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Abstract14

There is significant potential for industrial use of renewables for a wide range of materials demanded by15

society. Plants, trees and algae are increasingly attracting attention as sustainable sources for16

functionalised and polymerizable building blocks. In particular, the outer bark of the birch tree (Betula17

pendula) is a side stream of the forestry industry with so far very little utilisation besides energy recovery.18

It is composed of a macromolecular network, suberin, that could provide a renewable, low cost and19
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competitive resource. Within raw suberin is the potentially very useful multifunctional extract cis-9,10-20

epoxy-18-hydroxyoctadecanoic acid (CHA). Our drive has been to develop a green and sustainable21

synthetic strategy to CHA-based polyesters, by exploiting supercritical carbon dioxide (scCO2) as a22

reaction medium and leveraging the regio- and chemo-selective properties of the biocatalyst Novozym23

435 (Lipase B). Low temperature (35-55 oC) polycondensation in scCO2 shows significant advantages24

compared to traditional polymerisation methods leading to reasonably high molecular weight polyesters.25

The mild synthetic conditions also preserve the valuable epoxy groups of the CHA which we show can26

be exploited by post-polymerisation functionalisation to create sustainable resins for bio-renewable27

coatings.28

29

Introduction30

The polymer industry is heavily reliant on time limited petrochemical reserves. Despite the fundamental31

role that polymers play in society, the vast majority of those are produced using monomers from32

petrochemical sources. In 2014 for example, just 1.7 million out of 300 million tons of globally33

manufactured polymers came from bioderived sources.1 Therefore, interest in renewable resources as a34

replacement for fossil-based materials has increased considerably due to environmental concerns.2–935

Sources of renewables ranging from trees, plants and algae could be exploited to extract novel36

functionalised molecules that can be converted in monomers in order to prepare novel renewable37

polymers.10 These raw materials are not only of interest because of their abundance but also because they38

represent a unique opportunity to develop a circular economy in the polymeric field.1,1139

Many naturally occurring polyesters act as structural components in plants and the monomer composition40

is complex and differs among plant species.4 One interesting bio renewable source is the outer bark of41

the birch tree (Betula pendula). Birch bark is a by-product of the Swedish wood and paper industry42
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(estimated production: ∼200,000 tonnes/year) in the Scandinavian region12, and its major component is43

a macromolecular network called suberin.2–544

This network can be deconstructed through hydrolysis to liberate long carbon chain monomers with45

varying structures.13,14 Although the suberin structure is not yet fully understood, the most abundant46

monomer in this raw material is the Epoxy Fatty Acid cis-9,10-epoxy-18-hydroxyoctadecanoic acid47

(CHA – Scheme 1) which accounts for over 10% of the dry weight of the aliphatic content of suberin48

(multi) monomers (100 g/kg of dry birch bark). CHA is a unique polymerizable multifunctional49

molecule, which bears two terminal reactive groups: a carboxyl, a hydroxyl group, and an epoxy ring50

embedded along the alkyl chain. It should also be noted that most of the other aliphatic constituents of51

suberin are other -functional fatty acids with either a hydroxyl or a carboxylic acid as the -52

functionality15. This implies that even if the yield of the CHA monomer is less than 100%, the mixture53

can still be used to make polyesters as will be seen in the present study.54

Epoxidized polymers are commonly used to form crosslinked networks because of the excellent55

mechanical strength, electrical insulation and thermal resistance of the final resins. Thus far, most of56

these polymers have been petroleum-derived and the industrial approaches to epoxidation of fatty acids57

Scheme 1. cis-9,10-epoxy-18-hydroxyoctadecanoic acid (CHA) molecular structure highlighting the

carboxyl and hydroxyl end groups and the epoxy ring moiety
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(FA) requires energy intensive processing.16–19 There are examples of novel epoxy resins from lignin-58

based monomers but, although they provide elegant solutions, they do require use of fossil based and59

potentially toxic organic solvents for their synthesis .18–20 Polymerization of naturally epoxidized fatty60

acids such as CHA and suberin/cutin has been an hot topic since early 200021 and the molecules extracted61

from suberin or cutin have been used to form polyesters through various methods. Initially, traditional62

methods were used ,for example acid catalysis for the synthesis of glycerol derivatives of cutin and63

suberin monomers.21Later greener approaches were tested in the search for mild reaction conditions for64

the synthesis of aliphatic polyesters.12,19,22–26 Most notable examples use chemoenzymatic approaches65

for the synthesis of bio based polyester thermosets and resins.12,25,26These approaches use commercial66

lipase from Candida Albicans to polymerize in bulk or in organic solvents the EFA extracted from67

suberin/cutin68

Accordingly CHA , because of its intrinsic chemical structure, could provide a “ready made” candidate69

for epoxy resins and smart coatings. In addition, chain length can be built up because CHA can be self-70

polymerised, through polycondensation yielding a linear epoxy-functionalised polyester.271

However, environmentally friendly bulk polymerisations show significant side reactions because of high72

viscosity. Carrying out the polymerisation in organic solvents may solve this problem, but then73

introduces issues around solvent removal, waste, and energy consumption. In recent years the use of74

supercritical carbon dioxide (scCO2) as a reaction medium or temporary plasticiser for polymer synthesis75

and processing has increased steeply.27–29 ScCO2 has been exploited as a solvent for polymerisations,30,3176

as a foaming agent,27,32 for precipitation of bio-macromolecules33, for the extraction of compounds with77

pharmaceutical importance34,35, particle formation and encapsulation of active ingredients.36 The low78

critical point (31.1 °C and 7.4 MPa), its non-flammability, non-toxicity, and the low price and availability79

(driven by our use of fossil fuels) make scCO2 a valuable and renewable alternative to conventional80

solvents.37 ScCO2 is a good solvent for many small molecules, but it is a poor solvent for most high-81
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molecular-weight polymers.38 On the other hand, the solubility of scCO2 into polymers can be high82

leading to significant swelling through penetration into the amorphous regions and increase of their free83

volume fraction. For this reason, scCO2 can plasticise and effectively liquefy many polymers at84

temperatures below their glass transition temperature (Tg) and can lower melting point (Tm).28,39,40 This85

viscosity reduction can be exploited to drive the polymerisation process towards completion, enabling86

monomer and oligomers to diffuse more rapidly.4187

Polymerisation reactions have been studied extensively in scCO2
31,42,43 with attention focussed on free88

radical polymerisations, but more recently enzyme catalysed polymerisations.2,41 Similarly, the use of89

renewable natural monomers is a significant topic in modern polymer science.1,44,45 Thus our aim has90

been to exploit this sustainable reaction medium, with mild reactions conditions, using bio-catalysis to91

create polymerizable building-blocks. Our target is high molecular weight linear polymers that preserve92

the epoxy groups and then to exploit these functionalised polymers for novel biomass-based epoxy resins93

via a thermal curing process. Two proof-of-concept applications are targeted: production of a xerogel-94

like material and a UV-crosslinkable resin both leading to 3D polymeric networks that might be95

considered greener alternative to conventional epoxy resins.96

97

98

Materials and methods99

Materials100

The rawbirch bark was retrieved in the Stockholm region and dried and ground before monomer101

extraction. Novozym 435 (Lipase B from Candida antarctica immobilised on a macroporous acrylic102

resin) was kindly donated by Novozymes (Denmark) and dried under vacuum before use (0.1 bar at 25˚C 103 

for 24 h). Activated molecular sieves (4 Å, particle size 1.6 – 2.5 mm) were purchased from Fisher104
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Scientific (UK) and kept under vacuum (50 mbar at 50 °C). All other chemicals and solvents were105

purchased from Sigma-Aldrich (UK) and used as received. Supercritical Fluid Chromatography (SFC)106

grade 4.0 CO2 (minimum purity 99.99%) was purchased from BOC Special Gases (UK) and used as107

received.108

Methods and testseries109

Bark hydrolysis and CHA extraction110

The extraction of the epoxy fatty acid was performed by modifications to the protocol described by111

Nameer et al46. In particular, the residual soil and debris were removed from the bark by washing with112

water. Subsequently, the bark was vacuum dried (25 ºC) and ground into a fine powder using a coffee113

grinder (Krups - F203). A solution of 0.8M NaOH was set to reflux. Only when the temperature was114

stable at 100 ±1˚C was the powdered bark carefully poured in the solution (ratio 10:1 of base 115 

solution:bark). The hydrolysis reaction was stirred (300 rpm) and kept at steady conditions for 1h. To116

halt the reaction, the solution was rapidly cooled by immersion in an ice bath until the solution reached117

a temperature of 25 ̊C. After centrifugation at 4500 rpm for 10 min the supernatant was collected. The 118 

supernatant was reduced to pH 5.8 using diluted glacial acetic acid to allow the precipitation of CHA.119

The supernatant was again centrifuged at 4500 rpm for 10 min and the pellet containing the isolated CHA120

was washed 3 times using MilliQ water (10:1) until the pH was set to neutrality (7.0). The extraction121

efficiency was calculated by weight and was 80 ±5% in line with previously published results, no122

difference was noted between small and large scale.  The pellet was collected and vacuum dried at 25˚C. 123 

The relative purity after recrystallisation calculated using 1H NMR was between 75-90%, depending on124

the nature of the raw material. The recrystallised monomer was analysed using 1H NMR to confirm that125

the epoxy groups (2.9 ppm) did not open during the hydrolysis or acidification process (Supplementary126

Figure 1).127
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1H NMR (CDCl3) δ: 1.2-1.8 (26 H, bm, -CH2-), 2.3 (2H, t, J == 7.4 Hz, -COCH2-), 2.9 (2H, bs, -CH- cis-128

epoxide), 3.6 (2H, t, J == 6.5 Hz, -CH2OH).129

13C NMR (CDCl3) δ: 178.54 (CO, C-1), 62.92 (-CH2OH, C-18), 57.25 (-CH-, cis-epoxide, C-9 and C-130

10), 24.82-34.11 (14 C, -CH2-).131

132

Synthesis of poly(cis-9,10-epoxy-18-hydroxyoctadecanoic acid) (CHA)133

In a typical procedure, the vacuum-dried monomer was placed in a 60 mL custom-made stainless-steel134

autoclave33 in order to reach a final concentration of 5 mg/ml or 20 mg/ml in scCO2. Molecular sieves135

(30% of the final weight of the monomer) and Novozym 435 (1.5 PLU/mg of monomer) were added and136

the autoclave was sealed and flushed with CO2 at 2 bar for 5 min. After the flushing step, the temperature137

was set to 35 ˚C, 45˚C, 55˚C, or 85 ˚C and the pressure stabilised at 275 ±10 bar. At the end of the 138 

reaction (24h, 48h, 120h) poly (cis-9,10-epoxy-18-hydroxyoctadecanoic acid) (pCHA) was solubilised139

in tetrahydrofuran (THF) and precipitated in 10 volumes of ice-cold water. In parallel,140

bulkpolymerisations were performed for comparison purposes. The same separation/purification141

procedure was used. All reactions in the high pressure autoclave were stirred with a powerful142

magnetically-coupled mechanical stirrer.47 The reproducibility of each polymerisation in scCO2 was143

tested in duplicate or triplicate, to establish the presence of polymer crosslinking.144

1H NMR (CDCl3) δ:  1.2−1.8 (26 H, bm, −CH2−), 2.3 (2H, t, J = 7.5 Hz, −COCH2−), 2.9 (2H, bs, −CH− 145 

cis-epoxide), 3.6 (t, J = 7.2 Hz, −CH2OH end group), 4.1 (2H, t, J = 6.5 Hz, −CH2O−). 146 

13C NMR (CDCl3) δ:  173.92 (CO, C-1), 64.46 (−CH2O−, C-18), 57.24 (−CH−, cis-epoxide, C-9 and C-147

10), 26.04−34.47 (14 C, −CH2−).148

Nuclear Magnetic Resonance149
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Monomer purity and structural integrity of the polymer were determined using 1H and 13C NMR. All150

samples were analysed in deuterated chloroform (CDCl3) using a Bruker Avance III 400 MHz151

spectrometer. The spectra were referenced to the solvent peak at δ = 7.28 ppm corresponding to CDCl3.152

Fourier Transform Infrared Spectroscopy153

Attenuated Total Reflection Fourier Transform Infrared (FTIR-ATR) spectroscopy was carried out on154

the surface of the samples by means of a Perkin-Elmer Spectrum 100 spectrometer (Waltham, USA),155

equipped with a Universal ATR diamond crystal sampling accessory. All the samples were analysed at156

room temperature. Spectra were recorded as an average of 32 scans in the range 4000–480 cm-1, with a157

resolution of 4 cm-1. No mathematical correction (e.g. smoothing) was done, while spectroscopic158

manipulation, such as baseline adjustment and normalisation, were performed using the Spectracalc159

software package OMNIC 9 (Thermo Fisher Scientific, Inc., MA, USA). Before testing, all samples were160

dried at RT 7.5 days161

Size Exclusion Chromatography (SEC)162

Molecular weight analysis was performed using an Agilent 1260 infinity multidetector GPC/SEC (Gel163

permeation chromatography /size exclusion chromatography) system equipped with a Wyatt Optilab164

with light scattering, UV and refractive index detectors. Columns consisted of 2 x Agilent PLGEL 5 μm 165 

Mixed D (7.5 mm X 300 mm) and a PLGEL 5 μm guard column (7.5 mm X 50 mm). THF was used as 166 

the eluent at an isocratic flow rate of 1 mL/min. The system was calibrated usingcalibration with narrow167

PMMA standards (range 1020000 to 540 gmol-1).168

169

Differential Scanning Calorimetry (DSC)170

The samples were thermally investigated by using a Q2000 Tzero differential scanning calorimeter171

(DSC), TA Instrument (New Castle, DE, USA), equipped with a liquid nitrogen accessory for fast172
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cooling. The calorimeter was calibrated in temperature and energy using indium. Dry nitrogen was used173

as purge gas at a rate of 50 mL/min. Briefly, the dried samples (1.5~5 mg) were sealed inside Tzero DSC174

pan (TA Instruments, USA). DSC measurements were performed in a double heating run; the first one,175

occurring from -90 to 80 °C, at 10 °C/min, was performed to erase the thermal history of the samples.176

This scan was followed by a cooling ramp up to -90°C at a rate of 10°C/min. Finally, a second heating177

ramp up to 80 °C at 10°C/min was recorded. The last scan was repeated three times to give data178

confidence. The melting point (Tm) was taken as the maximum of the endothermic peak and the glass179

transition (Tg) temperature was evaluated as the inflection point of the heat flow change from the DSC180

thermograms.181

182

Polymer curing thermal analysis183

The curing of the polymer was examined using DSC. This experiment was designed to find out the curing184

temperature of the polymer studied. In particular, three scans were performed for every experiment. The185

samples were equilibrated at -20 ˚C and heated at a rate of 3˚C/min up to 250 ̊ C.  This scan was followed 186 

by a cooling scan at a rate of 3˚C/min down to -20 ˚C and finally another heating scan was performed 187 

(3˚C/min up to 250 ˚C). The first allowed us to find the onset and peak temperatures of the curing range. 188 

After the cooling phase the last heating scan was performed to find peaks associated with the curing189

reaction. The analyses were performed both with and without 1,6 hexanediamine as curing agent. Before190

the analysis the samples were premixed in batches overnight and subsequently weighted in the DSC pans.191

192

Curing of poly(cis-9,10-epoxy-18-hydroxyoctadecanoic acid)193

The production of the cured material was performed in Teflon cylindrical moulds (d=2 cm h=0.5 cm) at194

150 ˚C for 1h. The polymer was cured alone or together with a curing agent (1,6 hexanediamine) at a 195 
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ratio of 1:1 (w:w). The monomer CHA with and without curing agent (1,6 hexanediamine) was used as196

control. The cured materials were formulated as described in Table 1 with or without the curing agent.197

In particular both low and high molecular weight pCHA polymer chains were used in the curing processes198

and these are subsequently referred to as pCHA-LMW and pCHA-HMW.199

200

Table 1201

Key components tested in curing process. The curing agent, when present, was in a ratio of 1:1 and the202

temperature of 150 (°C)203

Starting

Material

Molecular weight

(Mn – gmol-1)

pCHA-LMW 9000

pCHA-HMW 13000

CHA 314.5

204

205

Dynamic mechanical analysis (DMA)206

DMA was used to determine the glass transition temperature (Tg) and moduli of the cured polymers207

(Table 2). Measurements were performed on a Triton Technologies DMA (now Mettler Toledo DMA)208

using the tension mode accessory and standard heating rate of 3 °C min−1 with a ramp from −50 to 100 °C.209

The experiments were performed on prototypes shaped as cantilever with a length of 10 mm and a width210
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of 2 to 3 mm. The Tg was estimated by comparing the derivative function of the storage modulus and the211

tan delta (tanδ) peak. Subsequently, the samples were treated with a controlled curing step at a rate of 10 212 

˚C /min in an interval between 100 and 250˚C. During the interval, an isotherm was kept constant for 5 213 

min every 15 ̊ C up to 250 ̊ C. This step was performed to find out if the possible residual epoxides would 214 

react when the curing agent was consumed. After this step, the first heating gradient was performed215

again to evaluate any change in Tg and moduli.216

217

218

219

220

Table 2221

Materials tested using dynamic mechanical analysis. The curing agent, when present, was in a ratio of222

1:1223

Material Molecular weight

(Mn – gmol-1)

Curing

Temperature(°C)

Cured pCHA-

LMW150

9000 150

Cured pCHA-

LMW250

9000 150 and 250
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Cured pCHA-

HMW150

13000 150

Cured pCHA-

HMW250

13000 150 and 250

Cured CHA 314.5 150

224

ScCO2 processing of cured materials and SEM analysis225

The cured materials were tested for pore formation and the effect of the MW of the polymer. In particular,226

CHA, pCHA-LMW and pCHA-HMW cured materials were loaded in a porous and scCO2 permeable227

Teflon box which was sealed in the 60 mL base of a custom stainless-steel autoclave. The autoclave was228

kept at a temperature of 60 ˚C and the pressure set to 275 bar for 1h. The pressure was released with a 229 

rate of 5 bar/sec. The materials obtained were analysed using scanning electron microscopy (SEM).230

Carbon tape (Agar) was placed on an SEM stub (Agar), the sample was then loaded, and sputter coated231

for 90 seconds with an 8 nm thick coat of iridium. The imaging was performed under vacuum with a232

typical accelerating voltage of 15 kV, using a Phillips XL30 (SEM). The pores and fibers were counted233

and measured using ImageJ48. The number of features counted was approximately 50234

235

236

Crosslinking of CHA with UV237

Monomer solutions were prepared at 20 mg/mL concentration in THF with a photo-activator238

(diphenyliodonium hexafluorophosphate - DPH) at three values of 0, 5 mmol%and 10 mmol%. Three239
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replicates were pipetted on glass plates. The samples were transferred to an argon glove box and240

irradiated with 2 UV lamps (2 × 15 W, 290 to 400 nm) for 20 min (Power density 10mW/cm2).241

242

243

244

245
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Results and Discussion246

Monomer solubility and high-temperature polymerisation247

Using a custom-made view cell we determined that the CHA monomer (Supplementary Figure 2A)248

showed complete solubility in scCO2 at 85 ˚C (Supplementary Figure 2B). However, a drop in solubility 249 

was observed when the temperature was lowered to 55 ˚C, 45 ˚C, and 35 ˚C and a phase separated CHA 250 

rich viscous fluid was observed (Supplementary Figure 2C) demonstrating also the very useful251

processing effect and lowering of Tm of the monomer by scCO2 which might be exploited in252

polymerisation processes.253

Lipase B extracted from Candida Antarctica and immobilised on acrylic beads (CALB - Novozym 435)254

was selected as mild catalyst for polymerisation of CHA. Previously published data suggested CALB is255

a well-suited catalyst for long-chain aliphatic ω-hydroxy acids polymerisation2 and also green256

esterification in scCO2.
49,50 For example, lipase efficiently catalysed the esterification of oleic acid with257

ethanol in scCO2 at 40 ˚C50 and the polycondensation of azelaic acid and 1,6-hexanediol in scCO2 at258

35 ̊C.49259

Comparison of Bulk and scCO2 polymerisation at 85 oC260

Initially, the polymerisation reactions were carried out at relatively high temperature in order to assess261

the effect of scCO2 and to align our results with the literature. The polymer was synthesised at 85 ˚C in 262 

scCO2 (71% yield in weight) and in bulk (38% yield in weight), for comparison to conventional263

conditions (Table 3).264

265

266

267

268

269
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Table 3 Molecular parameters of CHA in scCO2 (yield 71%) and bulk (yield 38%) at 85 ºC detected by270

SEC at different polymerisation times (monomer concentration 5mg/ml).271

T=85 ºC scCO2 Bulk

t(h) Mn

(gmolgm

ol-1)

Mw

(gmolg

mol-1)

Đ Mn 

(gmolgm

ol-1)

Mw

(gmolgmol

-1)

Đ 

1 1100 6500 5.9 1300 10100 7.8

3 4000 12000 3.0 2600 23700 9.1

5 5600 23000 4.1 2800 24900 8.9

24 18000 58700 3.3 1100 7100 6.4

272

273

274

The reactions were sampled over 24h (Figure 1) and the molecular weight increases rapidly during the275

first 5 hours of the reaction, both in scCO2 and in bulk. However, for the bulk polymerisation the276

molecular weight appears to decrease significantly and after 24h the soluble material shows only Mn277

1,100 gmolgmol-1. It is most likely thatsignificant side reactions46 of the epoxy ring led to crosslinking278

and insoluble materials. Since the insolubility of the polymer in any organic solvent generally indicates279

strongly the presence of some form of cross-linking it also explain the low apparent yield (38%) for the280

bulk strategy. By contrast high-molecular-weight pCHA is achieved in scCO2 (Mn: 18000 gmolgmol-1281
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and Mw: 58700 gmolgmol-1) after 24 h of reaction and the high yield and low dispersities indicate that282

epoxide ring opening is likely minimised.283

The reaction in scCO2 gave much higher yields of high-molecular-weight materials; crosslinking side284

reactions appear to be minimised. The soluble product shows four characteristic signals attributable to285

pCHA in the 1H NMR spectrum (Figure 2):286

Figure 1. Polymerisation reactions of CHA in supercritical carbon dioxide and in bulk at 85 ˚C. The 
drop in molecular weight in the bulk reaction reflects the loss of soluble material through cross linking.
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287

Figure 2. A) 1H NMR spectrum of CHA in CDCl3. a) 3.7 ppm (-CH2-OH); b) 2.9 ppm (epoxy

protons) and c) 2.3 ppm (-CH2-COOH). B) 1H NMR spectrum pCHA, in CDCl3, synthesised in

scCO2 at 85 oC. The peak (b’) at 2.9 ppm shows that the epoxy groups are preserved (integration

1:1 with peak a’), a’ The broad peak between 1.2 and 1.7 ppm was assigned to the alkyl protons

in the structure. d’) 3.6 ppm (polymer end-group and monomer residues, -CH2-OH);



18

Most notably, the 1H NMR spectrum showed that the epoxy group is preserved after the polymerisation288

in scCO2 and the peak areas of the protons belonging to the epoxy group (2.9 ppm) and the methylene289

protons of the ester carbonyl (2.3 ppm) have roughly a 1:1 ratio (Figure 2) confirming the expected290

stoichiometry. Moreover, the products were readily soluble in the common organic solvents used for291

routine analysis (chloroform or THF), thus confirming that little or no cross-linking due to ring opening292

of the epoxy group had occurred.293

Low-temperature polymerisations of CHA in scCO2294

At lower temperature in scCO2 the CHA monomer exists as a phase separated viscous oil (35-55 oC)295

(Supplementary Figure 2). Polymerisations under these conditions were carried out for 24h with a fixed296

monomer concentration of 5 mg/ml and led to lower molecular weights with Mn ranging from 7000297

(35 ̊C) to 2600 gmolgmol-1 (55 ˚C) (Table 4).  A clear difference was noted when compared to 85 ̊C 298 

polymerization. In fact, at higher temperature (namely 85 °C) the monomer was fully solubilized leading299

to a faster growth of the polymer. Interestingly, very little cross-linked insoluble material was found in300

the product (by weight) and no branching in the 1H NMR was detected in all the products and this is301

likely linked to the scCO2 decreasing the viscosity of the plasticised reactants and facilitating the302

diffusion of monomers and oligomers very effectively.41 Furthermore, at 35 ˚C the dispersity was much 303 

lower than at 85C (1.3 to 3.3), possibly due to lower activity of the enzyme at that temperature. These304

results that it might well be worth optimising at lower temperatures.305

306

307

308

309

310

311
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Table 4.312

Polymerisation in scCO2 at different temperatures (35, 45 or 55°C) and reaction times 24, 48 or 120h.313

Mn, Mw and Đ of the pCHAs detected by SEC were reported. 314

Time(h) T=35 °C T=45 °C T=55 °C

Mn
(gmolg
mol-1)

Mw
(gmolgm

ol-1)
Đ 

Mn
(gmolgm

ol-1)

Mw
(gmolgmo

l-1)
Đ 

Mn
(gmolgm

ol-1)

Mw
(gmolgmo

l-1)
Đ 

24 7000 9200 1.3 6700 11000 1.6 2600
3700

1.3

48 6500 18300 2.88
120 6900 20400 2.9

315

CHA polymerisation at 35 ºC: change in reaction time and effect on molecular weight316

The reaction time was then increased up to 48h and 120 h (yield 63%), keeping the monomer317

concentration at 5 mg/ml (Table 4). This gave a significant increase in weight average molecular weight318

(Mw) but not number average molecular weight (Mn) which remained almost unchanged and319

furthermore did not match the reaction performed at 85oC. We then increased the concentration of320

monomer (20 mg/ml) in addition to reaction time (48, 72 and 120 hours) and found that at 120h the321

molecular weight increased up to Mn 13000 gmolgmol-1 (Mw 54000 gmolgmol-1) (Table 5)322

demonstrating excellent potential for low temperature processing in scCO2 as compared to literature.51,52323

There are also other possibilities for further process optimization. The products of the reactions could be324

improved in terms of polydispersity modulating the ratio between enzyme, monomer and solvent or by325

redesigning the reactor to be specifically used with enzymes. Clearly, our current results showed an326

increase in dispersity for longer reactions. A plausible explanation could be related to the ability of lipase327

in the presence of traces of water to hydrolyse polyesters and in our system this could be exacerbated if328

the molecular sieves become saturated. Because of size limitation of the autoclave, it was not possible to329

achieve meaningful results by increasing the amount molecular sieves in the reactor. We did observe that330
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the sieves were pulverised by the stirring during the reaction and this possibly could increase water traces331

likely driving unwanted hydrolysis and de-polymerisation.332

333

334

Table 5.335

Polymerisation in scCO2 at a low reaction temperature (35°C) and high monomer concentration336

(20mg/ml). Mn, Mw and Đ of the pCHAs detected by SEC were reported 337

338

339

340

341

342

343

344

345

346

Study of the thermal properties and curing of the polymers347

After purification, the thermal properties of the polymers were characterised using DSC analysis. We348

focussed upon pCHA-LMW (Mn 9000 gmolgmol-1, Mw15000) and pCHA-HMW (Mn 13000 gmolgmol-349

1; Mw 54000) and found that the thermal properties of the samples do vary with molecular weight (Table350

scCO2 T=35C (20mg/ml)

Time(h) Mn (gmolgmol-1) Mw(gmolgmol-1) Đ 

24 9000 15000 1.6

48 11100 18000 1.6

120 13000 54000 4.2
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6). In particular, pCHA-HMW showed both higher melting (Tm) and glass transition temperature (Tg)351

when compared to pCHA-LMW (Table 6); in agreement with the data reported for propylene53, poly-352

hydroxybutyrate 54, poly-lactic acid55 and more recently for siloxanes and styrene polymers.56,57353

To study the curing behaviour and the related thermal responses of these epoxy functionalised354

macromolecules, a series of DSC experiments were performed with and without added curing agent (1,6-355

hexanediamine) (1:1 w:w ratio -). For pCHA-HMW samples without curing agent an exergonic peak356

was detected in the first heating cycle with an onset at 142 ˚C, a maximum at around 198 oC and a357

released energy of 32 J/g (Figure 3A). The exergonic event represents the epoxide groups crosslinking358

without a curing agent.46 As might be expected, when the 1,6-hexanediamine was added the exergonic359

reaction occurred at a lower temperature with onset at 132 ˚C and the exergonic peak at 170 ˚C (Figure 360 

3B). Interestingly, the energy released during the reaction was four times higher (130 J/g). These361

exergonic peaks can be associated with thermally activated crosslinking within the polymer chains,362

showing an increased yield of crosslinks when the curing agent was present. Similar results were recorded363

with the lower molecular weight material (9000 gmolgmol-1 - pCHA-LMW).364

An exergonic peak in the DSC trace can be related to both chemical reaction or a recrystallisation event;58365

but recrystallisation can be ignored since this peak appears above the melting temperature. Furthermore,366

when the polymer was subjected to another heating cycle, no appreciable exergonic peak was detected367

(Figure 3C & D) making it clear that the peaks represent crosslinks formed in the polymer matrix. As368

further confirmation, when the curing agent is added to the mixture, a faster and more complete crosslink369

is achieved causing a higher energy release (compare Figure 3A and Figure 3B).370

371

372

373
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374

375

Table 6376

Tg and Tm of low (pCHA-LMW) and high (pCHA-HMW) molecular weight pCHAs. The thermodynamic377

parameters were reported as calculated from the DSC traces378

Tg (˚C) Tm(˚C) 

pCHA-HMW -42.0±1.6 31.4±0.2

pCHA-LMW -60.7±2.2. 10.1±0.2

379

380

381

382

383

384

385

386

387

388

389
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390

Figure 3. DSC profiles of thermal curing of the polymer. A) Curing of pCHA without curing agent. B) Curing of pCHA

in the presence of the 1,6-hexanediamine crosslinking agent. C) and D) show the third cycle of the DSC traces where

no exergonic peak is detected.
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391

Preparation and analysis of the cured material392

Once the thermal profiles were established by the DSC curing experiments, both pCHA-HMW and393

pCHA-LMW were used to produce cured samples. The polymers with and without the curing agent were394

placed in a cylindrical Teflon mould and the curing process was performed at 150 ̊C for one hour; this 395 

temperature chosen to be above the onset temperature for both samples (142 and 132 ̊C) keeping the 396 

polymers in the same processing conditions. After the curing process, the materials were left to cool on397

ice and peeled off. Part of the peeled material was cured again at a higher temperature (250 ̊C) to 398 

determine if any residual epoxide groups were present and would react.399

As the cross-linked polymers were insoluble in common organic solvents (Supplementary Figure 4), the400

cured materials were analysed in their solid state by FTIR to show that all the 1,6-hexanediamine was401

consumed during the reaction (Figure 4). No significant differences were detected between the FTIR402

traces of cured pCHA-HMW and pCHA-LMW (Supplementary Figure 5).403

Following the curing process by monitoring the epoxy bands is not ideal because of restriction of the404

specific group response. In fact, in the far and medium IR the epoxide rings show only low-intensity405

transitions. The main peaks associated with the epoxy ring signal (815 – 950 cm-1) appear in the so-called406

“fingerprint region” (500-1400 cm-1) thatthat can cover the band of interest. Despite the low intensity of407

the epoxy group, the non-cured material showed characteristic peaks around 846 cm-1 that flattens in the408

cured materials (Supplementary Figure 5), hinting at the disappearance of the epoxy ring on the409

polymer.59,60 The changes in bands associated with the curing agent were also analysed since these are410

very reliable for crosslink analysis.60 In particular, the peak related to symmetric and asymmetric411

stretching of the primary amine of the curing agent (3160 and 3330 cm-1) was shown to disappear in both412

materials (Figure 4 – red circles). The cured materials showed only a broad signal around 3315 cm-1413

possibly related to the stretch –OH group formed after the epoxy ring was opened.414
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It was possible to crosscheck the efficiency of the reaction by comparing the absorptions in the region415

1650-1500 cm-1 (Figure 4), where primary and secondary amines are very easy to detect. In particular, it416

is possible to detect the primary and secondary amine signal comparing cured and uncured pCHA. In417

fact, new peaks are detected at 1646 and 1550 cm-1 in the cured material profile (green circle). No418

Figure 4. FTIR of cured materials and controls. The red circle indicates the presence of the N-H bands

associated with the 1,6 hexanediamine primary amine (RNH2). The green circle shows the region

representing the N-C bands of secondary and tertiary amines formed after the crosslinking reaction.
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significant difference was assessed between the materials cured at either 150 or 250 oC indicating that419

the diamine was completely consumed.420

Study of the thermo-mechanical analysis of the cured materials.421

The viscoelastic and thermal properties of the cured materials were analysed using dynamic mechanical422

analysis (DMA) to yield the storage modulus (G’) representing the elastic contribution of the material423

resistance to the deformation and the loss modulus (G’’) related to the viscous response.61424

The materials were analysed under varying temperature (dynamic mode) allowing us to identify the425

mechanical relaxation region corresponding to tan δ (glass transition temperature –Tg).426

The materials processed at 150 °C without curing agent were wax-like materials and did not show any427

significant stiffness at room temperature. For this reason, it was not possible to obtain data using DMA.428

When the curing agent was used, the crosslinked pCHA-LMW (pCHA-LMW150) showed both a bi-429

modal tan δ curve (Figure 5A), with a main transition at around T=23,5 ̊C, which may be representative 430 

of the glass transition temperature, and a second broad feature between 30 and 65 ̊C (Figure 5A second 431 

curing step was performed by heating the samples up to 250 ̊C (pCHA-LMW250). This was to determine 432 

the presence and reactivity of any residual epoxides which would be revealed by changes in the tan δ 433 

profile. Changes were clearly observed with two distinct peaks both at higher temperature, circa 32 and434

62 oC respectively, than the previous Tg (Figure 5B). It is well-known that the Tg of a cured polymeric435

system is mainly affected by molecular rigidity and cross-linking density. Therefore, for the same436

material a higher Tg could be indicative of higher degree of crosslinking62. These results show that post-437

curing effects were present during the second curing phase, hinting that the first curing step did not438

achieve full conversion of all the epoxy groups even if, as shown in the FTIR, the curing agent appeared439

to be fully consumed63 (Figure 4 - red circle). Our hypothesis is that the uncompleted crosslinking may440

give rise to the broad feature because of an uneven distribution of the network formed and due to the441

complexity of the system broad range of crosslinked structures can be formed.64442
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Concerning the storage modulus, differences were observed between the materials. In fact, the material443

cured at 150 °C shows a modulus higher than of the material processed at 250 °C only before its main444

transition (circa 23.5 °C) was reached. In fact, when the temperature surpasses the Tg of pCHA-445

LMW150, the G’ of the two materials abruptly swap. This behaviour is evident, when the storage moduli446

are compared on a log-scale. (Figure 6) A relatively small drop of G’ before the rubbery plateau for the447

pCHA-LMW250 sample, may indicate a higher crosslinking density compared to the less crosslinked448

pCHA-LMW150 (Figure 6).449

Crosslinked pCHA-HMW showed similar thermal behaviour. When cured at 150C (pCHA-HMW150)450

(Supplementary Figure 6) showed a broad Tg at around 22 ̊C and a wide-relaxation region. But after the 451 

second curing at 250 oC (pCHA-HMW250), the Tg increased up to circa 38 ˚C. The storage modulus of 452 

crosslinked pCHA-HMW did not change as abruptly as pCHA-LMW after the second curing and this is453

most probably because of the higher Mw and limited mobility. As observed for pCHA-LMW, a shift of454

the G’ was evident indicating a higher crosslinking density for the materials cured at higher temperature.455

456

457

458

459

460
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461

Figure 5 Dynamic mechanical analysis of pCHA-LMW cured materials. A) pCHA-LMW150 Cured material
at 150 ̊C B) pCHA-HMW250 Material cured firstly at 150 ˚C and then at 250 ̊C 

A

B
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462

463

Figure 6. Comparison between the G’ of pCHA-LMW cured at 150 ºC (red line) and 250 ºC (black
line). The material cured at 150 °C show a higher modulus, the difference is evident when the
temperature in the DMA is below the Tg of pCHA-LMW150. The shift of the G’ likely indicates a
higher crosslinking density.
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Proof-of-concept: Xerogel-like material production without the use of traditional solvents464

The surface morphology of the cured materials was analysed by scanning electron microscopy (SEM)465

before and after treatment with scCO2 (Figure 7). These experiments were performed to prove that CHA466

based materials have potential for green post-synthesis processing. In this case we show the possibility467

to use a solvent-free process to produce xerogel-like materials which could be used in biomedical468

applications.65 These materials are normally produced by swelling a crosslinked polymer with water to469

form a hydrogel.65 The water is substituted with a more volatile solvent that is evaporated with a freeze-470

drier or in scCO2 to form a sponge-like material. The major difference with the traditional protocol is471

thatat here we show a route that can be achieved in the complete absence of solvents to produce a highly472

porous material. In fact, the pCHA-HMW and pCHA-LMW cured materials were used immediately after473

they had been peeled from the teflon-mould.474

As a control, the pure monomer was cured (CHA-cured) under similar conditions. As expected, all the475

materials prior the scCO2 treatment showed a pore-free surface. Materials based on low and high MWW476

polymers were compared with the control showing a rougher surface (Supplementary Figure 7). In477

particular, for pCHA-LMW it is possible to see features resembling fiber-like (d==0.560 µm) and478

lumplump-like (d== 2,9±0.5µm) structures (Supplementary Figure 7D). These structures are possibly479

due to the post-crosslinking shrinkage and assembly.480

After scCO2 treatment, pCHA-LMW (Figure 7B) showed a very clear xerogel-like appearance with481

micro pores (2 µm to 50 µm) distributed across its entire volume (Figure 8B). CHA-cured samples did482

not show very effective pore formation (Figure 7D).483

484
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Proof-of-concept: UV crosslinking of CHA485

With the aim to show that our material could be used as cross-linkable green ink potentially for 3D486

printing applications, we tested the crosslinking behaviour of CHA under UV light. Photo-curing is one487

Figure 7. SEM images of the surfaces of pCHA-LMW and control and : A) and B) represent the

pCHA-LMW material. A) before the scCO2 treatment and B) after the release of scCO2. C) and D)

represent the monomer cured (CHA-cured). C) before the scCO2 treatment and D) after the release of

scCO2.
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of the most effective routes to rapid transformation of multifunctional monomer resins to cross-linked488

polymer networks.66 Photo-curing has been widely studied and applied in many industrial applications489

over the past decade exhibiting high efficiency, high-speed, low energy consumption and low activation-490

temperature.67491

Here, UV-crosslinking was performed on the CHA monomer in presence of 5 mmol% and 10 mmol%492

of diphenyliodonium hexafluorophosphate (DPH), a cationic and photoacid initiator previously used for493

fast curing of epoxy resins.68 CHA alone and in the presence of DPH was irradiated with UV light for 20494

minutes at room temperature and analysed by FTIR. The region between 815 and 950 cm-1 is normally495

associated with oxirane (epoxy ring) vibrations59,60 and here we could detect significant modifications496

related to epoxide vibrational modes following UV curing of CHA monomer without (cCHA) and with497

DPH (DPH5-cCHA, DPH10-cCHA). Specifically, small intensity vibrations around 794, 824 and 846498

cm-1 (are attributed to the C-O-C stretching modes of oxirane rings whereas absorption bands at 890, 900499

and 916 cm-1 (Supplementary Figure 8 Bottom) are ascribed to C-O stretching. Essentially, from the500

analysis of the spectra (Figure 8A) it was possible to observe a significant modification of the oxirane501

vibration modes which indicates ring opening. For example, the decrease and broadening of the peaks in502

DPH5-cCHA, likely indicate partial ring opening followed by crosslinking reaction. Comparison503

between the spectra of crosslinked samples and curing agent did not show any overlapping (Figure 8A).504

Furthermore, similar behaviour was noted comparing the oxirane region of irradiated samples with the505

diamine crosslinked CHA. Interestingly, when increasing the concentration of DPH seems that the curing506

efficiency decrease. In fact, the peaks at 890, 900 & 916 cm-1 are more visible for DPH10 cured sample507

than for the DPH5.508

The analysis of the spectra of DPH10-cCHA samples at high frequencies of the FTIR spectra showed a509

broadening of the hydroxyl group vibration mode at around 3465 cm-1 as previously observed when the510

CHA was crosslinked with diamine (Figure 8B and Figure 4). In pure non-irradiated CHA spectra the511
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hydroxyl groups showed a sharp peak at 3465 cm-1 (Figure 4). A comparison of the entire spectrum is512

present in supplementary material (Supplementary Figure 8 Top):513
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514

Figure 8. FTIR-ATR spectra range A) from 820 to 940 cm-1 and B) from 2400 to 3600 cm-1 of pure

CHA (blue), UV catalysed cCHA: DPH1010-cCHA (purple) and DPH5-cCHA (green), Catalyst

spectra (orange), hexendiamine catalysed cCHA(red).
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Conclusion515

We demonstrate facile polymerisation of a renewable monomer CHA extracted from birch bark. We516

utilise CaLB as catalyst and scCO2 as a solvent and processing medium to ensure the retention of the517

epoxy groups; confirmed by 1H NMR after extraction and polymerisation. The advantageous518

combination of CaLB and scCO2 allowed for use of low temperature sustainable reaction conditions and519

avoided side reactions possibly present when the polymerisation was performed in bulk. Interestingly,520

high molecular weight polymers were obtained (pCHA Mn 18000 gmol-1) demonstrating that the521

biomass-based monomers can be utilised to create useful, functionalised polymers. The thermal522

properties of synthesised polymers were explored with DSC utilised to perform curing tests with and523

without curing agent, showing that pCHA has a relatively low curing temperature (150 ̊C) in presence of 524 

curing agent. Additionally, we showed also that the CHA monomer was reactive under UV light giving525

rise to the possibility to produce novel biomass derived and green epoxy resins and coatings.526
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