used to measure the light intensity that was
fixed at 36 mW cm™ for UVA irradiation and at 7 mW cm™ for UVC irradiation. UV-vis spectra
were taken after irradiating the samples for given time intervals. The intensity of the absorbance
at 318 nm was monitored to assess the extent of the photoreactions.

Differential scanning calorimetry (DSC) was carried out by means of a a Netzsch DSC 204
F1 Phoenix at a heating/cooling rate of 20 °C min"' under N, flux. The temperature range was
from -70 °C to 150 °C for the neat copolymer, and -70°C to 200°C for the composites. A heat—
cool— heat procedure was performed (with two cooling/heating cycles for the polymers and three
cooling/heating cycles for the composites), and the glass transition temperature (T,) was taken at
the inflection point of the glass transition step in the last heating cycle. The data obtained was
processed with Netzsch Proteus Analysis software.

Thermogravimetric analysis with evolved gas analysis (TGA-FTIR) was performed using a
NETZSCH TG 209 F1 Libra, increasing the temperature from 25 °C to 800 °C with a heating
rate of 20 °C min™', under a 20 mL min"' N, flux, to prevent thermo-oxidative processes. The
first derivative of the residual mass curve (DTG) was calculated to better resolve the main
thermal decomposition steps of the analyzed materials with Netzsch Proteus Analysis software.
For evolved gas analysis the TGA was coupled to a Bruker Optics GmbH Tensor II gas IR
module.

Scanning Electron Microscopy. Images of the surfaces and freeze-fractured cross-sections of
the composite films were taken using a ZEISS SUPRA 40 Field Emission Scanning Electron
Microscope (FESEM) equipped with a Gemini column (Carl Zeiss S.p.A.), with an acceleration

voltage of 3 or 5 kV. Prior imaging, the samples were coated with platinum to prevent charging.
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Wettability. The wettability of the films was investigated by static contact angle
measurements performed at room temperature by means of an FTA 1000C instrument (First Ten
Angstroms, Inc.) equipped with a video camera and image analyzer, using the sessile drop
technique. The probe liquids were water (5 pl drop) and hexadecane (3 pl drop). Several
measurements per liquid were performed on each sample placing the drops in different parts of
the sample surface.

Water vapor transmission rate (WVTR). The water vapor permeability of the crosslinked
composite films was assessed by means of a PERMATRAN W 3/33 analyzer (Mocon) having a
resolution of 0.0001 g m> day'l. The hemp nanopaper and a composite film with 30 wt.%
nanocellulose that was not subjected to crosslinking were also analyzed in the same way for
reference. The measurements were performed according to the ASTM F1249-13 standard, and
the test conditions were 38 °C = 1 °C and 50 + 3% or 90 + 3% relative humidity (RH). Prior to
test, following the ISO 291 standard, the materials were stored at 23 + 1 °C, 50 = 2% RH during
at least 48 h. The carrier gas was dry nitrogen with a flow of 10 mL min" and the exposed
sample surface was reduced to 1 cm’ using aluminum masks: with these conditions the
instrument’s measuring range for WVTR is from 0.25 to 500 g m™ day'. The instantaneous
WVTR value was recorded as a function of time; once a steady state was obtained, the WVTR of
each material was calculated as the average of the values recorded during 8 — 10 hours. Namely,
when the RH was set to 50 %, the WVTR was taken as the average of the values between the
40™ and 48™ hour of analysis for samples with nanocellulose contents up to 45 wt.%, and
between the 68™ and 78" hour of analysis for samples with 60 wt.% nanocellulose and for the

nanopaper. When the RH was set to 90 %, the average WVTR was taken between the 106™ and
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116™ hour of analysis. The WVTR values were then normalized to a thickness of 100 pm

(WVTR00) according to equation (3), where € is the thickness in um of the tested sample:

R - WVIR: Y )
RESULTS AND DISCUSSION

Synthesis and characterization of Poly(EDMA-co-CouMA) latex. The copolymerization

process followed was inspired by previous experiments executed by the team®*®

. As previous
work showed that double bonds present on the side chain of eugenol derivatives lead to
undesired premature crosslinking™®, the monomer ethoxy dihydroeugenyl methacrylate (EDMA),
which has no unsaturation on the alkyl chain, was chosen among eugenol derivatives for the
copolymerization with the photosensitive comonomer coumarin methacrylate (CouMA). The
weight ratio of EDMA to CouMA was set to 95 : 5; weight ratios of CouMA higher than 5 wt%
could not successfully be solubilized in EDMA at 40 °C. Both eugenol and 7-hydroxy-4-
methylcoumarin, the precursors of our methacrylated monomers, are natural molecules*'***. The
biobased contents of EDMA and CouMA, accounting for the methacrylation of the natural
compounds with non-biobased chemicals, are 63 wt% and 71 wt%, respectively. With the set 95
: 5 monomer weight ratio, the resulting biobased content of the copolymer is about 63 wt.% (see
calculation in Table S1). Emulsion polymerization was chosen as the technique to synthesize the
polymer due to the sustainability benefits that it could bring to the latex in terms of water as an

innocuous continuous phase (no contribution to VOC in the mixture). Using a redox initiation

system at a temperature of 40 °C allowed the use of significantly lower energy in comparison to
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thermal initiation: for most pure acrylates a conventional latex synthesis is carried out under

thermal initiation at 75 — 90°C.

The emulsion polymerization of EDMA and CouMA yielded a stable latex of poly(EDMA-co-
CouMA) at 16 wt.% solids content, with a diameter of 53 nm (D;, intensity-average particle
diameter measured by DLS). With the set 5 wt.% content of CouMA in the monomer mixture,
the expected average molar ratio of EDMA to CouMA moieties in the copolymer (n : m) is about
17 : 1. From the 1H-NMR spectra the copolymer structure was confirmed (see Experimental
section and NMR spectrum in SI, Figure S1), as well as the molar ratio of monomers. Moreover,

the methacrylic hydrogens (6 = 5.57 ppm and 6.13 ppm) were absent.

The FTIR spectra of poly(EDMA-co-CouMA), and of poly(EDMA) reported as reference, are

shown in Figure 1.

— poly(EDMA-co-CouMA)
= poly(EDMA)
s 1627 cm™ 1387 om”! 982 cm""
) : : :
& |
=
@
2
o
(%]
fe]
<
i | . | X 1 X 1
1800 1500 1200 900 600

Wavenumber (cm™)

Figure 1 FTIR spectra taken in ATR mode of poly(EDMA-co-CouMA) and of poly(EDMA),

characteristic signals of CouMA are indicated by dashed lines.

A strong absorption signal was present for both polymers at 1726 cm’ for the stretching of the

C=0 bonds on the methacrylic backbone; the carbonyl group of coumarin, absorbing at slightly
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higher wavenumbers, around 1760 cm™, was visible as a shoulder only for poly(EDMA-co-
CouMA). Other absorptions characteristic of the coumarin molecule were relatively weak, due to
the low amount of CouMA units in the copolymer: they were present at 1627 cm™ for C=C
stretching in the 3,4 position, 1387 cm™ and 980 cm™ for bending and rocking, respectively, of

C-H in the 2-pyrone structure®.

The latex was dried at 40 °C to prepare copolymer films for characterization. However, self-
standing films suitable for mechanical and permeability characterization could not be obtained:
the copolymer films cracked upon drying or when detached from the substrate. The copolymer
was completely soluble in acetone demonstrating the lack of any significant crosslinking that

would lead to the presence of an insoluble fraction (gel content).

The T, of the copolymer, measured by DSC, was 29 °C, thus slightly higher than the T, of 25
°C previously found for the homopolymer poly(EDMA), as shown in Figure S2. The
introduction of the coumarin derivative in the polymer chain also slightly increased thermal
stability, assessed by TGA in N, atmosphere (Figure 2): the Tq200, was 347 °C for poly(EDMA-
co-CouMA) while it was 334 °C for poly(EDMA); from the DTG (first derivative of the residual
mass curve) a main mass loss event was identified with Ty, = 375 °C for both polymers. The
FTIR analysis performed on of the evolved volatile products (Figure S3) for poly(EDMA-co-
CouMA) at Tpx showed signals in the 3100 — 2700 cm™ for hydrocarbons, 1800 — 1660 cm™ for
carbonyl functional groups, and distinct signals at 1630, 1609 and 1183 cm™ characteristic of the
aromatic and 2-pyrone structures, confirming that this corresponded to the thermal
decomposition of the polymer chain. A smaller decomposition event was present above 750 °C
where the FTIR spectra of the evolved gas showed the most intense bands in the 2400 — 2000

cm’! range for CO, and CO.
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Figure 2 Thermogravimetric analysis of poly(EDMA-co-CouMA) compared to poly(EDMA):

residual mass versus temperature curves and their first derivative (DTG).

Crosslinking of poly(EDMA-co-CouMA) via [2+2] photocycloaddition. Coatings cast on
the side of quartz cuvettes as explained in the experimental section were irradiated with UVA
light to induce crosslinking through [2 + 2] photocycloaddition of the coumarin moieties, as

depicted in Scheme 2.
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Scheme 2 (a) [2 + 2] photocycloaddition of coumarins; (b) poly(EDMA)-co-CouMA crosslinked

via [2 + 2] photocycloaddition

The advancement of the crosslinking reaction was followed by UV-visible spectroscopy. The
UV-visible spectrum of pristine poly(EDMA-co-CouMA) reported in Figure 3 (spectrum at 0
min of irradiation) showed two broad absorption bands in the 250 — 380 nm region. The band
above 300 nm, centered at about 318 nm, absent in the spectrum of poly(EDMA) (Figure S4), is
characteristic of the 2-pyrone structure of coumarins, while the band below 300 nm, centered at
about 280 nm, is characteristic of m—n* transitions of the aromatic structures present in both the
CouMA and EDMA moieties***. The decrease of the intensity of the signal at 318 nm during
irradiation with UVA reflects the opening of the 3,4 double bond in the 2-pyrone structure to

- T 45,46
form the cyclobutane ring when coumarin dimers are formed™

. The photocycloaddition of the
coumarin pendant moieties proceeded during irradiation with UVA. When light at 355 — 375 nm
(Amax = 365 nm, UV Ases) was used, the coumarin double bond reached an almost complete
conversion within 180 min (Figure 3a). The possibility to increase the crosslinking reaction rate
by irradiation in a wavelength range closer to the absorption maximum of CouMA (318 nm) was

also checked: when polychromatic light above 310 nm was used, the conversion was complete

already after 20 min (Figure S4).
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Figure 3. (a) UV-visible spectra of poly(EDMA-co-CouMA) latex irradiated with UV Aj3¢s light
with a 36 mW cm’ intensity for up to 180 min; (b) non-irradiated (right side) and UV Ases-
irradiated (left side) poly(EDMA-co-CouMA) latex films after immersion in acetone: the non-
irradiated film was completely soluble while the UV Aj¢s-irradiated film remained insoluble as

shown in the red circle.

To assess the possibility to obtain reversion of the [2+2] photocycloaddition reaction, latex
coatings previously crosslinked via UV Aj¢s irradiation were exposed to UVC light (Aynax = 248
nm, intensity of 7 mW cm™). Reversion to the pristine coumarin form was very limited and only
detected up to 30 s of UVC irradiation, slightly increasing when the previous irradiation with
UVAj6s5 had been performed for a relatively short time, e.g. 20 min, thus not reaching complete
conversion of CouMA moieties to the dimer form (Figure 4). Continuing the irradiation with
UVC for longer times, a degradation phenomenon, also observed for UVC-irradiated
poly(EDMA), appeared as indicated by the changes in the UV-vis absorption spectra shown in
Figure S4. Indeed, irradiation at 254 nm or shorter wavelengths was reported to lead to

photodegradation of polymethacrylate backbones”’.
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Figure 4. UV-vis spectra of poly(EDMA-co-CouMA) film irradiated first with UV Ases light
with a 36 mW cm™ intensity for 20 min (thick black line) and then with UVC light at 7 mW cm®
intensity for up to 75 s. The spectrum of the non-irradiated latex film is reported as reference

(dotted line).

After crosslinking with UV Ajgs, visually, the copolymer films developed a yellowish color,

"% Notably, crosslinking

that can be attributed to the formation of coumarin dimers
dramatically affected the solubility of the copolymer (as also qualitatively shown in Figure 3b):
while the non-irradiated copolymer sample was completely dissolved in acetone (insoluble
content was 1-3 wt.%), the insoluble content of the copolymer exposed to UV Aj;¢s irradiation at
36 mW/cm® for 20 min was already 75 wt.% while after 180 min of exposure it was found to be
93 wt.%, confirming an efficient crosslinking. On the contrary, the same irradiation treatment did
not affect the solubility of the homopolymer poly(EDMA), which was completely soluble in
acetone both before and after irradiation.

From DSC analysis, irradiation of the copolymer with UV A34s for 180 min resulted in a slight
broadening of the glass transition region, with a modest increase of T, from 29 °C before

irradiation to 33 °C after irradiation (see Figure S2). This may indicate that the network formed

was quite loose, as expected: in fact, a 5 wt% content of coumarin moieties corresponds to 1
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CouMA unit every 17 EDMA units, from which a maximum crosslink density of 10 mol cm™
may be obtained.

A comparison of the thermogravimetric analysis results obtained for the non-irradiated and the
irradiated copolymer (Figure S5) showed only minor differences, such as the shift at slightly
higher temperature of the small decomposition event present above 750 °C.

[2+2] photocycloaddition in the presence of hemp nanocellulose. The copolymer latex was
mixed with hemp nanocellulose to obtain composite materials: FESEM images of the
nanocellulose are shown in Figure S7. To monitor the dimerization of the copolymer’s CouMA
moieties in the presence of the nanocellulose filler, composite coatings, obtained by casting a
drop of diluted latex-nanocellulose suspension on quartz slides, followed by drying, were
subjected to irradiation with UV A;¢s light. The UV-visible spectra were recorded with increasing
irradiation times: in Figure 5 the spectra recorded for the composite with 15 wt.% nanocellulose
are reported. The dimerization proceeded to high conversion, within similar times as for the

filler-free copolymer.

0 min
20 min
30 min
60 min

180 min

Absorbance

260 280 300 320 340 360 380
Wavelength (nm)

Figure 5. UV-visible spectra of coatings of poly(EDMA-co-CouMA) containing 15 wt.% of

hemp nanocellulose, irradiated with UV As¢s light for different times.
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Characterization of composite films. Composite films with cellulose contents ranging from
15 to 60 wt.% (Figure 6) were prepared by simply mixing the latex with the diluted aqueous
nanocellulose suspension, casting and drying in an oven at 40 °C followed by hot pressing at 80
°C. As the cellulosic filler was 100% biobased, the composites had a high biobased content,
ranging from 69 wt.% to 85 wt.% (calculation in SI, Table S2). The films were self-standing but
fragile, particularly at the low nanocellulose contents. They were transparent, with a brownish
color imparted by the hemp nanocellulose. The colorimetric evaluation of the films is reported in

Table S3.

Figure 6. Photos of composites with weight fractions of hemp nanocellulose equal to: (a) 15

wt.%; (b) 30 wt.%; (c) 45 wt.%; (d) 60 wt.%.

When the films were irradiated with UV light as described in the experimental section to
achieve crosslinking, the irradiation caused a yellowing of the composites (see Table S3),
reflecting the observed yellowing of the copolymer matrix. The crosslinked composites were
completely insoluble in acetone and in toluene (insoluble content > 99 wt.%). As nanocellulose
is insoluble in acetone, an increase of the insoluble fraction proportional to the cellulose weight
fraction is expected for the crosslinked composites with respect to the unfilled crosslinked
copolymer. Being the insoluble content of the crosslinked copolymer around 93 wt.%, and the

cellulose content of the composites in the 15 wt.% to 60 wt.% range, insoluble fractions are
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expected to be between 94% and 97%. However, nanocellulose may physically interact in
several ways with the polymer chains and with the solvent: the fibrils network can either make
the polymer less accessible to the solvent or retain the polymer chains through secondary
interactions. As a consequence, there is a few percents increase of the insoluble content with
respect to the expected value.

The surface of both the non-crosslinked and crosslinked composites, observed by FESEM,
reflected the morphology of the nanocellulose (Figure S7): fibrils and stacks of fibrils of
different dimensions were visible. Comparing the micrographs of non-crosslinked and
crosslinked composites, a surface morphology change is evident, possibly due to combined effect
of shrinkage of the matrix °° and of microdefect healing upon photodimerization®'. The
observation of freeze-fractured cross-sections of crosslinked composites with 15 wt.% and 60
wt.% nanocellulose showed that the composites with the highest nanocellulose content had larger
porosity (Figure S8).

The strongest effect of irradiation on composite films was the change in water vapor barrier
properties. Measurements of water vapor transmission rate (WVTR) were performed on
composites before and after crosslinking, at 38 °C and two different relative humidity (RH)
conditions, 1.e. 50 % and 90 %. The WVTR of filler-free copolymer films could not be assessed,
as defect free self-standing films suitable for permeability measurements could not be obtained.
The WVTR of the hemp nanopaper at 38 °C and 50% RH was measured and taken as reference:
the value of 167 ¢ m™ day' measured for the 53 pm-thick handsheet, (corresponding to a
WVTR o of 89 g m™ day™) is in the range reported for MFC films>. Indeed, while common
paper, obtained from larger cellulose fibers, is highly permeable to water vapor, nanocellulose

sheets show, at low RH% conditions (RH<50%), moderate to low permeability to water vapor,

21



owing to the formation of a tight fibril network through hydrogen bonds, which is however
disrupted at high RH%. When measurements were performed on composite films before
crosslinking, already at 50 % RH their permeability was so high that the WVTR was above the
measuring range of the instrument, i.e. 500 g m™ day”. The barrier properties towards water
vapor of the non-crosslinked composites were thus much worse than those of reference
nanopaper, possibly owing to the presence of submicrometric pinholes (as shown in Figure S7),
and measurements at higher RH, where even higher permeability is expected, were not
attempted. In contrast, the WVTR of the crosslinked composites was in all cases measurable,
clearly indicating positive effect of crosslinking on barrier properties, consistent with the
observed microdefect healing. The results obtained for crosslinked composites are summarized
in Table 2, where for easier comparison all WVTR values are normalized to a thickness of 100
um (WVTR () according to eq. 3.

Table 2 Water vapor transmission rates normalized to a thickness of 100 um (WVTR ) of

crosslinked composites and hemp nanopaper.

Nanocellulose WVTR; 90 @ 38 °C 50 % RH WVTR; 90 @38 °C 90 % RH
(Wt.%) (gm” day™) (gm” day™)

15 18 274

30 22 -

45 15 350

60 117 -

100 (hemp nanopaper) 89 -

The WVTR (o values of the crosslinked films containing up to 45 wt.% of cellulose were in the

15— 22 g m™ day' range, therefore lower than that of the hemp nanopaper taken as reference,
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ie. 89 ¢ m™ day'l. The WVTR,( increased to 117, above the value measured for hemp
nanopaper, when the cellulose content was 60 wt.%: this abrupt increase may be ascribed to
interfacial defects or filler agglomeration appearing at high filler contents. Permeation of water
vapor across nanocellulose sheets happens through diffusion in the defective amorphous regions
of the fibrils and within the porous structure formed by the fibrils network®=*. Our hemp
nanocellulose fibrils, as reported in our previous study’, have a high degree of crystallinity, thus
are mostly impermeable to water vapor. When nanocellulose is dispersed in the polymeric
matrix, permeation of the water molecules takes place through the polymer as well as in the
interface regions between polymer and fibrils. The presence of well dispersed fibrils, as typically
achieved at lower cellulose contents, imparts tortuosity to the gas path, decreasing permeability;
on the other hand, at high nanocellulose contents, aggregates of fibrils or high matrix-fibril
interfacial area, where defects may act as preferential paths for permeation, increase
permeability.

When the RH was increased to 90 %, the WVTR ¢, measured for the crosslinked composites
containing 15 wt.% and 45 wt.% of nanocellulose, became 15 times and 22 times higher,
respectively. Thus, a larger impact of RH on the permeability was confirmed for higher cellulose
contents. Notice that this high sensitivity of WVTR to moisture is comparable to what was
reported for nanocellulose/PLA composites™, and lower than what was found in the case of
nanocellulose films>®®’. The WVTR,yo values obtained at 50% RH for the films with cellulose
contents up to 45 wt.% were lower than those reported for other barrier films obtained combining
microfibrillated cellulose (MEC) with other polymers, such as starch or beeswax coated MFC *®
or composites with photocured PEGDA or soybean oil epoxidized acrylate with comparable

MFC contents’ 9; furthermore the WVTR oo measured at 90 % RH, although higher than those
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reported for PLA and PCL ®, were lower than for e.g. cellulose acetate or cellulose acetate
propionate®”.
The contact angles of water and hexadecane were measured on the two faces of the

composites, and on the hemp nanopaper taken as a reference (Figure 7).
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Figure 7. Water (WCA) and hexadecane (HCA) contact angles on air side and mold side for
poly(EDMA-co-CouMA) based composites and for hemp nanopaper (HNP). Full symbols are

for non-crosslinked composites and hollow symbols for crosslinked composites.

The water and hexadecane contact angle for the hemp nanopaper were low, as expected, being
43° and 6°, respectively; for each test liquid similar values were measured on both sides of the
film as expected, as the nanopaper was manufactured between two identical nylon cloths. The
surface energy was estimated as 57 mN m™', which is in line with other values reported in
literature for nanocellulose films®>. The wettabilities of the composites, both before and after
irradiation, were affected by the presence of the non-polar polymer, as well as by that of the SDS
surfactant. Notably, the composites were cast on a HDPE-lined open mold, thus one side of the

film was exposed to air during drying (air side) and the other side was in contact with HDPE
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(substrate side): different values for the WCA were obtained for the air side and the substrate
side of the composite films, indicating a preferential arrangement of the components towards one
of the sides. On the air side the contact angle of water was similar for all composites, in the 52 -
58° range, while on the substrate side it decreased from 86° for the 15 wt.% composite to around
70° for the other composites. For composite with 15 wt.% nanocellulose the variability of the
contact angle was larger on the air side (standard deviation of 15°) than on the substrate side
(standard deviation of 7°). This large variability was attributed mainly to an inhomogeneous
presence of the SDS surfactant at the surface, as confirmed by infrared spectroscopic analysis:

S %% j.e. CH, asymmetric and symmetric stretching at 2916 cm™ and

characteristic bands of SD
2849 cm’', respectively, and S-O asymmetric and symmetric stretching at 1220 cm™ and 1080
cm’’, respectively, are very evident in the FTIR spectrum of the air side of the composite film
(cfr. Figure S9). Surfactants preferentially migrate to the interfaces between substances of very
different polarities: in the case of these composites the interfaces are between the nanocellulose
and the polymer and the surface of the film towards air. When nanocellulose concentration is
low, the interfacial area between microfibrils and polymer is smaller, thus a larger amount of
surfactant is free to migrate to the surface where it can segregate, forming islands. Indeed the 15
wt.% composite showed a larger difference between the WCA on the air side and that on the
substrate side than the other composites. Hexadecane contact angles for the composites were
always larger than for the nanopaper and had larger values for the lowest and highest
nanocellulose concentrations, on both sides of the composite films.

The thermal analysis of the composites performed by DSC (Figure S2) showed glass transition

in the same temperature region as for the unfilled copolymer and, in the first heating cycle only,
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the characteristic endothermic broad peak corresponding to evaporation of residual water. No
other transitions were detected.

Thermogravimetric analyses were performed on the composites, and on the hemp nanopaper.
As for the unfilled copolymer, only minor differences were detectable in the thermograms of the
composites after crosslinking with UV light. The results are summarized in Figure 8 for the non
crosslinked composites along with the thermograms of the pure copolymer and of the nanopaper

reported for reference. TGA analyses of crosslinked composites are available in SI (Figure S10).
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Figure 8 — Thermogravimetric analyses of the composites with 15 wt.% to 60 wt.% of
nanocellulose, and of non-filled poly(EDMA-co-CouMA) and hemp nanocellulose handsheet
reported as references in the insets: residual mass and first derivative (DTG) of the residual mass

curve.

The hemp nanopaper showed only one main weight loss event, at about 360 °C, very close to
the Thax of the copolymer (373 °C). The composite films on the other hand had more complex

weight loss patterns. At low temperatures two small weight losses appeared. The first one around
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100 °C may be assigned to the evaporation of residual water, as confirmed by the FTIR spectra
of the evolved gas (Figure S3), showing only a broad band above 3300 cm™, characteristic of O-
H stretching. A second small weight loss happened between 225 and 250 °C depending on the
cellulose contents, consistent with evaporation of SDS surfactant: only absorptions at 2932 and
2864 cm™ are evidenced in the FTIR analysis of the evolved volatiles. Two distinct mass losses
at temperatures above 300 °C were resolved up to 45 wt.% cellulose content. The first main mass
loss event was centered at temperatures shifting from 315 °C to 340 °C with cellulose content
increasing from 15 wt.% to 45 wt.%: it was attributed to the decomposition of nanocellulose. The
second main mass loss remained centered around 370 °C for all composites and was attributed to
the decomposition of the copolymer matrix. Indeed, at temperatures corresponding to the first
main weight loss, i.e. 300 — 350 °C, the FTIR spectra of the evolved volatile products showed
characteristic signals above 3500 cm™ (stretching of O-H), 3100 — 2600 cm™ (stretching of C-H),
2400 — 2200 cm™ (CO») , 1800 — 1650 cm™ (carbonyl groups) and 1130 — 1050 cm™ (C-O
groups), characteristic of nanocellulose thermal degradation ®, but lacked the signals at 1640,
1609 and 1583 cm™ characteristic of the aromatic and 2-pyrone structures of the copolymer,
which were instead visible in the spectra recorded above 380 °C, following the second main
mass loss. The two mass loss events eventually overlapped for the 60 wt.% cellulose composite,
resulting in one broad peak in the DTG curve centered around 370 °C. The residual masses at
800 °C were not found to increase proportionally to the filler content. A lower thermal stability
of nanocellulose at lower weight fractions in composites, as well as lack of proportionality
between cellulose content and residue, has also been reported e.g. PVA based composites. This

has been attributed to the inability of nanocellulose dispersed in a polymer matrix to form the
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tight network of hydrogen-bonded fibrils that imparts high thermal stability to nanocellulose

films and promotes carbon formation .

CONCLUSIONS

A novel copolymer of ethoxy dihydroeugenyl methacrylate and coumarin methacrylate, was
synthesized by redox-initiated radical aqueous emulsion polymerization, obtaining a stable latex.
The copolymer was characterized by NMR and FTIR, confirming its structure and composition.
The presence of the coumarin moieties allowed the crosslinking of the copolymer, by UV
irradiation, exploiting the [2 + 2] photocycloaddition reaction. Being waterborne, the copolymer
latex could be easily mixed with an aqueous suspension of hemp nanocellulose: composite films
containing up to 85 wt.% biobased content were obtained using an eco-friendly water-based
process, suitable for forming self-standing films. The composites were transparent and
brownish-colored, with good thermal resistance, although fragile, particularly at low
nanocellulose contents. Crosslinking of the composites via photocycloaddition was instrumental
in achieving water vapor barrier properties: the WVTR of crosslinked films with up to 45 wt.%
of hemp nanocellulose was reduced 5 times with respect to that of nanopaper obtained from the
same nanocellulose. It increased approximately ten-fold, when the relative humidity increased
from 50% to 90%, to a higher extent for materials containing more cellulose. With their
promising barrier properties and good thermal resistance, these materials could be further
developed for potential application in packaging as an alternative to current petroleum-based

plastics.
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Supporting Information. The following files are available free of charge.
Supporting Information (PDF): contains Figure S1, Figure S2, Figure S3, Figure S4, Figure S5,
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experimental details of colorimetric evaluation.
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