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1. Abbreviations  
1H NMR   Proton Nuclear Magnetic Resonance 

13C NMR   Carbon-13 Nuclear Magnetic Resonance 

Đ    Dispersity 

DBTO    Dibutyltin(IV) oxide 

DMF    N,N-dimethyl formamide 

DMSO    Dimethyl sulfoxide 

DSC    Differential Scanning Calorimetry 

EC    Ethylene carbonate 

EMHV    Ethoxy methyl homovanillate 

EMV    Ethoxy methyl vanillate 

EtOAc    Ethyl acetate 

H2SO4    Sulfuric Acid 

HMBC    Heteronuclear Multiple Bond Coherence 

HVA    Homovanillic acid 

K2CO3    Potassium carbonate 

Mn    Number average molecular weight 

MV    Methyl vanillate 

MVH    Methyl homovanillate 

Mw    Weight average molecular weight. 

PEHV    Poly(ethylene homovanillate) 

PET    Poly(ethylene terephthalate) 

PEV    Poly(ethylene vanillate) 

Sb2O3    Antimony(III) oxide 

SEC    Size Exclusion Chromatography 

Tg    Glass transition temperature 

TGA    Thermogravimetric analysis 

Tm    Melting temperature 
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2. Abstract 
Homovanillic acid is a platform molecule, similar to vanillic acid, that has not thus far been 
used in the production of biobased polymers. It shows great promise since it contains two 
functional groups; a phenol and a carboxylic acid group, that can be used to produce monomers. 
Though the phenol groups reactivity is low, it can be hydroxyethylated with ethylene carbonate 
(EC). Carefully controlling the reaction conditions is necessary to extract pure monomers and 
using polycondensation, these A-B-monomers create both homo- and copolymers. This novel 
monomer can be copolymerized with ethoxy methyl vanillate (EMV) to improve poly(ethylene 
vanillate)’s (PEV) properties such as solubility and thermal properties.  

A green pathway for synthesizing and isolating 100% biobased ethoxy methyl homovanillate 
(EMHV) based on homovanillic acid is suggested. A process for synthesizing and isolating 
ethoxy methyl vanillate (EMV) is also proposed. Methods for producing a homopolymer, 
poly(ethoxy homovanillate) (PEHV), and a copolymer, consisting of EHV and ethoxy vanillate 
(EMV) is presented. The homopolymer PEHV showed no melting point (Tm) and is thus 
amorphous. The glass transition temperature (Tg) is 42 °C and the molecular weight (Mn) is 5 
400 g mol-1 based on SEC. PEHV only differs from PEV by on methyl group, but they have 
vastly different properties; PEHV is amorphous while PEV has a Tm of 264 °C. Copolymers 
(P(EHV-co-EV)) are produced and the thermal analyses of them showed that, by the insertion 
of EHV, it is possible to modulate both Tm and Tg. Mn of P(EHV-co-EV) ranged from 3 900 to 
5 700 g mol-1 and their dispersity (Đ) is 2.3-2.8. 
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3. Abstrakt  
Homovanillinsyra är en plattformsmolekyl, som liknar vanillinsyra, och som hittills inte har 
använts vid produktion av biobaserade polymerer. Den visar stor potential eftersom den 
innehåller två funktionella grupper; en fenol och en karboxylsyra-grupp, som kan användas 
för att producera monomerer. Även om fenolgruppernas reaktivitet är låg kan den 
hydroxietyleras med etylenkarbonat (EC). Det är nödvändigt att noggrant kontrollera 
reaktionsbetingelserna för att extrahera rena monomerer och med användning av 
polykondensering skapar dessa A-B-monomerer både homo- och co-polymerer. Denna nya 
monomer kan co-polymeriseras med etoximetylvanillat (EMV) för att förbättra poly(etylen 
vanillat) (PEV) kvaliteter såsom löslighet och termiska egenskaper. 

En grön väg för syntetisering och isolering av 100% biobaserad etoxi metyl homovanillat 
(EMHV) och etoxi metyl vanillat (EMV) baserad på homovanillinsyra respektive 
vanillinsyra, föreslås. Metoder för framställning av en homopolymer, poly 
(etoxihomovanillat) (PEHV) och co-polymerer bestående av etoxihomovanillat (EHV) och 
etoxivanillat (EV) presenteras. PEHV uppvisade ingen smältpunkt (Tm) och är således amorf. 
Glasövergångstemperaturen (Tg) är 42 °C och molekylvikten (Mn) är 5 400 g mol-1 baserat på 
SEC. PEHV skiljer sig endast från PEV med avseende på en metylgrupp, men de har väldigt 
olika egenskaper; PEHV är amorft medan PEV har en Tm på 264 °C. Co-polymerer (P (EHV-
co-EV)) produceras och analyserna av dem visade att genom införandet av EV är det möjligt 
att modulera både Tm och Tg. Mn av P (EHV-co-EV) varierade från 3 900 till 5 700 g mol-1 
och deras dispersitet (Đ) är 2,3–2,8.  
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4. Aim of the Project 
The aim of the project is to synthesize and purify green monomers derived from HVA and EC 
using K2SO3 as a catalyst. Homovanillic acid is already a A-B-type monomer, but the phenol 
group has poor reactivity and to increase the reactivity it needs to be hydroxyethylated.  
Ethylene carbonate will be used for the monomer synthesis instead of the established method 
of using chloroethanol because it is not considered sustainable. This greener method has been 
used previously to hydroxyethylate methyl vanillate. The monomers will be made into a 
homopolymer, PEHV, and its properties will be investigated. Monomers derived from methyl 
vanillate will be synthesized and isolated using the same method as form homovanillic acid. 
The homopolymer derived from methyl vanillate, PEV, has in the past been studied and has a 
high glass transition and melting temperature. Homovanillic acid is similar to vanillic acid, the 
only difference is an additional carbon between the carboxylic acid and the benzene ring. This 
carbon will make the homopolymer of the homovanillic acid derived monomer more flexible 
than its vanillic counterpart, it might even be amorphous. The two monomers will be 
copolymerized at different ratios to investigate if the homopolymers properties can be 
improved and modulated by the insertion of a comonomer.  
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5. Introduction 
5.1. Bioplastics 
The versatility of polymer properties has made them useful for many applications e.g., 
packaging, building, construction, and automotive. Therefore, the global production of plastics 
has increased from 0.5 million tons in 1950 [1] to nearly reaching 370 million tons in 2019 [2]. 
Most monomers are derived from fossil-based hydrocarbons [2] e.g., ethylene and propylene 
which make up polyethylene and polypropylene, respectively. Both accumulate in the 
environment if they are not recycled or used for energy recovering. [3] Out of these 370 million 
tons of plastics produced globally, only about 2 million tons (less than 1%) were bioplastics, 
and out of these 55.5% were biodegradable and 45.5% bio-based/non-biodegradable in 2019. 
[4] Biobased plastic are plastics fully or partially based on renewable biological resources and 
biodegradable plastics can be degraded by the environment to e.g., carbon dioxide, water, and 
compost. [5] The combination of the environmental effects such the rise of greenhouse gas 
emissions and climate change [6], and the depletion of fossil fuels have increased the interest 
in bioplastics. However, the processing cost for making the monomers from renewable 
feedstock is still high in comparison to petrochemical sourced reactants. [7] But then, fossil 
fuel is a finite resource that is expected to grow in price. This in addition with governments 
disincentivizing the use of nonrenewable carbon sources will encourage development of bio-
based material. [8] 

5.1.1. Aliphatic-Aromatic Bio-polyesters 
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Figure 1:Molecular structure of  a) PBAT, b) bio-PET, c) bio-PTT, and d) PEF. 

Aromatic compounds contain at least one ring with delocalized π-electrons. The number of 
electrons must follow  Hückel's rule that states that the number of π-electrons must be 4n + 2, 
where n = 0, 1, 2… Aromatic segments in polymers increase the stiffness of the chain and 
hence, increase the Tm and Tg. Aliphatic segments, containing single bonds, on the other hand 
enhance the mobility of the chains and reduce the Tm and Tg. By modulating the ratio of 
aliphatic-to-aromatic one can control its thermal properties. Recyclability is an important 
aspect of bioplastics; therefore, polyester is a promising class of polymers. This as they contain 
ester bonds which are vulnerable to hydrolysis or enzymatic cleavage. Therefore, allowing a 
way to recover the monomers by depolymerization under controlled conditions. Other chemical 
bonds, e.g., acetals, amides, and ethers, are also susceptible to these processes. Three of the 
most produced bioplastics are poly(butylene adipate-co-terephthalate)1 (PBAT), bio-
poly(ethylene terephthalate)2 (bio-PET), and bio-poly(trimethylene terephthalate)3 (bio-PTT) 
(Figure 1). PBAT is a biodegradable polymer resin with a melting temperature (Tm) of 109 °C 
                                                            
1 13.4% of the global production of bioplastics 2019 according to European Bioplastics. [4] 
2 9.8% of the global production of bioplastics 2019 according to European Bioplastics. [4] 
3 9.2% of the global production of bioplastics 2019 according to European Bioplastics. [4] 
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and a glass transition temperature (Tg) of -34 °C [9]. Bio-PET is partly produced from biobased 
ethylene glycol and bio-PTT is partly produced from biobased 1,3-propanediol (1,3-PDO) and 
bio-polyamide from castor oil. Both are structurally identical to its fossil-based counterpart; 
therefore, they utilize the same production infrastructure. Bio-PET has a Tg of 80 °C and Tm of 
252 °C [10] and bio-PTT has a Tg of 55 °C and Tm of 228 °C [11]. Nevertheless, 0% of PBAT, 
20% of bio-PET, and 30% of bio-PTT is biobased. [12] 

One biobased feedstock that can be used to obtain platform molecules for polyesters are sugars. 
One molecule that has garnered a lot of interest is 4-(hydroxymethyl)furfural (HMF) which can 
be obtained by dehydration of fructose. [13] HMF can be converted into 2,5-furandicarboxylic 
acid (FDCA) and it together with bio based [14] ethylene carbonate (EC) is used to produce 
poly(ethylene furanoate) (PEF) (Figure 1d), a polyester showing great promise in substituting 
PET. PEF has superior barrier properties to PET, and it has both a higher Tg and Tm than PET. 
[12] A more practical platform molecule than HMF is 5-(chloromethyl)furfural (CMF), this 
since it can be obtained from several carbohydrate feedstocks, including directly from raw 
feedstock and cellulose. Thus, it does not put a strain on food production. [13]  

5.1.2. Lignin 
Renewable feedstock can be converted into energy, but more importantly bio-based products 
such as value-adding chemicals in biorefineries. These chemicals include platform molecules 
that can be used to replace e.g., terephthalic acid, one of the main components in PET. [15] 
Possible sources for renewable platform molecules are cellulose and lignin which are the two 
most abundant organic polymers. Cellulose and lignin are two of the main components of 
wood, 40-50% and 18-35%, respectively, depending on the type of wood. [16] The primary 
source of lignin is as a waste product stemming from papermaking, it is removed since it 
discolors and weakens the structural integrity of the paper. [6] 98-99% of lignin produced, 
which is 50 million tons annually, is burned as fuel since it is seen as a low value by-product. 
[17] Although lignin is not seen as a low value to plants as its addition enables transportation 
of water since it strengthens the plant cell walls. Lignin is synthesized by plants via an enzyme-
initiated dehydrogenation, radical coupling, and dimerization reactions of monomeric 
precursors. The main three precursors are p-coumaryl alcohol, coniferyl alcohol, and sinapyl 
alcohol. The result is a three-dimensional amorphous material. The bonds connecting the 
monomers are both carbon-carbon bonds and ether bonds. More than 50% of the linter-unit 
linkages formed during polymerization are usually aryl ether linkages (β-O-4’). Catalytic 
fragmentation using e.g., nickel, cobalt, or rhodium as catalysts successfully cleaved these 
bonds yielding bio-oil containing aromatic compounds such as: phenol, vanillin, guaiacol, p-
cresol, and catechols. Other methods to depolymerize lignin involve pyrolysis, oxidation, 
hydrogenation, gasification, and microbial conversion. [6] 

5.2. Semi-Crystalline Vanillin Base Polyesters 
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Figure 2: Molecular structure of a) PBT and b) PET. 
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Crystalline regions in polymers improve their strengths as there are more significant 
intermolecular bonding in these regions.  Hence, crystalline regions prevent softening even 
above the Tg, where the material exhibits rubber-elastic properties. If the degree of crystallinity 
is too high, the material becomes brittle. Adding amorphous regions will provide elasticity and 
impact resistance. A semi-crystalline material is optimal for many applications such as 
electronic applications and food packaging [18] e.g., PBT (Figure 2a) a semi-crystalline 
polyester with a Tg of 60 °C and Tm of 223 oC and PET (Figure 2b) another semi-crystalline 
polyester with a Tg of 80 °C and Tm of 252 °C [10].  However, the Tm cannot be too high since 
it will inhibit processing. Additionally, molecular weight is also an important aspect when 
synthesizing polymers since it will affect material performance, for example, Low Density 
Poly(Ethylene) (LDPE) is used for plastic bags while High Density Poly(Ethylene) (HDPE) is 
used for pipes. The chain length can be a limiting factor in determining elasticity, fiber-forming 
capacity, tear, and impact strength, etc. [18]  

Polymers can be either homopolymers, produced with A-B-type monomers, or copolymers, 
produced with two or more A-A-type monomers. Using A-B-type monomers circumvents the 
problem of that of copolymers needing a stoichiometric balance required to achieve high 
molecular weight polymers. [16] Using A-A-monomers makes it easy to control physical 
properties by increasing or decreasing the length of aliphatic segments in the polymer chains. 
[19] The review of vanillin derived polymers down below will be limited to semi-crystalline 
polyesters with a quantified Tm. 

5.2.1. Polyalkylenehydroxybenzoates (PAHBs) and Their Copolymers 
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Scheme 1: Pathway for a) hydroxyethylation of VA with α,ω -chloroalcohols, b) polymerization into PEV, PPV, 
and PHP, c) polycondensation into PEV using EC, d) and e) synthesizing a copolymer of EV and ε-caprolactone, 
and f) synthesizing a copolymer of EV and L-lactide. 

Polyalkylenehydroxybenzoates are aromatic-aliphatic thermoplastics synthesized from lignin-
derived aromatics that has been alkylated by diols. [19] Ethylene vanillate (EV), a PAHB, has 
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been synthesized by hydroxyethylation of vanillic acid with 2-chloroethanol (Scheme 1a, n = 
2) [20] [10] though, this process is not green since it utilizes petrol-based chloroalcohols [14] 
and a better solution is needed.  Mialon and coworkers synthesized several PAHBs via 
alkylation with α,ω-chloroalcohols of varying length catalyzed by antimony oxide (Sb2O3) 
(Scheme 1b). The longer the α,ω-chloroalcohols the lower the Tg, varying from 71 °C (PEV) 
to 32 °C (poly(hexylene vanillate), PHV) since the aromatic segments were diluted with 
aliphatic segments with a lower conformational barrier. The Tm of PEV and poly(propylene 
vanillate) (PPV) is 239 °C and 191 oC, respectively. PHV had insufficient crystallinity to 
observe a Tm. The weight average molecular weights (Mw) ranged from 8 700 to 16 300 g mol-

1. [19] Zamboulis and group expanded on Mialon and coworkers’ research about PEV by 
producing it with two different catalysts: Ti(OBu)4 (TBT) and Sb2O3 (Scheme 1b, n = 2). Tm 
are 259 °C and 251 °C for quenched PEV prepared with TBT and Sb2O3, respectively. The Tg’s 
are 75 °C and 83 oC, respectively, which are close to PET’s (Tg of 80 °C and Tm of 252 oC). 
[10]  

Gioia et al. improved the method of synthesizing PEV, avoiding solvents, purification steps, 
and only using bio-based reagents [14]. Though they could not isolate the pure monomer and 
the produced PEV was not soluble in common solvent therefore, no analysis other than DSC 
and TGA could be done. Potassium bicarbonate (K2CO3) and dibutyltin(IV) oxide (DBTO) 
were used as catalysts (Scheme 1c). The produced polyester had a low molecular weight and 
was thus brittle. Tg and Tm of PEV are 74 °C and 264 oC, respectively. A copolymer based on 
EV and ε-caprolactone was produced to reduce the materials brittleness by increasing the 
length of the aliphatic segments (Scheme 1d). The copolymer ranged from 20% to 80% EV. 
At the highest amount of ε-caprolactone (80%), the Tg decreased to -18 oC, Tm decreased to 104 
oC, and the Mw increased to 14 500 g mol-1. Nguyen and peers also made the same polyester, 
they first synthesized hydroxyethylvanillic acid using vanillic acid and 2-chloroethanol, then 
copolymerized with ε-caprolactone (Scheme 1e) using Sb2O3. The copolymer ranged from 
10% to 100%. At a high amount of ε-caprolactone they were able to produce polymers at a 
considerably higher Mw than Gioia and coworkers at 49 600 g mol-1 (70% ε-caprolactone) and 
24 000 g mol-1 (80% ε-caprolacton), respectively. [21] The same group likewise synthesized a 
copolymer prepared from hydroxyethylvanillic acid and another lactone, L-lactide (Scheme 
1f). When the ratio of hydroxyethylvanillic acid and L-lactide was 60/40 and 80/20, the 
polymers showed crystallinity with a Tm of 178 °C and 240 oC, respectively, and Tg of 77 °C 
and 75 oC, respectively. The Mw ranged from 10 900 - 8 500 g mol-1. [21] 
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5.2.2. Ferulic Acid Derived Polyesters 
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Scheme 2: Pathway of a) the Perkin reaction, b) synthesizing HFA by hydrogenation, c) synthesizing poly(HFA) 
and poly(AEPPA), and d) synthesizing poly(AEPPA/HFA). 

When vanillin and acetic anhydride, which can be produced from bio renewable feedstocks, 
are exposed to the right conditions the Perkin reaction occurs (Scheme 2a, R = OMe). Followed 
by hydrogenation it produces acetyldihydroferulic acid (HFA) (Scheme 2b, R = OMe). This 
monomer can be polymerized to create poly(dihydroferulic acid) (PHFA) and acetic acid. 
Mialon and coworkers polymerized using a zinc acetate catalyst (Zn(OAc)2) (Scheme 2c, R = 
OMe) and this gave a Tg of 73 °C and a Tm of 234 oC. The resulting polymer has similar 
properties as PET but was insoluble in common organic solvents which prohibited size-
exclusion chromatography (SEC) analysis and molecular weight was attained by viscometry 
and yielded 11 000 g mol-1. [20] Kurt and Gokturk solved the insolubility problem by using 
ethyl vanillin instead of vanillin to produce the monomer (Scheme 2b, R = OEt), this addition 
disrupted the crystallinity of the polymer. The obtained polymer (Scheme 2c, R = OEt), poly(3-
(4-acetoxy)-3-ethoxyphenyl) propanoic acid) (poly(AEPPA)), had increased solubility in N,N-
dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO). Poly(AEPPA) had a Mw of 
11 000 g mol-1, Tg of 55 oC, and Tm of 180 oC. They also copolymerized AEPPA with HFA 
(Scheme 2d) which has a Tg of 65 oC, Tm of 200 °C and, Mw of 8 500 g mol-1. [22] Neither of 
the papers looking at ferulic acid-based polyesters have investigated their degradation 
properties. [20] [23]  
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5.2.3. Divanillic Acid Derived Polyesters 
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Scheme 3: a) synthesis of dialkoxydivanillate monomers, b) copolymerization with diols, and c) copolymerization 
with trans-1,4-cyclohexanedimethanol. 

Synthesizing polyesters based on divanillic acid (DVA) has been investigated in several papers 
and most of these have been amorphous. [24][25][26] Enomoto and Iwata investigated four 
symmetric dialkoxydivanillate monomers with differing lengths of side chains (methyl-, ethyl-
, propyl-, and butyl-divanillate) [24]. To synthesize the dialkoxydivanillate monomers, 
horseradish peroxide (HRP) was used as a catalyst to facilitate a reaction between methyl 
vanillate (Scheme 3a). The diesters were copolymerized with either 1,4-butanediol or 1,6-
hexanediol using titanium(IV)tetraisopropoxide (Ti(iPrO)4) as catalyst (Scheme 3b). All the 
polymers were amorphous. Zhang together with the previously mentioned authors expanded 
on the work and were able to produce a polyester that showed crystallinity [25]. The methyl-
DVAs were copolymerized with several aliphatic and aromatic diols using the same catalyst as 
before. Only the homopolyester made from trans-1,4-cyclohexanedimethanol and methyl-
dimethylvanillate was semi-crystalline (Scheme 3c). This polyester has a Tg of 114 oC,  Tm of 
220 oC, and Mw  of 20 400 g mol-1.  

5.2.4. Thioesters 
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Scheme 4: Synthesis of a) symmetrical diester, b) asymmetrical diester, and c) symmetrical diol. 
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Pang et al. created methods for synthesizing two vanillin-based diesters made up from methyl 
vanillate and dibrombutyl or methyl chloroacetate. The diesters were prepared via Williamson 
ether synthesis using a combination of K2CO3 and potassium iodide (KI) (Scheme 4a) or only 
K2CO3 (Scheme 4b), respectively, as a catalyst. They copolymerized with four different diols 
derived from 10-undecenoic acids. Two of the poly(thioesters) were semi-crystalline, the ones 
copolymerized with a symmetrical diol. The thioether linkages in the 10-undecenoic acid 
derived comonomer was created between two equimolar amounts of 10-undecen-1-ol and one 
equimolar amount of 1,2-ethanedithiol using DMPA (Scheme 4c). The methyl chloroacetate 
based diester containing polyester was synthesized utilizing TBT as catalyst. The 
poly(thioester)’s Tg is -2.1 oC, Tm is 25.4 °C and 48.5 oC, and Mw is 46 200 g mol-1. The low 
crystallinity of the polymer can be attributed to the asymmetry of one of the comonomers. The 
other semi-crystalline poly(thioester) based on dibromobutyl has a Tg of 5.3 oC, Tm of 70.1 oC, 
and Mw 26 700 g mol-1. [16] 
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Scheme 5: a) Williamson alkylation of vanillin, b) Tishchenko reaction, and c) copolymerization of dienes and 
dithiols creating poly(thioester). 

The group of Haibo Xie at Guizhou University also produced a method for synthesizing 
poly(thioesters) based on vanillin using Williamson ether synthesis. Out of twelve vanillin 
poly(thioesters), only one was semi-crystalline. Firstly, the Williamson alkylation of vanillin 
is catalyzed by K2CO3 and KI (Scheme 5a). Secondly, the resulting compound underwent a 
Tishchenko reaction under solvent-free conditions using sodium hydride (NaH) as a catalyst 
(Scheme 5b). Thirdly, the dienes were copolymerized with dithiols using metal-free thiol–ene 
click polymerization (Scheme 5c). The semi-crystalline poly(thioester) has a Tg of -17.5 °C and 
Tm of 136.2 oC. The polymer was not soluble in DMF or THF, resulting in no measured 
molecular weight. [27] 

5.3. Homovanillic Acid 
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Figure 3: Chemical structure of a) HVA, b) VA, and c) dopamine. 

Homovanillic acid (HVA) is one of the possible products of depolymerization of lignin (Figure 
3a) which is akin to vanillic acid (VA) (Figure 3b). PEV is a semi-crystalline polymer with a 
high Tm and the only difference between PEV and poly(ethylene homovanillate) (PEHV) is the 
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addition of one carbon hence, PEHV has a  larger aliphatic part. This suggests that PEHV has 
the possibility of being more ductile and less crystalline than PEV.  So far, no published articles 
have used HVA as a building block to produce polymers but there have been articles published 
regarding brain chemistry. In 1963, HVA was reported as the main metabolite of dopamine 
(Figure 3c) by a Swedish research group from the University of Gothenburg. Dopamine is 
metabolized in the corpus striatum, a critical component of the brain responsible for the motor 
and reward systems. [28] Homovanillic acid has since then been used to assess the activity of 
central dopamine neurons in humans. Dysfunction of these neurons have been connected to 
schizophrenia [29], other psychotic disorders, and Parkinson's disease [30]. [31]  

5.3.1. Production of Homovanillic Acid 
There have been several different investigations on how to synthesis HVA from lignin: using 
solvothermolysis, sub- and supercritical water, incorporating heteroatoms into mesoporous 
sieves, and transition metal catalysts, etc. Lee et al. were able to produce 2.60% HVA by using 
solvothermolysis of kraft lignin in ethanol at 300 °C for 30 minutes, amounting to 35% bio 
crude oil. Solvothermolysis delivers liquid products with a low oxygen content caused by 
hydrodeoxygenation catalyzed by the solvents ability to donate hydrogen. This process also 
reduces the amount of char; however, the authors do not specify how much of the solid residue 
that is char and lignin in the above-mentioned reaction. The downside to this method is the 
high equipment cost and the difficulty in separation and reuse of the solvent. [32]  

A quicker method, described by Abad-Fernández and coworkers, utilizing ultrafast continuous 
reactors using sub- and supercritical water at 386 °C only had a reaction time of 170 ms. The 
authors were able to extract 44.6% bio-oil, though it only contained 0.7% HVA, from kraft 
lignin. The result in this article suggests a progressive depolymerization/repolymerization 
mechanism where lignin first degrades into an oil and then monomers, and these last two 
degrade to hydro char by recondensation reactions. The lack of knowledge regarding the 
mechanisms of the depolymerization due to lignin’s amorphous nature and the high 
temperature of the reaction mixture has led to a relative low yield of monomers. [33] Totong 
and peers were able increase the yield to 1.5-2.0 wt% of HVA, totaling about 30% of lignin 
oil, and the remaining 70% being char and lignin. They explain the depolymerization of 
alkaline lignin using 10% Ni/CeO2-ZrO2-red catalyst in 50:50 v/v of H2O-methanol mixture 
for 3 h at 200 oC. [34]  

Li et al. were able to attain an even higher yield of 8.6-14.3% HVA, depending on what type 
of tree the lignin originated, using a method for self-oxidizing alkali lignin to aromatic acids. 
The catalyst was crystalline mesoporous sieves incorporated with heteroatoms, with aluminum 
being the most successful heteroatom. They reported that the mesoporous sieves can be reused 
at least five times without significant loss in activity. [35] The catalysts that Du and colleagues’ 
choses to use did not have the same recyclability as Li et al. C60-modified Bi2TiO4F2 
(C60/Bi2TiO4F2) declined in efficiency with 25%, after recycling five times, although they had 
a higher conversion of lignin to HVA at 22%. [36] The most successful attempt at extracting 
homovanillic acid is Das and coworkers who were able to depolymerize alkaline lignin using 
different transition metal catalysts, CoCl2 and Nb2O5 being the most effective, in presence of 
H2O2 as oxidizing agent. The conversion of lignin to bio-oil reached roughly 80% for both 
CoCl2 and Nb2O5 at 120 oC. Above 30% of the extracted oil was HVA, yielding above 24% 
HVA. [37]  
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6. Experimental 
6.1. Chemicals 
Homovanillic acid (HVA) was purchased from AmBeed. Sulphuric acid (H2SO4, 95%), sodium 
chloride (NaCl) and N,N-dimethyl formamide (DMF, Pure-Solv system) were purchased from 
VWR Chemicals. Methanol (MeOH, ≥99.8%), ethyl acetate (EtOAc, ≥99.5%), sodium 
hydrogen carbonate (NaHCO3, ≥99.7%), ethylene carbonate (98%), potassium carbonate 
(K2CO3, ≥99%), dimethyl sulfoxide (DMSO, ≥99.5%), sodium hydroxide (NaOH, ≥98%), 
bromocresol green (95%), n-heptane, antimony(III) oxide (Sb2O3, 99%), mesitylene (98%), 
dichloromethane (DCM, ≥99.9%), DMSO-d6 (99.9 atom% D), chloroform-d (99.8 atom% D), 
and D2O (99.9 atom% D) were purchased from Sigma-Aldrich. Sodium sulphate (Na2SO4) and 
CHCl3 (stabilized with 0.6% ethanol) were purchased from Honywell. Methyl vanillate (MVA) 
was purchased from Apollo Scientific. Ethanol (EtOH, 99.7%) was purchased from Solveco. 
Trifluoroacetic acid (TFA, CF3CO2H) was purchased from Alfa Aesar. All reagents and 
chemicals were used without further purification. 

6.2. Method 
6.2.1. Synthesis of Methyl Homovanillate (MHV) 

MeOH

H2SO4

O

OHO
O

OH

OHO
O

+ H2O

 
HVA (25.0 g, 137.2 mmol), 300 mL of methanol and 1.5 mL concentrated sulfuric acid were 
mixed in a 250 mL round bottom flask and the solution was refluxed for 16 h. After cooling, 
the methanol was evaporated, and 80 mL of ethyl acetate was added. The organic phase was 
washed with water D.I. (3 portions of 80 mL). The ethyl acetate was evaporated, and the 
product was put to dry under vacuum resulting in a white product. 23.9 g, 122 mmol, and 89% 
yield. Pure by NMR. 1H NMR (400 MHz, CDCl3) δ (ppm): 3.6 (s, 2H, CH2), 3.7 (s, 3H, OCH3), 
3.9 (s, 3H, ArOCH3), 5.5 (s, 1H, OH) 6.8 (dd, 1H, Ar-H), 6.8 (d, 1H, Ar-H), 6.9 (d, 1H, Ar-H).  

6.2.2. Synthesis of Ethoxy Homovanillate (EMHV) 

O

OO
O

HO
O O

O
O

OHO
O

K2CO3
DMSO

+ CO2

 
To a 50 mL round-bottom flask methyl homovanillate (23.43 g, 97.5 mmol), ethylene carbonate 
(8.59 g, 97.5 mmol), potassium carbonate (0.67 g, 4.9 mmol), and DMSO (230 mL), was added. 
The reaction mixture was stirred for 10 minutes and then heated to 100 °C under a nitrogen 
atmosphere for 3 h. After cooling, 400 mL of ethyl acetate was added. The organic phase 
washed four times each with 200 mL of sodium hydroxide solution (0.5 M) then two time each 
with 200 mL D.I. water. The product was dried under vacuum resulting yellow powder. 
Producing 8.0 g, 33.3 mmol, and 57% yield of EMHV. Pure by NMR. 1H NMR (400 MHz, 
DMSO-d6) δ (ppm): 3.6 (s, 2H, CH2), 3.6 (s, 3H, OCH3), 3.7 (q, 2H, CH2), 3.7 (s, 3H, 
ArOCH3), 3.9 (t, 2H, CH2), 4.8 (t, 1H, OH), 6.8 (dd, 1H, Ar-H), 6.9 (d, 1H, Ar-H), 6.9 (d, 1H, 
Ar-H).   
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6.2.3. Synthesis of Ethoxy Methyl Vanillate (EMV). 

HO

O

O

O
K2CO3

O O

O

O

O

O

O

HO + CO2

 
Methyl vanillate (20.0 g, 110 mmol),  ethylene carbonate (9.68 g, 110 mmol), and potassium 
carbonate (0.75 g, 5.5 mmol) was dissolved in 200 mL of DMSO. EMV was synthesized the 
same way as EMHV. Resulting in a white powder weighing  19.42 g, 85.8 mmol, and a yield 
of 92%. Pure by NMR. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 3.7 (q, 2H, CH2), 3.8 (s, 3H, 
OCH3), 3.8 (s, 3H, ArOCH3), 4.1 (t, 2H, CH2), 4.9 (t, 1H, OH), 7.1 (d, 1H, Ar-H), 7.5 (d, 1H, 
Ar-H), 7.6 (dd, 1H, Ar-H).  

6.2.4. Synthesis of  Poly(Ethylene Homovanillate) (PEHV) 
O

OO
O

HO
Sb2O3

O

OO

O

OH
+ MeOH

 
Ethoxy methyl homovanillate (1 g, 4.16 mmol), Sb2O3 (42 mg, 0.15 mmol), and 2 mL of 
DMSO were added to a three necked 50 mL round bottom flask, which was equipped with a 
mechanical stirrer, nitrogen inlet, and a solvent outlet. Connected to the outlet was a cold trap, 
then a condenser, and then a vacuum outlet. The mechanical stirrer was set to 100 rpm the 
apparatus containing the reagents was evacuated three times and filled with nitrogen to remove 
the existing oxygen. The reagents were heated at 160 °C under nitrogen flow for 2 h. Vacuum 
was applied slowly, and the temperature was gradually increased to 200 °C. After 2 h, the 
temperature was increased to 220 °C. Then after 1 h, the temperature was increased to 240 °C 
and held there for an additional hour with increased vacuum. After the polycondensation 
reaction was completed, the polyesters were dissolved in 10 mL chloroform and 2 mL 
trifluoroacetic acid, and the solution was added dropwise to 120 ml methanol. The precipitate 
was washed with methanol twice and dried under vacuum oven overnight. Yield 75%. 1H NMR 
(400 MHz, CDCl3) δ (ppm): 3.6 (s, 2H, CH2), 3.8 (s, 3H, Ar-OCH3), 4.2 (t, 2H, CH2), 4.4 (t, 
2H, CH2), 6.8 (dd, 1H, Ar-H), 6.8 (d, 1H, Ar-H), 6.8 (d, 1H, Ar-H). 

6.2.5. Synthesis of P(EHV-co-EV) 
O

OO
O

HO + O

O
O

HO

O

O

OO

O

O
O

O

O
O

H

Sb2O3 + MeOH

 
MHV and EMHV of differing molar ratios totaling 1 g, Sb2O3 (42 mg, 0.15 mmol), and 2 mL 
of DMSO were added to a three necked 50 mL round bottom flask, which was equipped with 
a mechanical stirrer, nitrogen inlet, and a solvent outlet. Connected to the outlet was a cold 
trap, then a condenser, and then a vacuum outlet. The mechanical stirrer was set to 100 rpm the 
apparatus containing the reagents was evacuated three times and filled with nitrogen to remove 
the existing oxygen. The reagents were heated at 150 °C under nitrogen flow for 2 h. Vacuum 
was applied slowly, and the temperature was gradually increased to 200 °C. After 2 h the 
temperature was increased to 220 °C. Then after 1 h, the temperature was increased to 240 °C 
and held there for an additional hour under increased vacuum. After the polycondensation 
reaction was completed, the polyesters were dissolved in 10 mL of chloroform and 2 mL of 
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trifluoracetic acid, the solution was added dropwise to 120 ml methanol. The precipitate was 
washed with methanol twice and dried in a vacuum oven overnight. Yield 39%-87%. 

6.3. Characterization methods 
6.3.1. Nuclear Magnetic Resonance (NMR) 
1H and 13C NMR measurements were performed in DMSO-d6, CDCl3, and/or D2O at room 
temperature utilizing a Bruker DR X400 spectrometer at 400.13 MHz and 100.61 MHz, 
respectively. Phase correction was applied for all spectra and the residual solvent signals (δH, 

DMSO-d6 = 2.50 ppm, δC, DMSO-d6 = 39.52 ppm, δH, CDCl3 = 7.26 ppm, δC, CDCl3 = 77.16 ppm) were 
used as internal reference. The data were processed by MestreNova v14.1.2 (Mestrelab 
Research). The monomers and polymers were additionally analyzed with two-dimensional 
(2D) NMR analysis. 2D heteronuclear multiple bond correlation (HMBC) were recorded in 
DMSO-d6 at room temperature using the same spectrometer. 

6.3.2. Thin-layer chromatography (TLC) 
TLC Silica gel 60 F254 Aluminum sheets were utilized. A ratio of 50:50 v% ethyl acetate and 
heptane were used as the mobile phase. To visualize carboxylic acids on the TLC plate, a 
bromocresol green stain was used. To 100 mL ethanol 0.04 g of bromocresol green was added. 
Then aqueous sodium hydroxide (0.1 M) was added dropwise until the solution turned dark 
blue. The stain turns the spot yellow if it is a carboxylic acid.  

6.3.3. Column Chromatography  
Gradient elution chromatography was used to separate the components of the reaction mixture. 
A 10 cm high column of Silica gel high purity grade, pore size 60 Å, 230-400 mesh particle 
size, 40-63 um particle size, for flash chromatography was used. The polarity of the mobile 
phase increased from 10 v% to 100 v% ethyl acetate with an increment of 10% the rest 
consisting of heptane. The amount of eluent increased with 10 mL for each gradient starting at 
10 mL and ending at 100 mL. An additional 200 mL of ethyl acetate was used to flush the 
column.   

6.3.4. Polymer films 
Polymer films were cast by dissolving 100 mg polyester per 1 mL of chloroform. The solution 
was poured onto poly(tetrafluoroethylene) (PTFE) plates (diameter 3 cm). The solvent was 
evaporated at room temperature over three days. 

6.3.5. Thermogravimetric analysis (TGA) 
The thermogravimetric analysis (TGA) of the monomers was performed using a TA 
Instruments mode TGA Q500 under a nitrogen atmosphere at a heating rate of 10 °C min−1 
from 10 °C to 600 °C. Temperatures leading to 5 wt% weight losses, T5%, and temperature for 
maximum degradation rate, TD, were calculated. 

6.3.6. Differential Scanning Calorimetry (DSC) 
DSC measurements were performed on a DSC Q2000 analyzer from TA instruments. The 
polyesters were first heated from 25 °C to 300.0 °C during the first heating cycle to remove 
thermal history. The polyesters were then cooled down to -50.0 °C during the first cooling 
cycle. Finally, the polyesters were heated to 300.0 °C during the second heating cycle. The 
temperature change was 10 °C min-1. Tg, Tm, enthalpy of melting (ΔHm), temperature of 
crystallization (Tc) and enthalpy of crystallization (ΔHc) determined by DSC during the 2nd 
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heating scan at 10 °C min−1. The degree of crystallinity can be calculated with the following 
equation:  

𝐾𝐾 =
∆𝐻𝐻𝑚𝑚 − ∆𝐻𝐻𝑐𝑐

∆𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙
 

Equation 1: Crystallinity. 

where K is crystallinity, ΔHm is enthalpy of melting, ΔHc is enthalpy of crystallization, and 
ΔHlit is enthalpy of fusion at 100% crystallinity.  

6.3.7. Size exclusion chromatography (SEC) 
Size exclusion chromatography (SEC) measurements for the polyesters were carried out using 
Malvern Viscotek TDAmax instrument with a 2 × PL-Gel Mix-B LS column set (2 × 30 cm) 
equipped with OmniSEC triple detectors (refractive index, viscosity, and light scattering) and 
chloroform as eluent at 35 °C at a flow rate of 1 mL min−1. Calibration was performed with 
two narrow polystyrene standard Mp = 96 000 g mol-1 and Mp = 9630 g mol-1, both with Đ = 
1.03 (Polymer Laboratories Ltd, Agilent Technologies and Water Associates).  
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7. Result and Discussion 
7.1. Optimizing Monomer Synthesis.  
EC was used for the hydroxyethylation since it can be obtained from renewable resources [38] 
in contrast to the reagent, 2-chloroethanol, more commonly used. [10] [20]. Homovanillic acid 
is an A-B-type monomer but hydroxyethylation is necessary since the phenol group has low 
reactivity and a primary alcohol is significantly more reactive in polycondensation [14]. HVA 
has two functional groups, a carboxylic acid, and a phenol. The pKa of phenylacetic acid is 4.31 
[39] and guaiacol is 9.98 [40] in water, which both share similarities with HA. When K2CO3 is 
protonated, it becomes potassium bicarbonate (KHCO3). KHCO3 is the conjugate acid of both 
phenylacetic acid and guaiacol and it has a pKa of 6.37 [41] in water (Scheme 6).  
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Scheme 6: Acid-base reaction between a) phenylacetic acid and b) guaiacol and K2CO3. 

These give Ka values of 115 and 2.5*10-4 for the phenylacetic acid and guaiacol acid-base 
reactions, respectively. Hence, the carboxyl groups would deprotonate first and then the phenol 
groups do, if the catalyst is K2CO3.  However, phenoxide ions are better nucleophiles than 
carboxylate ions. [42] This will lead to the possibility of two different products when HVA 
reacts with EC (Scheme 7).  

OH
OHO

O

-H+ O
OHO

O
O O

O O
OHO

O

O O
O O

OHO
O

OH
-CO

2
+H+

OH
OHO

O

-H+ OH
OO

O
O O

O
OH

OO
O

OH
OO

O
OO

O

HO

a)

b)
-CO

2
+H+

 

Scheme 7: Possible reaction pathways for etherification of the a) carboxylic acid and b) phenol group of HVA by 
EC. 
If the carboxylic acid is hydroxyethylated then the resulting product is an unsymmetrical A-A-
type monomer (Scheme 7a). This monomer needs to be copolymerized to produce polyesters. 
Still, this will be difficult since the reactivity of the phenol group is low. Because of the 
asymmetry the polymer will be aregic with two isoregic and two syndioregic dyad sequences 
if the comonomer is symmetrical [43]. The regiochemical disorder will reduce its crystallinity 
and the polymer will likely be amorphous. If the phenol is instead hydroxyethylated (Scheme 
7b), then the resulting monomer will be A-B-type and its radiochemistry will not be a problem.   

Aforementioned speculation is further confirmed by comparing 13C NMR of HVA before and 
after the addition of a base, K2CO3 in this case, conclusions can be drawn if the carboxylic acid 
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or the phenol deprotonates first. In Figure 4a the 13C NMR of pure homovanillic acid dissolved 
in heavy water can be seen.  

 

Figure 4: 13C NMR of a) HA, b) HVA with one equivalent of K2CO3, and c) HVA with two equivalents of K2CO3, 
in D2O. 

After the addition and dissolution of one equivalent of K2CO3, the peaks corresponding the 
carboxyl carbon (1) at 177 ppm, α-carbon (2) at 40 ppm, and β-carbon at 127 ppm (3) shifts 
downfield significantly (Figure 4b). This suggests that the carboxylic acid is deprotonated by 
interacting with K2CO3. Not until the addition of two equivalents of K2CO3 does the phenol 
deprotonate. This can be concluded since the peak corresponding to the carbon connected to 
the phenol (6) at 144 ppm shifts considerably downfield (Figure 4c). According to this, 
etherification of the carboxylic acid will occur first.  

In the case of deciding the reaction pathway when EC reacts with HVA, HMBC 2D NMR can 
be used. HMBC shows long range correlation between protons and carbons over two (2J) or 
three (3J) bonds and hence, delivers information about the compound’s chemical structure. 
Using this method conclusions can be drawn about which functional group is hydroxyethylated. 
By stopping the reaction halfway and running  2D HMBC for the crude, one can deduce that 
only the carboxylic acid is hydroxyethylated (Figure 5).  
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Figure 5: Selected region from the HMBC 2D NMR spectrum of products from the etherification reaction in 
DMSO-d6. Molecular structure of (top) HVA after hydroxyethylation of the carboxylic acid and (bottom) HVA. 

3JC1’-Hh’ couplings denote three bonds between the carboxyl carbon and the α-hydrogens, hence 
the etherification occurred on the carboxylic acid. The lack of cross peak between the C6 and 
the Hh atoms in a spectrum validates that etherification of the phenol does not happen. This is 
also true for full conversion of EC (Figure S1). This is not a desired product and protection of 
the carboxylic acid group is needed. 

To avoid etherification of the carboxylic acid, HVA is methylated producing an ester, methyl 
homovanillate (MHV). HVA and an excess of MeOH was refluxed for 16 h using H2SO4 as a 
catalyst yielding MHV and water. An excess of MeOH was used to drive the equilibrium to 
the product side. After 100% conversion of HVA to MHV the MeOH was evaporated, and the 
organic phase was diluted with ethyl acetate (EtOAc) and washed with three portions of D.I. 
water to remove the catalyst and remaining reactants. The new methyl protons correspond to 
peak f in the 1H NMR (Figure 6, left). To further validate that the new methyl group is 
connected to the carbon a HMBC 2D NMR is used (Figure 6, right).   

 

Figure 6: (left) 1H NMR spectrum of MHV (right) and selected region from the HMBC 2D NMR spectrum of 
MHV, both in DMSO-d6. 
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The 3JC1-Hf coupling confirms that the carboxylic acid converted into an ester. The 2JC1-He 
coupling signifies the two bonds between the carboxylic carbon and the α-protons. After the 
methylation of HVA, the etherification of the phenol is possible. It is obvious from the 
appearance of the reaction mixture when the hydroxyethylation starts and then slows down; 
the CO2 that is released and visible as bubbles can be seen with the naked eye when the reaction 
speed is high (Scheme 8).   
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Scheme 8: Reaction mechanism of hydroxyethylation of MHV. 

The produced monomer, ethoxy methyl homovanillate (EMHV), is an A-B-type monomer and 
can consequently polymerize without the addition of a comonomer. This possesses a possibility 
of polycondensation during the synthesis of the monomer, creating dimers/oligomers and 
MeOH (Scheme 9). 
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Scheme 9: Reaction mechanism of polycondensation of EMHV. 

To collect pure monomer (EMHV), the transesterification side reaction needs to be avoided. 
This side reaction could be possible at elevated temperatures by formation of oligo(poly)mers. 
In this study, the amount of monomer EMHV that would not polymerize during monomer 
synthesis is determined by selectivity (%). The monomer synthesis will be target toward high 
conversion together with high selectivity. The selectivity is calculated according to Equation 2 
where h is the ethoxy triplet of the monomer and h’ is the triplet corresponding to a methylene 
group in the aliphatic segment of the polyester (Figure 7a).  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = � 
∫ℎ

∫ℎ′ + ∫ℎ
� ∗ 100% 
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Equation 2: Selectivity base ethoxy triplet. 

 

Figure 7: Selected region of 1H NMR spectrum of a) hydroxyethylation of MHV at high conversion, and b) PEHV 
in CDCl3. 

At first DMF was used as solvent but quickly changed to DMSO since there was no significant 
difference in conversion and selectivity between them (Table 1).  

Table 1: Comparison of conversion and selectivity (Equation 2) in DMF (Figure S2) and DMSO (Figure S3) at 
reaction temperature of 120 oC and 10 mol% K2CO3.  

 
Solvent 

Reaction Time 
2 h 4 h 6h 

Conversion Selectivity Conversion Selectivity Conversion Selectivity 
DMSO 47% 100% 69% 95% 74% 94% 
DMF 39% 100% 68% 92% 75% 88% 

 

Both are aprotic polar organic solvents. DMSO is considered less harmful than DMF, 
‘Hazardous’ vs. ‘Problematic’, according to the highly cited article “CHEM21 selection guide 
of classical- and less classical-solvents” by Prat et al. [44] DMSO is also more stable than 
DMF, since DMF will at elevated temperatures undergo decarbonylation and decompose to 
dimethylamide. Dimethylamide is a weak base, and it might affect the reaction with EC. [45] 
At higher temperatures and longer reaction time two more peaks, possibly triplets of 
polymerized product (h’ and i’), appeared on the 1H NMR spectra at 4.36 and 4.16 ppm (Figure 
8a). Thus, the reaction temperature is also necessarily optimized. 
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Figure 8: Selected region of 1H NMR spectrum of a) EMHV in DMSO-d6 at; 80, 100, and 130 °C after 3 h and 
24 h using 10 mol% catalyst, b) hydroxyethylation of MHV at high conversion, and c) PEHV in CDCl3. 

By comparing 1H NMR spectra of the etherification reaction at high conversion EC (Figure 8b) 
and that of the later produced polyester (Figure 8c), it is obvious that the peaks, h’ and i’, 
corresponding to the side product are very similar to that of the polyester. This suggests that 
the side product is a low molecular weight polyester composed of the desired monomer. It is 
low molecular weight macromolecules since the peaks are smaller than that of the main product 
and precipitation was not possible. During transesterification of the monomers, methanol is 
produced. A methanol peak can be seen on the 1H NMR spectrum which further validates that 
polycondensation transpired (Figure S4). When the conversion is between 74-97%, two 
polymer triplets appear, and the selectivity decreases from 100% (Table 2).  

Table 2: Conversion and selectivity (Equation 2) after 3 and 24 h at three reaction temperatures; 80, 100, and 
130 °C using 10 mol% catalyst (Figure S5). 

 
Temperature 

Reaction Time 
3 h 24 h 

Conversion Selectivity Conversion Selectivity 
80 oC 10% 100% 67% 94% 
100 oC 74% 100% 98% 81% 
130 oC 98% 76% 100% 65% 

 

When the temperature increases, the selectivity decreases, thus lowering the reaction 
temperature can increase the selectivity. Stopping the reaction before transesterification is 
necessary for the purification, otherwise it is not possible to separate the monomers from its 
similar  polymerized side-products. Pure monomers will be able to crystallize after extraction, 
this simplifies the copolymerization process and makes the copolymer homogeneous. Pure 
monomers also provide more control of reaction conditions in further polycondensation steps 
as well as in characterization of final polyesters. A reaction temperature of 100 °C was chosen 
to ensure that the reaction did not proceed at a too high rate and hence, make sure the selectivity 
is 100%.  Catalyst loading is also considered in the optimization process. (Table 3).  

  



 

26 
 

Table 3: Comparison of conversion of 5 and 10 mol% catalyst at 100 °C after 1, 2 and 3 h  (Figure S7 and Figure 
S8). Selectivity is 100% for all entries in the table. 

Catalyst Reaction Time 
1 h a 2 h a 3 h a 

5 mol% 34% 58% 70% 
10 mol% 34% 54% 64% 

 
a Calculated based on the amount of starting reagent MHV. 

As shown in the table, reactions with 5 and 10 mol% of K2CO3 at 100 oC are studied to 
investigate the role of catalyst loading. There are no significant differences in reaction rate 
between two cases and more catalyst does not accelerate the transesterification side reaction 
(100% selectivity in both cases). 5 mol% catalyst was chosen instead of 10 mol% since it did 
not affect the selectivity or the conversion. Using a higher amount is not necessary nor 
sustainable. 

7.2. Monomer synthesis 
EC and MHV were mixed stoichiometrically with 5 mol% K2CO3 in 1 mL DMSO per gram of 
MHV. The reaction temperature was 100 °C and the reaction time was three hours. EtOAc was 
added to dilute the crude, and it was washed with 0.5 M sodium hydroxide (NaOH) solution 
four times to remove the reactants, catalyst, and a majority of the DMSO. The organic phase 
was then washed with two portions of water to ensure all the DMSO was removed, and the 
EtOAc was evaporated. The product was dried by vacuum (Table 4). Same approach also 
applied for EMV. 

Table 4: Conversion, selectivity, yield, and product produced of EMHV and EMV. 

Monomer Conversion [%] Selectivity [%] Yield [%] Product [g] 
EMHV 67 100 57 14.2 
EMV 85 100 92 19.4 

 

It is important to stop the reaction after 3 h since at 3.5 h the selectivity decreases from 100% 
to 95% (Figure S9) and signs of transesterification can be seen. The product is instead a 
brown/yellow oil and in this case column chromatography is required to separate the product. 
Gradient elution chromatography was used to separate the components of the reaction mixture 
when the selectivity was 74% (Equation 2, Figure S6). The yield was only 40% which suggests 
that either there was product left in the column or the way selectivity was calculated 
inaccurately.  Using column chromatography to purify the product is not a viable option for 
large scale production. Consequently, a lower conversion is essential for the developed one 
step purification method. The 1H and HMBC 2D NMR spectrum of pure EMHV, purified by 
extraction with NaOH solution, can be seen in Figure 9.  
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Figure 9: (left) 1H NMR spectrum and (right) selected region from the HMBC 2D NMR spectrum of EMHV in 
DMSO-d6 purified by extraction. 

One triplet, h, and one quadruplet, i, corresponding to two hydrogens each from the EC can be 
seen in the spectrum (Figure 9, left). The coupling 3JC6-Hh proves that the phenol is 
hydroxyethylated (Figure 9, right). There is no other coupling between the new ethyl group 
and MHV which confirms that no side reaction occurred. The 1H NMR spectrum of PEHV 
purified by column chromatography can be seen in Figure 10.  

 

Figure 10: 1H NMR spectrum in DMSO-d6 of EMHV purified by column chromatography. 

The 1H NMR of EMHV purified by column chromatography is identical to the EMHV purified 
by extraction (Figure 9, left). The second monomer produced was EMV. This was achieved by 
using the same method as for EMHV. MV was hydroxyethylated using EC (Scheme 10).  
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Scheme 10: Reaction mechanism of hydroxyethylation of MV. 
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The addition of the ethoxy group yielded on triplet, g, and one quadruple, h (Figure 11). 3JC5-

Hg in the HMBC validates the addition of the ethoxy group (Figure 11, right).  

 

Figure 11: (left) 1H NMR spectrum and (right) selected region from the HMBC 2D NMR spectrum of EMV in 
DMSO-d6. 

The same approach has yield 92% of product in case of EMV (Table 4), which is a higher yield 
than the α,ω-chloroalcohols approach [19].  

7.3. Homopolymer Synthesis 
The 5% (T5%) and maximum degradation temperature (TD) was determined by TGA by heating 
the monomers 10 °C min-1. The two monomers both had similar T5%’s, ∼160 °C, and TD’s, 
∼220 °C (Table 5). Based on the degradation temperatures, the polymerization procedure is 
designed. 

Table 5: Thermal properties of monomers.  

Monomer T5%
a [°C] TD

 a [°C] 
EMHV 167 222 
EMV 157 224 

a Determined by TGA in nitrogen at 10 °C min−1. Temperature when 5% of the polymer degraded and maximum 
degradation temperature for the monomers. Note that there were two decomposition rate maxima in the TGA 
curves (Figure 14a) for monomers but only the highest rate maxima were listed in the table as the TD values. 

The two steps in the polymerization process, esterification and polycondensation, was 
optimized to reach as high a molecular weight as possible. The temperature was increased to 
obtain higher molecular weight polyesters (Table 6).  
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Table 6: Polymerization conditions, temperature, and time, of the esterification and polycondensation. 

Polymer Esterification Polycondensation 
Temperature [◦C] Time [h] Temperature [◦C] Time [h] 

PEHV-1 150 2 160 1 
170 1 
180 1 
200 1 

PEHV-2 160 2 200 2 
220 2 

PEHV-3 160 2 200 2 
220 1 
240 1 

 

The maximum temperature of the esterification of PEHV was 160 °C as the T5% of the 
monomer is 167 °C (Table 5). PEHV was soluble in both CHCl3 and DMSO, hence 1H NMR 
could be run and a comparison between the 1H NMR spectra of the homopolyester and the 
monomer can be seen in Figure 12. 

 

Figure 12: 1H NMR spectrum of PEHV-3 (top) and EMHV (bottom) in CDCl3.  

The ethoxy triplet and quadruplet, h and i, have now shifted and become two triplets, h’ and i’. 
The i protons are no longer a quadruple since they now solely spin-couple with the two other 
ethoxy protons. It is only the chain ends that spin-couple with the primary alcohol proton, g. A 
slight peak, f, in the spectrum corresponds to the three protons on the methyl on the ester chain 
end. This peak can be used to calculate molecular weight according to the following equation:  

𝑀𝑀𝑛𝑛 =  
3(∫ℎ ′ + ∫ 𝑆𝑆′)

4∫𝑓𝑓 ′
∗ 𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑀𝑀𝐸𝐸𝑀𝑀 

Equation 3: Number average molecular weight, Mn, calculated from 1H NMR. 

where Mn is the number average molecular weight, h’ and i’ is the peaks corresponding to the 
aliphatic triplets, f’ is the peak corresponding to the end group, MEMV is the molecular weight 
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of the repeating monomer units (MEHV = 208.21 g mol-1), and MMe is the molecular weight of 
the methyl end group (MMe = 15.04 g mol-1). The h’ and i’ integrals correspond to four and f’ 
to three protons which is why the integrals are divided by these values. Molecular weight was 
also determined by SEC (Table 7).  

Table 7: Molecular weight and dispersity, Đ, of homopolymers. 

Polymer Mn
a [g mol-1] Mw

 b [g mol-1] Mn
 b [g mol-1] Mp

 b [g mol-1] Đc 
PEHV-1 1 300 1 500 600 710 2.4 
PEHV-2 3 200 5 600 2 500 4 310 2.2 
PEHV-3 4 800 15 000 5 400 8 740 2.8 

a Number average molecular weight calculated using 1H NMR according to Equation 3 (Figure S10). b Weight 
average, number average, and Mp determined by SEC analyses with PS standards using the average of two runs. 
c Determined according to Equation 5 using data obtained from SEC. 

The polystyrene standards have Mp’s of 9 630 and 96 000 g mol-1 according to the 
manufacturer. Mp is the molecular weight corresponding to the maximum of the SEC peak. 
However, according to the chromatography instrument used the standards have Mp’s of 7 850 
and 93 000 g mol-1, which is an undercount of between 1 780-3 000 g mol-1. Consequently, the 
molecular weight of the polymer is also undercounted, and their true molecular weight is likely 
larger than measured by SEC.  

It is obvious that the molecular weight of the polyesters increases with the increasing 
polycondensation temperatures, both according to SEC and NMR. For the two lower molecular 
weight polyesters, PEHV-1 and PEHV-2, the NMR method shows a higher Mn than SEC. This 
can be explained by undercount by SEC stated above. Though, the Mn of the high molecular 
weight polyester, PEHV-3, is overestimated. Using NMR to calculate Mn of the high molecular 
weight polymers is not accurate since there is a low number of chain ends and consequently, 
the 1H NMR peak corresponding to the chain end is small and can easily be distorted by 
background noise. Another way of calculating Mn is using the distilled amount of MeOH that 
is removed during polycondensation. However, this was not possible since the polymerization 
was low scale. Polymerizing 1 g of monomer at 95% conversion  will only produce 0.16 mL 
of MeOH (Calculation S1).  

The conditions that gave the highest molecular weight polymers used the highest temperature 
and were thus the optimal conditions. The esterification step had a reaction temperature of 160 
°C. After two hours under nitrogen flow, the temperature was increased to 200 °C and the 
nitrogen was changed to vacuum to facilitate polycondensation. The temperature of the 
polycondensation steep was increased with 20 °C after two hours, then an additional 20 °C 
after one hour and held there for one hour with increased vacuum, totaling six hours. The 
highest polycondensation temperature being able to reach for PEHV was 240 °C, above this 
temperature combustion occurred. After the polymerization, the product was dissolved in a 
mixture of CHCl3 and trifluoroacetic acid (TFA) and then precipitated in MeOH. The 
homopolymer is amorphous and has a Tg of 42 °C. 

  



 

31 
 

7.4. Copolymer Synthesis  
To improve and modulate thermal properties of PEHV, copolymerization is a simple approach 
and, with similar structure, EMV is a promising candidate for comonomer. The esterification 
temperature of the copolymers was reduced to 150 °C since the T5% is 157 °C for EMV (Table 
5). The polycondensation step was performed the same way as for the PEHV-3. When 
copolymerization the two monomers, EMHV and EMVA, four diads will be present (Scheme 
11).  
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Scheme 11: Diads present in the P(EHV-co-EV) copolyesters. 

A combination of EHV-EHV (Scheme 11a), EHV-EV (Scheme 11b), EV-EHV (Scheme 11c), 
and EV-EV (Scheme 11d). These different combinations of monomers lead to up to eight 
different ethoxy peaks (Figure 13).  

 

Figure 13: 1H NMR spectrum of PEHV and P(EHV-co-EV) 70/30 to 20/80 CDCl3. Peaks a and b correspond to 
the ethoxy triplets connecting two EHV monomers (Scheme 11a). 

The more EV in P(EHV-co-EV) the less soluble it is in CHCl3 and DMSO which is apparent 
from the decreasing  resolution of the 1H NMR.  

7.4. Polymer Properties 
According to 1H NMR, the copolymers have the same composition, C, as the feed which proves 
that the reactivity is the same for two comonomers, EMHV and MEV (Table 8). The slight 
difference is in the margin of error. No composition for P(EHV-co-EV) 20/80 could be 
calculated since, as stated previously, its solubility in CDCl3 or DMSO-d6 was too poor. 
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Table 8: Composition, thermal properties, crystallinity, and yield of polyesters. 

Polymer Cb  

[%mol 
EHV] 

TDc 
[oC] 

T5%c 
[oC] 

Tgd 
[oC] 

Tge 
[oC] 

Tmd 
[oC] 

ΔHmd 
[J g-1] 

Tcd 
[oC] 

ΔHcd 
[J g-1] 

Kf 
[%] 

Yieldg 
[%] 

PEHV 
 

100 384 318 42 42 - - - - 0 75 

P(EHV-co-EV) 
70/30 

67 369 319 53 49 - - - - 0 81 

P(EHV-co-EV) 
60/40 

60 392 339 50 51 - - - - 0 74 

P(EHV-co-EV) 
50/50 

50 360 332 59 53 - - - - 0 82 

P(EHV-co-EV) 
40/60 

43 367 332 61 56 192 23 136 19 2.4 64 

P(EHV-co-EV) 
30/70 

33 371 322 71 59 224 47 120 43 2.4 87 

P(EHV-co-EV) 
20/80 

- 361 329 70 - 201 30 146 27 1.8 39 

PEVa 

 
0 406 N.I. 74 74 264 68 156 61 4.2 N/A 

a Values of homopolymer PEV taken from a paper by Gioia et al. [14]. b Composition of copolymer decided 1H 
NMR (Figure S11). c Maximum degradation temperature and temperature when 5 weight% of the polymer 
degrades determined by TGA in nitrogen at 10 °C min−1. d Glass transition temperature, melting temperature, 
enthalpy of melting, temperature of crystallization, and enthalpy of crystallization determined by DSC during the 
2nd heating scan at 10 °C min−1 (Figure 15a).  e Glass transition temperature calculated by Flory-Fox theory 
(Equation 4). f Degree of crystallinity determined using Equation 1 and a ΔHlit for PEV [46].  g Yield calculated 
by dividing the mass of the polymer produced with the mass of the  monomer. 

 

Figure 14: a) TGA thermograms and b) first derivative curves of EMHV, EMV and, P(EHV-co-EV).  

The monomers have, as expected, a lower TD and T5% (Figure 14). The monomers had two 
decomposition rate maxima, ∼220 °C and ∼400 °C. The second maxima at ∼400 °C is 
comparable to the copolyesters’ TD’s, this shows that there are some dimers/oligomers in the 
monomer samples.  A larger weight percent of MEHV decomposes at the second rate maxima 
compared with EMV, suggesting that there are more MEHV dimers/oligomers. The 
copolyesters’ TD’s are comparable to each other and are all in the range of ∼360-390 °C and 
their Tm’s are all in the range of ∼320-340 °C (Table 8). The Tg, Tm, ΔHm, Tc, and ΔHc, were 
measured by DSC (Figure 15a).  
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Figure 15: DSC a) second heating and b) first cooling curves of PMHV and copolyesters. 

During the DSC, the polyesters were first heated from 25 °C to 300.0 °C to remove thermal 
history (first heating cycle). Secondly, the polyesters were cooled down to -50.0 °C during the 
first cooling cycle (Figure 15b). Lastly, the polyesters were heated to 300.0 °C during the 
second heating cycle (Figure 15a). The temperature change was 10 °C min-1. The homopolymer 
PEHV did not show crystallinity and has a Tg of 42 °C. The homopolymer poly(ethylene 
vanillate) (PEV) was synthesized by Gioia and coworkers and the measured Tg was 74 °C and 
Tm was 264 °C [14]. The copolymer’s properties are closest to homopolymer of which it has 
the largest ratio of corresponding monomers therefore, the ratio of EMV had to exceed 50 
mol% for the copolymer to still be semi-crystalline and have a distinguishable Tm. This 
corresponds to the measured Tm values of the copolyesters, only when there is 60 mol% or 
more of EV does the copolyester exhibit crystallinity. As expected, the addition of EHV 
segments in PEV disrupts the crystallinity and decreases the Tg and Tm from 74 and 264 °C to 
61 and 192 °C, respectively, for the semi-crystalline polyesters (Table 8). Only one Tg is 
distinguishable from the DSC curve which suggests that the copolymer is random and not a 
block-copolymer. The Flory-Fox equation (Equation 4) provides a model for predicting how 
the Tg changes in polymer blends and statistical copolymers.  

1
𝑇𝑇𝑔𝑔

=
𝛷𝛷1

𝑇𝑇𝑔𝑔,1
+

𝛷𝛷2

𝑇𝑇𝑔𝑔,2
           1 = 𝛷𝛷1 + 𝛷𝛷2 

Equation 4: Flory-Fox Equation. 

If the predicted Tg is the same as the  measure Tg then it signifies that the two polymers are 
miscible, and the copolymers have speculatively random sequences. The Tg’s calculated by 
DSC and Flory-Fox equation are in line with each other (Table 1).  

The degree of crystallinity, K, can be calculated with Equation 1. Since PEHV is amorphous, 
only the EV-segments will crystallize which is why using a ΔHlit-value for PEV (ΔHlit = 166 j 
g-1 [10]) is applicable. With the increasing amount of EV, the K is expected to rise, this is not 
the case for P(EHV-co-EV) 20/80. During the polycondensation process of P(EHV-co-EV) 
20/80 some discoloration occurred, and the copolymer turned a gray shade in comparison to 
the other copolyesters with a high ratio of EV that are white (Figure 16).  
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Figure 16: 100 mg of a) PEHV, b) P(EHV-co-EV) 70/30, c) P(EHV-co-EV) 60/40, d) P(EHV-co-EV) 50/50, e) P(EHV-co-
EV) 40/60, f) P(EHV-co-EV) 30/70, and P(EHV-co-EV) 20/80 after precipitation in MeOH and drying. 

This suggests that some copolyester degraded and consequently the molecular weight 
decreased. Shorter polymer chains are less polarizable and hence, the dispersion forces between 
them are weaker. Weaker interactions between the chains decrease the crystalline regions and 
ΔHc. This is also an explanation to why Tg and Tm, 70 and 210 °C, is lower than that of P(EHV-
co-EV) 30/70. The degradation also explains why the yield of P(EHV-co-EV) 20/80 was 
significantly lower, 39%, than the other polyesters, ∼77% (Table 8). SEC was used to 
determine the molecular weight of the copolyesters, just as with the homopolyesters (Table 9).  

Table 9: Molecular weight (weight and number average) and dispersity. 

Polymer Mw
 a [g mol-1] Mn

 a [g mol-1] Mp
 a [g mol-1] Đ b 

PEHV 15 000 5 400 8 740 2.8 
P(EHV-co-EV) 70/30 15 400 5 700 9 580 2.8 
P(EHV-co-EV) 60/40 8 800 3 900 5 870 2.3 

a Determined by SEC analyses with PS standards using the average of two runs. b Determined according to 
Equation 5 using SEC data. 

P(EHV-co-EV) with 50 mol% or less of EHV was not completely soluble in CHCl3 or THF 
hence, SEC could not be performed. The molecular weight of P(EHV-co-EV) 70/30 is akin to 
that of PEHV, but then P(EHV-co-EV) 60/40 has a significantly lower molecular weight. As 
only the molecular weight of two polyesters could be determined by SEC it is impossible to 
deduce a pattern. Dispersity, Đ, is calculated by dividing Mw by Mn according to Equation 5. 

Đ =
𝑀𝑀𝑤𝑤

𝑀𝑀𝑛𝑛
 

Equation 5: Dispersity. 

Đ increases with the molecular weight, hence the chain length distribution becomes wider. This 
is in line with the obtained results (Table 9). Films were cast out of PEHV and the copolyesters 
(Figure 17).  

 

Figure 17: Representative images of the cast films of a) PEHV, b) P(EHV-co-EV) 70/30, c) P(EHV-co-EV) 60/40, 
d) P(EHV-co-EV) 50/50, and e) P(EHV-co-EV) 40/60. 

The produced  homopolymer film is brittle (Figure 17a). 70 mol% EHV is the most flexible of 
the films (Figure 17b), close second is 60 mol% EHV (Figure 17c). Which is in line with theory 
since they have lower Tg’s. When 50 mol% content of EMV, the polyester was not completely 
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soluble in CHCl3 which led to an uneven and brittle cast film (Figure 17d). 40 (Figure 17e), 30 
and 20 mol% EHV were not soluble enough in CHCl3 to make cast films. The higher the ratio 
of EHV to EV, the more yellow the films.  
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8. Conclusion 
8.1. Summary 
A green pathway for synthesizing EMHV without using chloroalcohols was presented. The 
hydroxyethylation by EC of homovanillic acid could only be performed if the acid were first 
transformed into an ester. At high conversion of EC, above 70%, transesterification occurred, 
and the polymerized side product was not possible to isolate the monomers without column 
chromatography. Purity of the monomers is of the utmost importance if it is to be used as a 
monomer in polycondensation and this was easily done with a one-step purification method. 
The monomers had a purity of over 95% (by NMR) and a yield of 57 %. The same method was 
used to produce EMV at a yield of 92 %, and purity over 98% which is comparable with the 
reported chloroethanol approaches [20] [10]. This also has proven the versatility of this 
pathway for different lignin-based building blocks. 

The novel homopolymer PEHV was produced by polycondensation with a starting temperature 
of 160 °C, ending after 6 h at 240 °C. The homopolymer is amorphous with Tg of 41 °C and 
has a molecular weight, Mn, of at least 5 400 g mol-1 and 4 800 g mol-1 according to SEC and 
NMR, respectively. Copolyesters, P(EHV-co-EV), were produced using the two monomers in 
varying ratios to improve the properties of the homopolymers. Up to 40 mol% content of 
EMHV, semicrystalline polyester was synthesized with Tg of 61 and Tm of 192 °C (P(EHV-
co-EV) 40/60). P(EHV-co-EV) has poor solubility in common solvents when the ratio of 
EMHV is 50 mol% or lower. Consequently, only a Mn for the ratio 70/30 and 60/40 could be 
obtained and is 5 700 and 3 900 g mol-1, respectively, and their Đ is 2.3-2.8. The composition 
of the polyester was confirmed by 1H NMR to be the same as the feed which proves equal 
reactivity of the two monomers.  

8.2. Future Research 
The monomer synthesis process can be optimized further by using a solvent that is more 
environmentally friendly. The high boiling point solvent DMSO is not necessary since the 
reaction temperature is lowered to 100 °C in the optimization. Reducing the amount of solvent 
is also a possibility to make the process greener. The polyesters had relatively low molecular 
weight, to increase that, the polycondensation conditions need to be optimized, by increasing 
the vacuum, reaction time, operationally temperature, and/or changing catalyst. The polyesters 
containing a fair amount of MHV had a yellow color which need improvement. One way of 
improving the crystallinity of PEHV is to incorporate larger aromatic segments e.g., CMF. 
Sb2O3 is not an environmentally friendly catalyst that is used to facilitate esterification during 
the polymerization process [47]. There is a possibility that Sb2O3 is not needed since it was 
clear that the monomers polymerized during monomer synthesis without the use of Sb2O3. 
Instead, e.g., DBTO can be used to increase the Mn in the polycondensation step and Sb2O3 can 
be excluded [48].  
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11. Supporting Information 

 

Figure S1: Selected region of crude 1H NMR spectrum of the of HVA and EC after 2 h at 120 °C in DMSO-d6. 
(M1B21) 

 

Figure S2: Selected region of crude 1H NMR spectrum comparing conversion and selectivity (Equation 2) at a 
reaction temperature of 120 °C after 2, 4, and 6 h (M3B13) in CDCl3. DMF was used as rection solvent. 
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Figure S3: Selected region of crude 1H NMR spectrum comparing conversion and selectivity (Equation 2) at a 
reaction temperature of 120 °C after 2, 4, and 6 h. 2 h in DMSO-d6 and two others in CDCl3. DMSO was used as 
rection solvent. (M3B12) 

 

Figure S4: Selected region of crude 1H NMR spectrum of EMHV at high conversion in DMSO-d6. A peak 
corresponding to MeOH at 3.17 ppm proves that polycondensation occurred. (M3B16) 
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Figure S5: Selected region of crude 1H NMR spectrum comparing conversion and selectivity (Equation 2) at 
different temperatures; 80 (TN-21), 100 (TN-22), and 130 °C (TN-20) after 3 and 24 h in DMSO-d6. 
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Figure S6: Crude 1H NMR spectrum of the product of MHV and EC, 140 °C reaction temperature, 74% selectivity 
(Equation 2), and at 59% conversion in CDCl3. (M3B15) 

Conversion calculated by integrating each benzene peak, b, c, and d, for MHV and EMHV and 
setting the sum of the integral to one. The conversion is then the average of the EMHV benzene 
integrals multiplied by 100% (Equation 6). 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  
∫ 𝑏𝑏𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  +  ∫ 𝑐𝑐𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + ∫𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

3
∗ 100% 

Equation 6: Conversion based on benzene. 
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Figure S7: Selected region of crude 1H NMR spectrum comparing conversion (Equation 6) for 5 mol% catalyst 
at 100 °C after 1, 2 and, 3 h in DMSO-d6. (M3B19) 

 

Figure S8: Selected region of crude 1H NMR spectrum comparing conversion (Equation 6) for 10 mol% catalyst 
(M3B17) at 100 °C after 1, 2, and 3 h in DMSO-d6. 
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Figure S9: Post work-up 1H NMR spectrum of the product of MHV and EC, 100 °C reaction temperature, 95% 
selectivity (Equation 2), and at 75% conversion in CDCl3. (M3B19) 
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Figure S10: 1H NMR spectrum of PEHV produced under three different polycondensation conditions comparing 
number average molecular weight (Equation 3). (P1, P2, P3) 
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Figure S11: 1H NMR spectrum of PEHV with copolymers comparing composition id CDCl3. Composition 
calculated by dividing the integral of protons corresponding to PhOMe protons by the sum of the integrals of the 
peak corresponding to PhOMe protons of the EHV and EV segments. (P3, P-70_30, P-60_40, P_50_50, P_40_60, 
P-30_70) 
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Calculation S1: Calculated amount of MeOH produced during polycondensation of 1 g EMHV after 95% 
conversion.  

Xn = number average repeating units, p = 0.95, 1 g EMHV, MEMHV = 240.26 g mol-1, MMeOH = 
32.04 g mol-1, ρ = 0.792 g mL-1. Carothers’s equation etc.  

 

𝑋𝑋𝑛𝑛 =
1

1 − 𝑝𝑝
= 20 

𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
=  0.00416 mol 

𝐶𝐶𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸
𝐶𝐶ℎ𝑎𝑎𝐶𝐶𝐶𝐶

= 𝑋𝑋𝑛𝑛 − 1 = 19 

𝑁𝑁𝑁𝑁𝑚𝑚𝑏𝑏𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝑐𝑐ℎ𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑋𝑋𝑛𝑛

= 2.1 ∗ 10−4 𝑚𝑚𝐶𝐶𝑚𝑚 

𝐶𝐶𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸 = (𝑋𝑋𝑛𝑛 − 1) ∗
𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑋𝑋𝑛𝑛

= 0.00395 𝑚𝑚𝐶𝐶𝑚𝑚 

𝑚𝑚𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸 = 𝑀𝑀𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸 ∗ 𝐶𝐶𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸 = 0.1267𝑔𝑔 

𝑉𝑉𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸 =
𝑚𝑚𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸

𝜌𝜌𝐸𝐸𝑀𝑀𝑀𝑀𝐸𝐸
= 0.1600 𝑚𝑚𝑚𝑚 

Calculation S2: Conversion of mol% to weight%. MEMHV
 = 240.26 g mol-1 and MEMV

 = 226.23 g mol-1. 

Polymer [mol% EMHV] [weight% EMHV] [weight% EMHV] 
PEHV 

 
100 100 0 

P(EHV-co-EV) 
70/30 

70 71.2 28.8 

P(EHV-co-EV) 
60/40 

60 61.4 38.6 

P(EHV-co-EV) 
50/50 

50 51.5 48.5 

P(EHV-co-EV) 
40/60 

40 41.4 58.5 

P(EHV-co-EV) 
30/70 

30 31.3 68.7 

P(EHV-co-EV) 
20/80 

20 21.0 79.0 

PEVa 

 
0 0 100 
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