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Abstract 
A strategic research area today is development of polymeric products made 
from renewable sources. The ways of utilizing renewable sources studied in 
this thesis are using 1) prepolymers obtained by steam treatment of wood and 
2) monomers obtainable by fermentation of agricultural products. 
 Novel hemicellulose-based hydrogels were prepared by using 
prepolymers obtained from steam treatment of spruce. Hemicellulose was first 
modified with well-defined amounts of methacrylic functions. Hydrogels were 
then prepared by radical polymerization with 2-hydroxyethyl methacrylate or 
poly(ethylene glycol) dimethacrylate to form hydrogels. The radical 
polymerization reaction was carried out in water using a redox initiator system. 
The hydrogels were in general elastic, soft and easily swollen in water. 
Frequency sweep tests indicated that the hydrogel system displayed prevailing 
solid-like behavior. Comparison of the hemicellulose-based hydrogels with 
pure poly(2-hydroxyethyl methacrylate)-based hydrogels showed that it was 
possible to prepare hemicellulose-based hydrogels with properties similar to 
those of pure poly(2-hydroxyethyl methacrylate)-based hydrogels. 
 Polyester-based materials were prepared by using the monomers 1,3-
propanediol and succinic acid obtainable by fermentation. α,ω-Dihydroxy-
terminated oligomeric polyesters produced by the thermal polycondensation of 
1,3-propanediol and succinic acid were chain-extended to obtain sufficiently 
high molecular weight. Depending on the chain-extension technology adopted, 
poly(ester carbonate)s or poly(ester urethane)s were obtained. In the case of 
poly(ester carbonate)s, the chain-extended products of α,ω-dihydroxy-
terminated oligomeric copolyesters were also produced using 1,3-
propanediol/1,4-cyclohexanedimethanol/succinic acid mixtures to improve 
thermal and mechanical properties. Segmented poly(ester ether carbonate)s 
from α,ω-dihydroxyterminated oligo(propylene succinate)s and poly(ethylene 
glycol) were also synthesized to increase the hydrophilicity. 

Molecular weights and polydispersity were analyzed by SEC for all 
materials. Their structures were also identified by NMR spectroscopy (1H 
NMR and 13C NMR). All characterizations were in agreement with the 
proposed structures. Thermal parameters were characterized by DSC. Tensile 
testing and dynamic-mechanical tests were performed and in addition 
preliminary processing trials were carried out in some cases. The results 
demonstrate the feasibility of using monomers derived from renewable sources 
to build up new polymeric structures endowed with a variety of physical and 
mechanical properties. 
 



Sammanfattning 

Ett strategiskt forskningsområde är utveckling av polymera produkter 
framställda av förnyelsebara råvaror. De olika sätt att utnyttja förnyelsebara 
råvaror som studerats i denna avhandling är användning av dels prepolymerer 
erhållna genom ångbehandling av ved, dels monomerer som kan erhållas 
genom fermentation av jordbruksprodukter. 
 Nya hemicellulosa-baserade hydrogeler framställdes från prepolymerer 
utvunna ur granved med hjälp av ångbehandling. Hemicellulosan modifierades 
först genom införande av en bestämd mängd metakryliska grupper. Sedan 
radikalpolymeriserades den tillsammans med hydroxyetylmetakrylat eller 
dimetakrylerad polyetylenglykol till hydrogeler. Radikalpolymerisationen 
utfördes i vatten med ett redox-initiatorsystem. Hydrogelerna blev generellt 
elastiska, mjuka och lätt svällbara i vatten. Frekvenssveptester indikerade att 
hydrogelerna i huvudsak betedde sig som fasta material. Jämförelse av de 
hemicellulosa-baserade hydrogelerna med hydrogeler framställda av enbart 
hydroxyetylmetakrylat visade att det var möjligt att framställa hemicellulosa-
baserade hydrogeler med egenskaper liknande rena hydroxyetylmetakrylat-
hydrogeler. 
 Polyesterbaserade material framställdes från monomererna 1,3-
propandiol och bärnstenssyra vilka kan framställas genom fermentation. α,ω-
Dihydroxyterminerade oligomera polyestrar, framställda genom termisk 
polykondensation av 1,3-propandiol och bärnstenssyra kedjeförlängdes, för att 
få tillräckligt hög molekylvikt. Beroende på vilken kedjeförlängningsteknik 
som användes erhölls polyesterkarbonater eller polyesteruretaner. För 
framställning av polyesterkarbonater användes även en monomerblandning 
bestående av 1,3-propandiol/1,4-cyklohexandimetanol/bärnstenssyra för att 
förbättra de termiska och mekaniska egenskaperna. Segmenterade polyester-
eter-karbonater syntetiserades också av oligopropylensuccinat och polyetylen-
glykol för att öka hydrofiliciteten. 
 Molekylvikter och polydispersitet bestämdes med SEC för samtliga 
material. Materialen strukturbestämdes också med NMR (1H NMR och 13C 
NMR). Samtliga karakteriseringar överensstämde med de föreslagna 
strukturerna. Termiska parametrar karakteriserades med hjälp av DSC. 
Dragprovning och dynamisk-mekanisk testning samt preliminära 
bearbetningstester utfördes för en del av materialen. Resultaten visar på 
möjligheten att använda monomerer härstammande från förnyelsebara råvaror 
för att bygga nya polymera strukturer med en mångfald fysikaliska och 
mekaniska egenskaper.  
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Abbreviations 
CDI  N N’-carbonyldiimidazole 
DMA  Dynamic-mechanical analyzer 
DMAc N,N’-dimethylacetamide 
DMAP 4-Dimethylaminopyridine 
DMF  N,N’-dimethylformamide 
DMSO Dimethyl sulfoxide 
DP  Degree of polymerization 
DSC  Differential scanning calorimetry 
E’  Tensile storage modulus 
EGDMA Ethylene glycol dimethacrylate 
G’  Shear storage modulus 
G’’  Shear loss modulus 
∆H  Melting enthalpy 
HEMA 2-hydroxyethyl methacrylate 
HEMA-Im 2-[(1-Imidazolyl)formyloxy] ethyl methacrylate 
IR  Infrared spectroscopy 
MDI  4,4’-diisophenylmethane diisocyanate 
Mn  Number average molecular weight 
Mw  Weight average molecular weight 
NEt3  Triethylamine 
NMR  Nuclear magnetic resonance spectrometry 
PDI  Polydispersity index 
PEG  Poly(ethylene glycol) 
PEGDMA Poly(ethylene glycol) dimethacrylate 
PEU  Poly(ester urethane) 
PHEMA Poly(2-hydroxyethyl methacrylate) 
PPS  Oligo(1,3-propylene succinate) - OH/COOH 1.05 and 1.10 
SD  Standard deviation 
SEC  Size exclusion chromatography 
SP  Oligo(1,3-propylene succinate) - OH/COOH 1.02 
SP-C  Chain-extended product from SP 
SPC  Oligo(1,3-propylene-co-1,4-cyclohexanedimethylene succinate) 
SPC-C Chain-extended product from SPC 
SP-PEG Chain-extended product from SP and PEG 
Tg  Glass transition temperature 
THF  Tetrahydrofuran 
Tm  Melting point 
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Introduction 

Introduction 

The industrial exploitation of products from renewable sources is a research 
area currently considered being strategic by the international scientific 
community. Development of polymers made from renewable sources is 
receiving attention since it is generally accepted that the crude oil available will 
be exhausted in the foreseeable future. Replacement of crude oil by renewable 
raw materials also fits well with the work for a global sustainable society. 

The purpose of this study was to investigate and compare different 
strategies for using renewable sources to build up new polymeric structures. 
Especially two strategies have been studied: using prepolymers obtained by 
steam treatment of wood and using monomers obtainable by fermentation of 
agricultural products. 

The design of new bioactive and biocompatible polymers capable of 
exerting temporary therapeutic functions is one of the most interesting research 
areas. In this field polysaccharides are among the most popular and widely 
investigated polymers. Polysaccharides are in general nontoxic, biocompatible, 
biodegradable and abundant. Steam treatment of wood gives prepolymers 
consisting of hemicellulose – a mixture of different polysaccharides. 
Hemicelluloses constitute a raw material reserve which practically has not been 
used so far; we wanted to investigate their usefulness for preparation of 
biomaterials. The utilized hemicellulose had low molecular weight and was 
easily soluble in both water and organic solvents. 

Creating materials from renewable sources for packaging of industrial 
products is interesting because the use of renewable sources may avoid the 
serious environmental problems often connected with waste polymers. High 
molecular weight aliphatic polyesters are presently one of the most promising 
families of biodegradable polymers which can be produced form monomers 
obtained by fermentation of renewable sources. Here we have synthesized 
oligo(1,3-propylene succinate)s obtained by polycondensation of 1,3-
propanediol with succinic acid. To achieve polymers with high molecular 
weights different types of chain-extensions have been made. 
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Introduction 

 
The objectives of this work were to investigate different strategies for using 
renewable sources exemplified by: 
 
• Using hemicelluloses from spruce wood for building hydrogels with 

hydrophilic/hydrophobic properties: 
- Development of a modification procedure for hemicelluloses. 
- Development of hydrogel synthesis and characterization. 

 
• Using monomers which can be obtained by fermentation of agricultural 

products, to design a novel family of high molecular weight poly(ester 
carbonate)s: 
- Development of characterization methods for high molecular weight 

poly(ester carbonate)s prepared from succinic acid and 1,3-propanediol 
chain-extended by the use of phosgene. 

- Design of aliphatic/alicyclic copolymers using a mixture of succinic 
acid, 1,4-cyclohexanedimethanol and 1,3-propanediol to improve 
thermal and mechanical properties of the poly(ester carbonate)s. 

- Design of block copolymers with poly(ester ether carbonate)-structure 
to endow higher hydrophilicity and biocompatibility. 

 
• Using monomers which can be obtained by fermentation of agricultural 

products to design segmented poly(ester urethane)s. 
- Development of characterization methods for high molecular weight 

poly(ester urethane)s prepared from succinic acid and 1,3-propanediol 
chain-extended in the presence of 4,4’-diisophenylmethane diisocyanate 
and 1,3-propanediol. 

- Characterization of a series of poly(ester urethane)s with different 
composition. 
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Structure and isolation of 
hemicelluloses from spruce wood 

Polysaccharides built from carbohydrates are the most abundant natural 
polymer in the biosphere and cellulose is the most frequently occurring. 
Cellulose has for a long time been used in several commercial applications e.g. 
cloths from cotton fibers, paper from wood fibers and as thermoplastics from 
cellulose derivatives obtained from different natural sources. Hemicelluloses, 
formed through a different biosynthetic route than cellulose, in general 
constitute 20-30% of the total weight of the annual and perennial plants. 
Though hemicelluloses are practically almost as abundant as cellulose they 
have up to now practically had no commercial applications. 
 According to the classical definition, hemicelluloses are heterogeneous 
cell wall polysaccharides which are normally extractable by aqueous alkaline 
solutions (1). The traditional division of cell wall polysaccharides proceeds 
from how they can be extracted. Pectins are easiest to extract and they can be 
extracted by hot water, ammonium oxalate, and weak acid or chelating 
reagents. Then the hemicelluloses are extractable using alkaline solutions. The 
polysaccharide residue remaining after alkali extraction is mainly cellulose. It 
is convenient to use this classification based on extraction procedures but it is 
not always appropriate. Pectic polysaccharides can be extracted by both 
chelating agents and alkali. The subdivision of matrix polysaccharides into 
pectin, hemicelluloses and cellulose is however useful. 

Structures of major hemicelluloses 
Hemicelluloses can be divided into xyloglucans, xylans, β-glucans and 
glucomannans. The major hemicelluloses present in spruce wood, Picea abies, 
are O-acetyl-galactoglucomannan and arabino-(4-O-methylglucurono)xylan 
(Figure 1). The content in Picea abies of O-acetyl-galactoglucomannan is 
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16.3% and of arabino-(4-O-methylglucurono)xylan 8.6% (2). Softwood also 
contains other hemicelluloses in minor quantities e.g. xyloglucans in the 
primary cell wall and galactans in compression wood (2, 3). 
 Glycosyl composition and glycosyl linkages in general characterize 
polysaccharides. The backbone of O-acetyl-galactoglucomannan is linear or 
possibly slightly branched and built up of (1-4)-linked β-D-glucopyranose and 
β-D-mannopyranose units. Galactoglucomannans can be roughly divided into 
two fractions having different galactose contents. In the fraction with the low 
galactose content the ratio galactose:glucose:mannose is about 0.1:1:3 whereas 
in the galactose-rich fraction the ratio is about 1:1:3. The α-D-galactopyranose 
residue is linked as a single-unit side chain by (1-6)-bonds to the glucomannan 
backbone. The hydroxyl groups at C2 and C3 positions in the chain are 
partially substituted by O-acetyl groups, on the average one group per 2-3 
hexose units. Degree of polymerization (DP) is about 150 for galacto-
glucomannan. The backbone of arabino-(4-O-methylglucurono)xylan is built 
up of (1-4)-linked β-D-xylopyranose units which are partially substituted at C2 
by 4-O-methyl-α-D-glucoronic acid groups, on the average two residues per ten 
xylose unite. In addition the backbone is partially substituted by α-L-
arabinofuranose units, on the average 1.3 residues per ten xylose units (4). 
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Figure 1: General structural formulas for O-acetyl-galactoglucomannan and 
arabino-(4-O-methylglucurono)xylan. 
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Isolation of hemicelluloses 
Wood is in general composed of the linear polymer cellulose, different mainly 
linear hemicelluloses and the network polymer lignin. Different kinds of 
extractives such as terpenoids, fats and waxes are also present. The wood 
polymers are organized in a highly ordered pattern during the biogenesis of the 
cell wall. Wood consists of dead cells and several layers build up the cell wall. 
There is a general agreement that the layers in a typical wood cell are organized 
as illustrated in Figure 2 (5). These cell wall layers are the primary wall, the 
outer layer of the secondary wall, the middle layer of the secondary wall, and 
the inner layer of the secondary wall. Some cells also have a warty layer 
towards the lumen. These layers differ from one another with respect to their 
morphology as well as their chemical composition. Between the cells is the 
middle lamella which is also built up of polymers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: General structure of a softwood fiber according to Côte (5). ML = 
Middle lamella or intercellular layer; P = Primary wall; S1, S2, S3 = outer, 
middle and inner layers of the secondary wall, respectively; W = warty layer. 
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Study of the secondary cell wall which is the most extensive part, has 
shown that the cellulose fibrils consist of highly ordered cellulose chains which 
are embedded in a matrix of hemicelluloses and lignin. Pure hemicelluloses are 
also present between the cellulose fibrils and the matrix (6). Pores in the matrix 
are small, and permit the transfer of water, salts and small organic molecules 
only. Although the hemicelluloses are at least partly water soluble, they cannot 
diffuse out of the cell wall due to their molecular size. 
 Since the hemicelluloses are embedded in the cell wall, their isolation is 
difficult. Methods for the isolation of hemicelluloses from wood are too 
numerous to be completely reported here but the more important methods will 
be described. Most commonly used methods are different extracting 
procedures, starting either from original wood or from extractive and lignin-
free wood, so-called holocellulose. Methods for extraction can be roughly 
divided into methods using a high energy input which involve the formation of 
organic acids from the wood itself to dissolve the hemicelluloses, and methods 
in which chemicals are added for the dissolution and the temperature is usually 
only modestly raised. 

Steam treatment 

When wood is treated with steam the temperature is raised and water is added. 
The increase in temperature leads to the formation of organic acids as a result 
of the cleavage of ester bonds in the hemicelluloses. Mainly acetic acid is 
formed by cleavage of O-acetyl groups. The organic acids released give rise to 
an acidic environment which catalyses the hydrolysis of the glycosidic bonds in 
the hemicelluloses, a process called autohydrolysis. The result is a partial 
depolymerization of the hemicelluloses into water-soluble low molecular 
hemicelluloses. These acids also have some effect on the lignin and on the 
cellulose and lead to some dissolution of these substances, particularly the 
lignin. With this technique it is therefore difficult to achieve a good yield of 
hemicelluloses without extensive degradation of hemicelluloses and 
contamination with dissolved lignin and cellulose. 
 It has been reported that 8 g of hemicellulose oligomers, with almost all 
O-acetyl groups preserved, can be isolated from 100 g dry spruce wood after 2 
min of steam treatment at 200oC. The mean molecular weight of O-acetyl-
galactoglucomannan was 3,400 g/mol (range 600 – 10,200 g/mol) determined 
by SEC (7). To obtain a sufficiently pure hemicellulose for chemical 
modification, the raw product was first filtered to eliminate solids and then 
fractionated by SEC using water as the eluent to separate salts and monomers 
from the desirable oligosaccharides. The yield of hemicellulose could be 
increased to 10 g from 100 g dry wood after 5 min treatment at 200oC, but the 
molecular weight was lower. The remaining solid can be used for ethanol 
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fermentation of the cellulose which was an important motive for developing 
this process. These two processes could be combined as an efficient way of 
utilizing all the carbohydrates in the wood, since a problem during ethanol 
fermentation is that sugars from hemicellulose and cellulose exhibit their 
maxima under different conditions (8). 

Other related methods involving heat treatment of wood are 
autohydrolysis and rapid steam hydrolysis (9) and also wet oxidation (9, 10). 
All this techniques suffer from contamination by other wood constituents 
especially lignin, and degradation of the hemicellulose chains. 

Microwave treatment 

Microwave irradiation of wood in the presence of water leads to autohydrolysis 
as when wood is treated with steam. The difficulty with this technique is also to 
achieve a good yield without extensive degradation of the hemicelluloses and 
contamination by dissolved lignin and cellulose. An advantage of microwave 
treatment is the uniform heating of the wood. A disadvantage is that it is not 
feasible on a large scale, because the microwaves penetrate only a few cm into 
the material. Another disadvantage is the long heating and cooling times 
required. 
 Microwave treatment gave 10 g of hemicellulose oligomers from 100 g 
of dry wood after 2 minutes at 200oC. The range of molecular weights for the 
O-acetyl-glucomannan was 870 – 24,000 g/mol determined by Fast Protein 
Liquid Chromatography (7). About one-third of the D-mannose units were 
substituted by O-acetyl groups which were distributed almost equally between 
C2 and C3 in a fraction of O-acetyl-galactoglucomannan (11). 

Alkali extraction 

Hemicelluloses can be isolated from holocellulose by extraction with aqueous 
alkali. This method was developed for characterization purposes, but it can also 
be used as a preparative method (12). The isolation is made as a gradient 
extraction using different alkali concentrations to give a rough fractionation of 
the hemicelluloses. The soluble hemicellulose fractions are then precipitated 
with acidified ethanol. Borohydride can be added to minimize degradation from 
the reducing end groups but the cleavage of O-acetyl groups cannot be avoided. 
Already at pH 10 all acetyl groups are split off (13). Cleavage of the O-acetyl 
groups significantly reduces the solubility of the galactoglucomannans in water 
(14). Galactoglucomannans with different compositions and xylan are obtained 
in separate fractions. The total yield of hemicelluloses from eastern hemlock is 
reported to be between 19% and 25% of extractive-free wood. The yield of 
hemicelluloses decreased with increasing degree of delignification of the 
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holocellulose due to degradation of the hemicelluloses by the acid chlorite used 
for holocellulose preparation. 

Extraction with dimethyl sulfoxide 

Dimethyl sulfoxide (DMSO) can also be used as an extracting agent. Spruce 
holocellulose was extracted with DMSO at room temperature, followed by cold 
and hot water and finally 18% sodium hydroxide solution (15). A considerable 
fraction hemicellulose, approx 6% of holocellulose, was obtained by the 
extraction with DMSO, with xylose as the dominating saccharide monomer. In 
the subsequent extraction with water, yielding approximately 6% holocellulose, 
mannose was the dominating saccharide monomer in the hemicellulose 
obtained. The acyl groups (acetyl and formyl) survived both extractions. 

Extraction with a mixture of methanol and water 

Pulping processes using organic solvents allow a sequenced separation of the 
wood polymers. When spruce wood, Picea abies, was treated with a water-
methanol mixture at high temperature, 190oC, hemicellulose associated with 
lignin forming a colloidal suspension was obtained when the methanol was 
eliminated. A separation process using strong acid and weak basic ion 
exchangers led to a highly purified hemicellulose representing 28% of the dry 
wood with a DP of 43. The resulting hemicellulose showed, however, only a 
weak solubility, 0.8 g/l, in water (16). 

Hemicelluloses from process water 

Hemicelluloses can also be found in different process waters in e.g. the 
hardboard industry, and in pulp and paper mills. Oligosaccharides, mainly O-
acetyl-galactoglucomannan at a concentration of 1.3 g/l have been found (17). 
The disadvantage is the low concentration, but otherwise the dissolved 
hemicelluloses will be a waste material and its disposal will involve expenses. 
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Chemical modification of 
hemicelluloses and gums 

An objective of this work was to use prepolymers from wood for building 
polymers from renewable sources. The chemical modification of gums is also 
included in this section since the scientific literature contains so few works 
concerning chemical modifications with hemicelluloses as the polysaccharide. 
Furthermore, acceptable definitions for the difference between hemicelluloses 
and gums would be almost impossible to devise. They are entrenched in the 
chemical literature and serve as functional expressions for the purposes of 
information retrieval (18). 

Polysaccharides used in reported literature 
Arabinogalactan: Two types exist. Type I are arabinose-substituted derivatives 
of the linear (1-4)-linked β-D-galactans in which the arabinose content varies 
from about 25% to 43%. Type II are heavily branched and may carry a 
considerable proportion of different complex arrangements of sugar and uronic 
acid residues (19). 
Arabinoxylan: Branched heteropolysaccharide in which a homopolysaccharide 
chain of uniform linkages carries second sugar constituents as single-unit side 
chains. The backbone consists of (1-4)-linked β-D-xylopyranos units and the 
branches are (1-3)-linked α-L-arabinofuranose units (20). 
Cassia tora gum: Composed of galactose and mannose units (21). 
Cassia obovata gum: Composed of galactose and mannose units (21). 
Fenugreek gum: Composed of galactose and mannose units (21). 
Galactoglucomannan: The backbone is a linear or possibly slightly branched 
chain built up of (1-4)-linked β-D-glucopyranose and β-D-mannopyranose 
units. Galactoglucomannans can be divided into two fractions having different 
galactose contents. In the fraction with a low galactose content, the 
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galactose:glucose:mannose ratio is about 0.1:1:4, whereas in the galactose-rich 
fraction, the ratio is 1:1:3. The α-D-galactopyranose residue is linked as a 
single-unit side chain to the backbone by (1-6)-bonds (22). 
Glucuronoxylan: The backbone consists of β-D-xylopyranose units liked by 
(1-4)-bonds. Most of the xylose residues contain an O-acetyl group at C2 or 
C3. The xylose units also carry (1-2)-linked 4-O-methyl-α-D-glucuronic acid 
residues (23). 
Guar gum: Linear (1-4)-β-D-mannan backbone with a D-galactose side chain 
on approximately ever other mannose unit. The molecular weight has been 
estimated to be about 220,000 (24). 
Gum Arabic: Complex calcium, magnesium, and potassium salt of Arabic acid. 
It has a backbone of (1-3)-linked β-D-galactopyranose units, some of which are 
substituted at the C6 position with various side chains consisting of D-
galactopyranose, D-glucuronic acid, L-arabinofuranose, and L-rhamnopyranose 
units. It has a molecular weight of 250,000 (25). 
Gum tragacanth: Complex mixture of acidic polysaccharides containing D-
galacturonic acid, D-galactose, L-fucose, D-xylose, and L-arabinose. The 
molecular weight has been estimated to be 840,000 (26). 
Konjac galactoglucomannan: Neutral polysaccharide derived from the tuber 
of Amorphophallus konjac. Konjac glucomannan consists of β-1,4-linked 
glucose and mannose units. The presence of some branching points at the C3 
position of the mannoses is suggested. The glucomannan backbone possesses 
5-10% acetyl-substitution (27). 
Locust bean gum: Smooth regions of unsubstituted or sparingly substituted (1-
4)-linked β-D-mannopyranose residues and hairy regions that are heavily 
substituted with α-D-galactopyranose residues attached by (1-6)-linkages (28.). 
 
It should be observed that the structure information given relates to the native 
biopolymers. The structure can be altered during isolation of the biopolymers. 

Esterification 
The complete utilization of the renewable raw materials, hemicelluloses and 
gums, is facilitated if they are made thermoplastic for easier processing and 
better thermal stability, and esterification is a possible way of achieving a 
thermoplastic hemicellulose-based material. Other reasons for esterification are 
to reduce the water absorbency of the hydrophilic hemicelluloses, to increase 
solubility and to reduce crystallinity. Hemicelluloses can be esterified under 
either heterogeneous or homogeneous conditions. Heterogeneous esterification 
can be performed in water, but it gives e.g. poor uniformity of substitution, low 
yield, by-product formation and unfavorable reaction kinetics. On the other 
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hand, homogeneous reaction conditions require specific organic solvents or 
alkaline solutions. It is difficult to esterify hemicelluloses of the xylan type, the 
most frequently occurring hemicellulose, since xylan has only two hydroxyl 
groups available for esterification compared to cellulose which has three. Some 
ester structures are shown in Figure 3. 

Acetylation and preparation of other carboxylic acid esters 

In early work, esters of hemicelluloses were prepared for analytical reason e.g. 
for the determination of molecular weights. For example, the acetate, 
propionate and butyrate of lima bean pod hemicellulose with xylan as the 
predominant hemicellulose were prepared, and their solubility characteristics 
were studied (29). In another early work, the influence of structural parameters 
in hemicelluloses on the properties after acetylation under simulated 
commercial conditions was studied (30). Acetic acid and acetic anhydride were 
used as acetylating agents under conditions commercially used for cellulose. It 
was found that clear acetate solutions were obtained when branched 
hemicelluloses (from e.g. kraft glucomannans, sulfite xylans) were used, but 
that crystalline acetates and hazy solutions were obtained from linear 
hemicelluloses (from e.g. kraft xylans, sulfite glucomannans). 

Acetylation of (4-O-methyl-D-glucurono)-D-xylan isolated from beech 
sawdust was performed in organic solvents (CH2Cl2, CHCl3) with acetic 
anhydride and catalytic amounts of inorganic acids (HClO4) (31). The reactions 
were initially heterogeneous but dissolution occurred as the reaction proceeded 
and the product became fully acetylated when all of the substrate had dissolved. 
Acetylation of the same substrate with acetic anhydride in trifluoroacetic acid, 
in which the substrate was dissolved within 5 minutes, resulted in acetylation 
up to a maximum of 30% (with 40% as the theoretical value) which indicated 
that some hydroxyl groups were not accessible to the reagent (32). The 
acetylation was performed during 15 minutes in room temperature. From 
measurements of the degree of polymerization, it was concluded that the 
degradation of the substrate during the procedure was not greatly influenced by 
the quantity of trifluoroacetic acid used. 

Another possible way to achieve homogeneous acetylation is by using 
the system N,N’-dimethylacetamide (DMAc)/lithium chloride (LiCl) which 
was first reported as a dissolving system for cellulose in 1979 (33). It has been 
found that N,N’-dimethylformamide (DMF) is more effective for dissolving 
hemicelluloses (34). Hemicelluloses extracted from poplar chips with xylose as 
the predominant sugar were esterified with various acyl chlorides (C2, C3, C4, 
C6, C8, C10, C14, C16, C18 (saturated and unsaturated)) in DMF/LiCl using 4-
dimethylaminopyridine as a catalyst and triethylamine (NEt3) as a neutralizer 
(34, 35). Comparative reactions were performed with different molar ratios of 
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Carboxylic acid esters: 
 

O

Hemicell-O-C-R     R = H3C Hemicellulose acetate      

 

Succinoylate: 
 

O

Hemicell-O-C-CH2CH2COOH         

 

Sulfate: 
 

Hemicell-O-SO3H  

 

Tosylate: 
 

O

O

Hemicell-O-S-C6H4-CH3

 

 

Nitrite: 
 

Hemicell-O-NO  

 

Xanthogenate: 
 

S

Hemicell-O-C-S-Na+
 

 
Figure 3: Overview of described ester structures made by modification of 
hemicelluloses. 
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acyl chloride/anhydroxylose units, different concentrations of NEt3, various 
reaction times between 25 and 45 min and temperatures between 45 and 75oC. 
Under optimum conditions (molar ratio 3:1, NEt3 280% based on hemicellulose 
weight, 45 min, 75oC) 75% of the hydroxyl groups in the hemicelluloses were 
esterified. Molecular weight measurements showed minimal degradation of the 
hemicelluloses during this short reaction time. When the same system was 
applied to wheat straw hemicelluloses with xylose as the predominant sugar 
(36), about 95% of the hydroxyl groups were esterified under optimum 
conditions (molar ratio 3:1, NEt3 160% based on hemicellulose weight, 30 min, 
75oC). Only slight degradation with respect to molecular weight was detected 
and the thermal stability of the products was increased by acetylation. When 
the DMF/LiCl system was used for acetylation of wheat straw hemicellulose 
with 4-dimethylaminopyridine as catalyst but acetic anhydride as the 
esterifying agent, the reaction time was prolonged to about 60 h even when the 
temperature was raised to 85oC (37). About 75% of the free hydroxyl groups in 
the hemicellulose were acetylated and, in spite of the high reaction temperature 
and long reaction time, the degradation was stated to be controllable. 

Water-soluble arabinoxylan isolated from corn fiber, a complex and 
highly branched hemicellulose composed of xylose, arabinose, galactose and 
glucose, was easily esterified with C2-C4 aliphatic anhydrides using 
methanesulfonic acid as catalyst (38). These arabinoxylan esters were soluble 
in a range of organic solvents and could tolerate significant amounts of water as 
a co-solvent. Typical reaction conditions to reach arabinoxylan acetate with a 
degree of substitution of 2.1 were 1 hour at 50oC, and for arabinoxylan butyrate 
with a degree of substitution 2.0 14.5 hours at 50oC. The arabinoxylan esters 
were thermally stable up to almost 200oC. 

To obtain fully acetylated aspen glucuronoxylan, acetylation was 
performed in formamide/pyridine with acetic anhydride as acetylating agent 
(39), adapted from an elderly technique (40). The maximum degree of 
substitution, 1.9, was obtained after 4 hours. The acetylation resulted in a 
thermoprocessable glucuronoxylan which was confirmed by making films 
under elevated temperature and pressure. The acetylation strongly affected the 
solubility properties, and highly acetylated samples were soluble only in aprotic 
solvents such as chloroform, and dimethyl sulfoxide. 

A heterogeneous method for the preparation of esterified biopolymers 
has been applied to konjac glucomannan (41). Konjac glucomannan was 
immersed in benzene/pyridine, and palmitoyl chloride was added (70oC, 4.5 h). 
A degree of substitution between 0.5 and 2.7 was achieved depending on the 
added amount of palmitoyl chloride. With increasing degree of substitution the 
crystalline state of the konjac glucomannan disappeared and thermal analysis 
revealed that the palmitoylated konjac glucomannan adopted a new crystalline 
state. It was further demonstrated that palmitoylated konjac glucomannan was a 
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good water-in-oil emulsifier at a degree of substitution between 1.0 and 1.7. 
Acetylation of konjac glucomannan was also performed with acetic anhydride 
in the presence of sodium hydroxide as catalyst (42). Fully acetylated konjac 
glucomannan with a degree of substitution of 3.0 was achieved by refluxing for 
12 h. This fully acetylated product exhibited 1.0 g/g water absorbency in 
contrast to the 105 g/g absorbency of native konjac. In view of the exponential 
decrease of water absorbency with increasing degree of substitution, it was 
found that a relatively low degree of substitution was sufficient to significantly 
suppress the absorption of water. 

Succinoylation 

The introduction of carboxylic functionalities into polysaccharides is known to 
increase the hydrophilicity of the material. To obtain hemicellulose esters 
containing carboxylic groups, a method of succinoylation has been developed. 
Wheat straw hemicelluloses were dissolved in the DMF/LiCl system with 
pyridine and/or 4-dimethylaminopyridine (DMAP) as catalyst (43). The 
succinoylation reaction was studied as a function of the molar ratio, succinic 
anhydride/anhydroxylose units from 1:1 to 5:1, different DMAP 
concentrations, temperature from 40 to 140oC and time from 2 to 12 h. Under 
optimum reaction conditions, a high degree of substitution of 1.5 was obtained 
which means that 78% of the free hydroxyl groups in the hemicellulose were 
succinoylated. The thermal stability of the products decreased slightly upon 
chemical modification, but no significant further decrease in thermal stability 
was observed for degrees of substitution ≥ 0.7. Another method for 
succinoylation giving a low degree of substitution was to use an aqueous 
alkaline system (44). The effects on the degree of substitution of reaction times 
of 0.5 to 16 h, temperatures of 25 to 45oC, and molar ratios of succinic 
anhydride to anhydroxylose units in wheat straw hemicelluloses of 1:5 to 1:1 
were studied. The highest degree of substitution (0.2) in the pH range 8.5-9.0 
was obtained in the temperature range 25-28oC, at times of 1-2 h, and a 1:1 
molar ratio. The thermal stability of the esterified hemicellulose increased as a 
result of this chemical modification. 

Sulfation 

Xylan from beechwood has been sulfated in the dinitrogen tetroxide-N,N-
dimethylformamide (N2O4-DMF) system as a model substrate devoid of 
primary OH-groups (45). The N2O4-DMF system is a derivatizing solvent 
system acting via the formation and solvation of an unstable 
cellulose/hemicellulose derivative and the subsequent introduction of the 
desired acyl groups, coupled with the elimination of the primary unstable 
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substituents. NOSO4H, the active sulfating agent, can be formed by a redox 
process between SO2 and N2O4 via HNO3 as an intermediate. 
 

Xyl-OH + N2O4 ⇆  Xyl-ONO + HNO3 

Xyl-ONO + NOSO4H ⇆  Xyl-OSO3H + N2O3 
 

With xylan, a partial derivatization of the secondary OH-groups to a 
rather low degree of substitution was achieved. It was concluded that on 
sulfation with SO2, secondary OH-groups reacted only if no primary groups 
were available. There seems to be no significant differences in reactivity 
between the two OH-groups of xylan with respect to sulfate ester formation. 

In order to study biological activities such as anticoagulation and 
fibrinolysis, different seed galactomannans were sulfated using chlorosulfonic 
acid (46). It was found that sulfation of these polysaccharides increased their 
biological activity. 

Tosylation 

Konjac glucomannan is soluble in aqueous solutions but insoluble in common 
organic solvents. For the effective introduction of many types of functional 
groups, it is therefore desirable to convert konjac glucomannan to a derivative 
soluble in organic solvents. The synthesis of a precursor, tosylated konjac 
glucomannan, has therefore been studied (47). The tosyloxy group is also a 
good leaving group in nucleophilic substitution and O-tosyl derivatives are 
used as precursors in saccharide chemistry. Samples with a degree of 
substitution of up to 2.3 were obtained, and samples with a degree of 
substitution higher than about 0.5 were soluble in many organic solvents. 

Nitrition 

Nitrite esters of e.g. guar gum, locust bean gum and hemicellulose have been 
prepared (48). The esters were obtained by reaction with dinitrogen tetroxide or 
nitrosyl chloride in a medium containing a suitable proton acceptor. The esters 
were unstable and could be isolated only at low temperatures as wet, fibrous 
materials. 

Xanthation 

Xanthation of spruce glucomannan, birch glucuronoxylan, spruce 
arabinoglucuronoxylan, ivory nut mannan B, and esparto xylan has been 
investigated in order to study whether hemicellulose components in viscose 
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pulps cause difficulties in the viscose process for chemical reasons (49). It was 
found that all polysaccharides were xanthated relatively easily. The rate of 
dexanthation was, however, very different for different hemicelluloses. It was 
concluded that hemicelluloses are not the direct cause of the low reactivity and 
instability of the xanthate but that they sometimes serve as an indicator of the 
reactivity of the fibers. 

Etherification 
Etherification of gums and hemicelluloses is important for increasing 
solubility, stability against microorganisms to prevent fermentation on storing, 
film forming ability and increasing viscosity. A higher viscosity is important 
especially for various kinds of gums since they are commercially used in 
industries such as the mining, paper and textile industries. Etherification can be 
performed under both heterogeneous and homogeneous conditions. An 
overview of reported ether structures is given in Figure 4. 

Carboxymethylation 

Carboxymethylation of hemicelluloses was first reported in 1957. Xylan from 
beechwood was then carboxymethylated to degrees of substitution from 0.1 to 
0.9 (50). Sodium chloroacetate in alkaline solution was used for the 
carboxymethylation. It was found that higher degrees of substitution could be 
obtained by increasing the reaction time (e.g. from 48 h to 96 h) and also by a 
stepwise carboxymethylation process. An oxygen-free atmosphere did not 
influence the degree of substitution. Fractionation showed that the product was 
polydisperse but that it was essentially homogeneous with respect to the degree 
of substitution. The products were soluble in water and alkali but insoluble in 
organic solvents. Detergent properties were investigated and it was found that a 
soil-suspending ability was exhibited although to a lesser extent than by 
carboxymethylcellulose. 

Guar gum has been carboxymethylated according to an aqueous method 
(51). Sodium hydroxide solution was first added and then monochloroacetic 
acid. The temperature was held at 80oC for 1.5 h and a degree of substitution 
from 0.3 to 0.8 was achieved by varying the concentration of the etherifying 
agent. The starting material was partly soluble in both water and ethanol but 
after carboxymethylation the guar gum was completely soluble in water 
regardless of the degree of substitution. Non-aqueous carboxymethylation in 
medium was carried out in a mixture of ethanol and toluene (52). Sodium 
hydroxide was first added and then monochloroacetic acid. The reaction took 
place at room temperature overnight. In order to obtain highly substituted 
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Carboxymethyl hemicellulose: 
 

Hemicell-O-CH2-COO-Na+
 

 

Methyl hemicelluloses: 
 

Hemicell-O-CH3  

 

Hydroxyalkyl hemicelluloses: 
 

OH

Hemicell-O-CH2-CH-R        R = H3C Hydroxypropyl hemicellulose  

 

Sulfoalkyl hemicelluloses: 
 

Hemicell-R-SO3H               R = H5C2 Sulfoethyl hemicellulose  

 

Cyanoethylhemicellulose: 
 

Hemicell-O-CH2-CH2-CN
 

 

Benzylhemicelluloses: 
 

Hemicell-O-CH2-C6H5  

 
Figure 4: Overview of described ether structures made by modification of 
hemicelluloses. 
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derivatives, the procedure was repeated several times. Performing the reaction 
only once resulted in a degree of substitution of 0.8, whereas a fourfold 
procedure gave a degree of substitution of 2.1. All the carboxymethylated 
samples were soluble in water but insoluble in ethanol. Carboxymethylated 
derivatives obtained by both methods were characterized by a non-Newtonian 
behavior regardless of the degree of substitution or of the measuring 
temperature. All the derivatives also showed an increased stability towards 
microorganisms. The same results were in principle obtained for the 
carboxymethylation of Leucaena gum (53) and Cassia obovata gum (54). 
When Leucaena glauca seed gum was carboxymethylated in tert-butanol with 
optimal concentration of sodium monochloroacetate and sodium hydroxide 
solution, the highest degree of substitution obtained was 1.8 after 3 h at 70oC 
(55). Carboxymethylation of konjac glucomannan with monochloroacetic acid 
in methanol and aqueous sodium hydroxide for 40 h at 50oC gave, at most a 
degree of substitution of 0.3 (56). Carboxymethylated konjac glucomannan was 
characterized by dynamic viscoelasticity measurements and it was found that 
both the storage modulus (G’) and the loss modulus (G’’) decreased and 
became more frequency-dependent with increasing degree of substitution. The 
introduction of carboxymethyl groups into konjac glucomannan suppressed the 
mutual interaction of konjac glucomannan, i.e. intermolecular hydrogen bonds, 
and tended to give a more liquid-like rheological behavior. 

Methylation 

Methylation of xylan was used already in the 1960’s as a means of making 
xylan solvent-soluble for the determination of non-reducing end groups, in 
order to obtain information about the branching of hemicelluloses (40). 

Konjac glucomannan has been partially methylated with dimethyl 
sulfate in order to prepare a stable aqueous solution for the purpose of 
macromolecular chemical research by a moderate chemical procedure which 
may not develop depolymerization (57). To an aqueous solution of konjac 
glucomannan, sodium hydroxide solution was added with an adequate amount 
of dimethyl sulfate. This treatment was repeated 2-4 times to reach different 
degrees of substitution up to 1.4. The methylated konjac glucomannan was 
soluble in water, but the viscosity varied according to the degree of 
substitution. The highest viscosity was observed for the sample having a degree 
of substitution of 0.45 which indicated a stronger solvation with water and a 
better stability of the solution than was achieved with the other samples. It was 
also shown that the solubility of the samples was dependent on the distribution 
of the methyl groups. When methyl groups were distributed uniformly 
throughout the molecule, a high degree of substitution was not necessarily 
essential for the konjac glucomannan to be soluble in water. 
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Hydroxyalkylation 

Hydroxyethylated guar gum was prepared by dispersing guar gum in tertiary 
butyl alcohol in the presence of sodium hydroxide and ethylene oxide (added at 
0oC) (58). The reaction mass was then heated to 70oC and maintained at that 
temperature for 3 h. The rheological properties of aqueous solutions of guar 
gum and hydroxyethylated guar gum were then investigated. Master viscosity 
curves indicated that the molecular weight distribution of the native guar gum 
was changed by the hydroxyethylation. 

Xylan from barley husks has been reacted homogeneously with 
propylene oxide in an aqueous alkaline solution for 24 h at room temperature 
(59) giving hydroxypropylated xylan. Derivatives with different degrees of 
substitution, 0.2 to 1.9, were prepared by varying the pH of the reaction 
mixture from 10.5 to 13.0. A higher pH resulted in a higher degree of 
substitution. The derivatives with a low degree of substitution were completely 
soluble in water and they formed tough and transparent films. The 
hydroxypropylated xylan was further peracetylated by dissolving the derivative 
in formamide and reacting it with acetic anhydride at room temperature giving 
a water-insoluble thermoplastic acetoxypropyl xylan (Tg = 160oC at degree of 
substitution 0.2; Tg = 70oC at degree of substitution 2.0). These materials were 
potentially biodegradable and they were found to be suitable as thermoplastic 
additives in melt-processed plastics. Blend characteristics with polystyrene 
revealed a shear-thinning effect in the melt and a plastization effect in the solid 
state. 

Carboxymethylation and hydroxypropylation of guar gum were carried 
out simultaneously using monochloroacetic acid and propylene oxide in the 
presence of a hydrophilic solvent e.g. 2-propanol having an alkaline pH (60). 2 
hours at 60-85oC were the recommended reaction conditions. Applications in 
cosmetics and as a binder and thickening agent in adhesives and as a viscosifier 
in fracturing fluids were proposed. 

Sulfoalkylation 

Sulfopropylation of hemicelluloses obtained from hardwood sulfite and sulfate 
pulps has been carried out in a homogeneous dimethyl sulfoxide solution (61). 
Various quantities of dimsyl and propanesultone were added. The reaction time 
was varied between 1 and 24 h and the reaction was carried out at room 
temperature. The degree of substitution ranged between 0.5 and 1.1 depending 
on the experimental conditions. Molecular measurements showed a controllable 
degradation of hemicellulose chains during the reaction. A significant 
regioselectivity for the OH2-hydroxyl groups was observed only for degrees of 
substitution ≤ 0.5. 
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Long alkyl chains (C12) have been introduced onto glucuronoxylan and 
its sulfoethyl derivative via O-alkylation using 1-bromododecane in dimethyl 
sulfoxide (62). The alkylation time and temperature were 3 h and 70oC, 
respectively. The addition of long alkyl chains to the xylan molecules bearing 
ionic substituents imparted amphiphilic characteristics that lowered the surface 
tension and exhibited emulsifying and protein foam-stability properties. 

Cyanoethylation 

Guar gum has been cyanoethylated under a variety of conditions (63). Guar 
gum was mixed with aqueous sodium hydroxide, acrylonitrile was added and 
the reaction time was 4 h. It was shown that the extent of reaction increased 
with increasing acrylonitrile concentration, and decreased with increasing 
reaction temperature. Cyanoethylated guar gum was characterized by a non-
Newtonian pseudoplastic behavior. 

Benzylation 

A benzylation method was developed with benzylbromide as benzylating 
agent. It was added after swelling of the xylan in dimethyl sulfoxid with 18-
crown-6 ether, and potassium hydroxide as catalysts (64). The reaction took 
place at 70oC for 20 h and at 85-90oC for 3 h. Substitution was confirmed by IR 
spectrum. The product was soluble in most organic solvents and presented 
thermoplastic properties that allowed processing in a softened state between 
205 and 225oC without degradation of the polymer chains. 

Xylan has also been reacted with p-carboxybenzyl bromide (65). Xylan 
was firstly dispersed in water containing sodium hydroxide, and p-
bromomethylbenzoic acid was then added. The reaction continued until the 
bromomethylbenzoic acid had disappeared. Degrees of substitution between 
0.05 and 0.25 were obtained, the higher values being reached when the reaction 
was performed in room temperature instead of at 40 or 60oC. The xylan chains 
did not degrade up to a reaction temperature of 40oC. 

Grafting 
Vinyl monomers can be graft-copolymerized onto many natural substrates in 
aqueous slurry under a wide range of reaction conditions. Graft copolymers of 
cellulose (66, 67) have been extensively studied but graft-copolymerization 
with hemicellulose substrates has received comparatively little attention. 
Greater attention has been given to the graft copolymerization of gums, 
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especially guar gum. An overview of substrates, monomers and initiators is 
given in Table 1 (68 - 93). 
 
Table 1: Overview of substrates, monomers and initiators. 
 
Substrate Grafted monomer Initiator Ref.
Methylated 4-O-
methylglucuronoxylan 
from aspen wood 

Living polystyrene Polystyrylpotassium 68 

4-O-
methylglucuronoxylan 
from aspen wood 

Sodium acrylate Ammonium 
persulfate/sodium 
thiosulfate 

69 

Methylated 4-O-
methylglucuronoxylan 
from aspen wood 

Living polystyrene 
and living poly(2-
vinylpyridine) 

Polystyrylpotassium and 
corresponding potassium 
ion for poly(2-
vinylpyridine) 

70 

Hemicellulose from 
larchwood and wheat-
straw 

Acrylonitrile and 
methylacrylate 

Ceric ammonium 
nitrate/nitric acid and 
ferrous sulfate/hydrogen 
peroxide 

71 

Hemicellulose from 
bagasse 

Acrylonitrile Ceric ammonium 
nitrate/nitric acid 

72 

Guar gum Acrylamide Potassium 
permanganate/oxalic acid 

73 

Guar gum  Methyl 
methacrylate 

Hydrogen peroxide 74 

Guar gum Acrylamide Potassium 
persulfate/ascorbic acid 

75 

Leucaena glauca seed 
gum 

Acrylonitrile Hydrogen peroxide 76 

Leucaena glauca seed 
gum, and guar gum 

Acrylonitrile, 
methyl 
methacrylate, 
methylacrylate 
acrylamide, styrene, 
methacrylic acid, 
and acrylic acid 

Hydrogen peroxide 77 

Leucaena glauca seed 
gum 

Methyl 
methacrylate 

Hydrogen peroxide 78 

Guar gum Acrylonitrile Potassium 
persulfate/ascorbic acid 

79 

Guar gum Methylacrylate Hydrogen peroxide 80 
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Substrate Grafted monomer Initiator Ref. 
Guar gum Acrylamide Potassium 

bromate/thiomalic acid 
81 

Hemicellulose 
from corn cobs 

Acrylonitrile Potassium 
permanganate/sulfuric acid 

82 

Fenugreek gum Methacrylic acid Potassium persulfate 83 
Guar gum Acrylamide Copper sulfate/mandelic 

acid 
84 

Guar gum Acrylic acid Peroxydiphosphate-silver(I) 85 
Guar gum Acrylamide Ceric ammonium 

nitrate/nitric acid 
86 

Guar gum Acrylamide Peroxydiphosphate/meta-
bisulfite 

87 

Hydroxypropyl 
guar gum 

Acrylamide Ceric ammonium nitrate 88 

Guar gum Methacrylamide Potassium 
chromate/malonic acid 

89 

Guar gum Methyl 
methacrylate 

Ceric ammonium 
sulfate/dextrose 

90 

Guar gum 4-vinylpyridine Potassium 
monopersulfate/thioacet-
amide 

91 

Cassia tora gum Acrylamide Ceric ammonium 
nitrate/nitric acid 

92 

Gum Arabic, and 
tragacanth gum 

Acrylonitrile Ceric ammonium 
nitrate/nitric acid 

93 

 
In the first works (68, 70) either living polystyrenes or living poly(2-

vinylpyridine) was grafted onto methylated 4-O-methylglucuronoxylan from 
aspen wood. As the active hydrogens can act as terminators for the carbanion 
endgroup of the living polystyrene, the xylan was converted to its methyl 
derivative while the carboxyl of the 4-O-methyl glucuronic acid moiety was 
esterified. The reaction was performed in tetrahydrofuran (THF) since the 
methylated xylan was soluble in THF and the living polystyrene was prepared 
in THF. The grafting site was located on the ester grouping of the methylated 
glucuronate moiety which occured randomly along the backbone as a side 
group. Most of the samples were stated to involve two graftings per ester, 
provided the hydroxyl functions were inactivated. 

The first study in water was reported 1967 (69). Aspen 4-O-
methylglucuronoxylan was grafted with sodium acrylate in 3.4 N NaOH with 
the ammonium persulfate/sodium thiosulfate redox initiator system at 25 – 
30oC. The starting point for this study was an initiator-monomer combination 
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which was soluble in an alkaline xylan solution at 25oC and in which radicals 
capable of abstracting hydrogen atoms from carbohydrates would be generated. 
The persulfate-thiosulfate redox couple and acrylic acid (as acrylate ion in 
NaOH solution) met these requirements, and the formation of a true graft 
copolymer was indicated by fractional precipitation and light-scattering studies. 
A grafted fraction containing no ungrafted xylan but possibly some 
poly(sodium acrylate) homopolymer was isolated. 

Grafting parameters 

Many papers have been published describing grafting in water slurries using 
redox initiators. Most papers (71 - 82; 84 - 93) investigated reaction conditions 
influences on one or more of the grafting parameters: 
 
 

monomerGrafted
unitscoseAnhydroglufrequency Grafting

(%)efficiencyGrafting-100rHomopolyme

(%)100
chargedMonomer
formedPolymerConversion

%)(100
copolymerGraft

polymerSyntheticonAdd

%)(100
formedPolymer

polymerGraftedefficiencyGrafting

%)(100
substrateofWeight

polymerGraftedratioGrafting

=

=

×=

×=

×=

×=

 
The reaction conditions investigated were generally the concentration of 

initiator, monomer and substrate, temperature and time. The purpose was to 
find optimal conditions for one or more of the grafting parameters. The effects 
of adding organic solvents, salts, surfactants and complexing agents have also 
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been investigated (75). The different reaction variables influenced the grafting 
parameters in different ways, and an add on up to 92% has been reported (85). 

Initiating and grafting 

Vinyl graft copolymerization through chemical initiation is easier than thermal, 
photochemical, and other initiation methods because the activation energy of 
the redox initiation is quite low in comparison to that of the other methods (73). 
The choice of redox initiating system has a great influence on the grafting 
result, however. 

Free radicals are generated in the initiating redox system. The overall 
mechanism of the redox system ascorbic acid (A) and persulfate initiating guar 
gum (G) is given as an example here (79).The reaction between persulfate and 
ascorbic acid involves a chain mechanism (94) with the formation of sulfate ion 
radicals which are well-known chain carriers. 
 
Formation of free radicals: 
 
S2O8

2- → 2 SO4
-• 

SO4
-• + H2O → SO4

2- + •OH + H+ 
•OH + AH- → •AH + OH- 
•AH + S2O8

2- → A + SO4
2- + SO4

-• + H+ 
•AH + •OH → A + OH- + H+ 
•AH + SO4

-• → SO4
2- + H+ + A 

 
Mechanism for graft copolymerization: 
 
R• + M (Monomer) → RM• 
RM + nM → RMn+1 
GOH + RMn

•→ GO• + RMnH (Homopolymer) 
GOH + R• → GO• + RH 
GO• + M → GOM• 
GOM• + nM → GOMnM• 
2 GOMn → Graft copolymer 
 

It is apparent that SO4
-• and/or A•H radicals may initiate graft 

copolymerization by H abstraction from the guar gum backbone. However the 
generation of the guar gum macroradical (GO•) was proposed, since the 
initiation of vinyl polymerization is faster than H abstraction by primary 
radicals. 

Many redox pair systems have been used, as can be seen in Table 1. The 
following advantages have been emphasized: potassium bromate/thiomalic acid 
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works in the presence of oxygen and can thus make the whole system cost-
effective (81), copper sulfate/mandelic acid preferably gives a graft copolymer 
rather than homopolymer (84), and peroxydiphosphate/metabisulfite is also 
said to give a graft copolymer rather than homopolymer (87) as well as the 
potassium chromate/malonic acid system (89). The ceric ion is widely used as 
an initiator for grafting natural polymers (95). Cerium ammonium nitrate/nitric 
acid has also been found to be an effective initiator for graft polymerization on 
hemicelluloses, but it was found to be inert with crude wheat straw 
hemicellulose containing 11% lignin (71). The ferrous sulfate-hydrogen 
peroxide redox system could be used instead with this high-lignin material. 

Grafting site 

The site where the grafting takes place on the biopolymer has been discussed 
with respect to the graft polymerization of acrylamide onto Cassia tora gum 
with ceric ammonium nitrate-nitric acid as the redox initiator (92). The 
formation of free radicals on biopolymers by cerium(IV) has been 
demonstrated by electron spin resonance (96). The mechanism by which 
cerium(IV) generates free radicals is believed to involve the formation of a 
coordination complex between the oxidant and the hydroxyl group of the 
biopolymer. The ceric(IV)-polysaccharide complex then disproportionates, 
forming a free radical on the biopolymer chain and cerium(III) (97). Model 
compound studies of the cerium(IV) oxidation of monohydric alcohol and 1,2-
glycols support the postulated mechanism and suggest that the C2-C3 glycol 
and the C6 hydroxyl of the anhydro-D-glucose unit may be the preferred sites 
for radical generation (98). The relative reactivities of the C6 hydroxyl and C2-
C3 glycol (cis- and trans-) have been estimated by comparing reactivities of 
models. The results showed that the relative rate of the ceric ion oxidation of 
the glycol in the models was higher than that of the primary hydroxyl (99). It 
was then proposed that the oxidation of Cassia tora gum occurred preferably at 
the C2-C3 glycol unit and to a much less extent at the C6 hydroxyl. The 
proposed reaction mechanism is shown in Figure 5 and 6. 
 

 
Figure 5: Complex between ceric ion and Cassia tora seed gum (92). 
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Figure 6: Proposed reaction mechanism for ceric ammonium nitrate-initiated 
graft copolymerization of acrylamide onto Cassia tora gum (92). 
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Characterization 

In early works, graft copolymer was confirmed by fractional precipitation and 
light-scattering studies (69). IR was used to estimate the degree of grafting and 
to determine where the grafting sites occurred. Intrinsic viscosity 
measurements on well-defined copolymer fractions were evaluated in terms of 
branch density, branch length, and backbone molecular weight (70). Nowadays 
various experimental techniques such as viscosimetry, elemental analysis, IR, 
DSC, thermogravimetric analysis, x-ray diffractometry and scanning electron 
microscopy are used for the characterization of grafted copolymers (88). 

Crosslinking 
Polysaccharides are crosslinked e.g. to alter their swelling properties to prepare 
hydrogels. Interpenetrating networks and semi-interpenetrating networks are 
sometimes alternatives to crosslinking, but they are not discussed here. 

Guar gum has been reacted with different amounts of borate, a common 
crosslinker used with polymers containing hydroxyls, in aqueous alkali at pH 9 
in order to see whether this chemical modification enhances the enzymatic 
degradation of the material (100). Typical reactions between the cis-positioned 
hydroxyls of the galactose subunits of the guar gum occurred. The modified 
products were found to possess better swelling properties and as a result a great 
susceptibility to enzymatic degradation. 

Guar gum was also crosslinked with different amounts of trisodium 
metaphosphate to reduce its swelling properties for using in drug delivery 
systems (101). Swelling in gastrointestinal fluids was reduced from 100 to 120-
fold for native guar gum to 10 to 35-fold depending on the amount of cross-
linker used. As a result of the crosslinking, guar gum lost its non-ionic nature 
and became negatively charged. Measurements showed that the crosslink 
density of the new products was linearly dependent on the amount of trisodium 
metaphosphate used. 

The copolymer of guar gum grafted with acrylamide was crosslinked 
with glutaraldehyde to form hydrogel microspheres by the water-in-oil 
emulsification method (102). The structure of the crosslinked graft copolymer 
is shown in Figure 7. The grafted copolymer showed a better thermal stability 
than guar gum. Guar gum in the native state has also been crosslinked with 
glutaraldehyde (103). Crosslinking led to the introduction of new covalent 
bonds. Glutaraldehyde substituted part of the hydroxyl groups, and the cross-
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Figure 7: Copolymer of guar gum grafted with acrylamide and crosslinked 
with glutaraldehyde (102). 
 
linking caused a change in the polymer structure. These physico-chemical 
changes are reflected in the thermal behavior of the crosslinked guar gum. The 
amount of glutaraldehyde used in crosslinking was found to influence the 
thermal stability of the crosslinked guar gum, so that an excess of the cross-
linker reducing the stability of the crosslinked product. The reaction of guar 
gum with glutaraldehyde occurred either by inter- or intra-crosslinking, 
depending on the amount of glutaraldehyde used. Crosslinking resulted in the 
formation of new regions in the polysaccharide characterized by modified 
structures whose abundance and density were crosslinker-dependent. 



 

 31

Chemical modification of 
hemicelluloses and gums 

Various modifications 
Aromatic carbamates have been prepared by the reaction between linear xylan 
from oat spelts and aromatic mono-isocyanates (104). Linear xylan was 
prepared by treating xylan extracted from oat spelts with oxalic acid. The 
carbamates, xylan-2,3-bis(phenyl carbamate) and xylan-2,3-bis(tolyl carba-
mate) were prepared in pyridine. The reagents were added to the suspensions 
and the temperature was raised to 110oC during 20 h. The structure is shown in 
Figure 8. Fully substituted derivatives were obtained, shown by nitrogen 
analysis and spectroscopic data (13C NMR). These chemical derivatives were 
easily soluble in polar organic solvents and they were also thermoplastic 
between 240oC and 300oC. This means that it is possible to spin fibers either 
from their highly concentrated solutions or from their softening state. 
 

O

Hemicell-C-NH-C6H5                        

O

Hemicell-C-NH-C6H4-CH3  

 
Figure 8: Structures of xylan-2,3-bis(phenyl carbamate) and xylan-2,3-
bis(tolyl carbamate). 
 

Xylan from larchwood has been condensed with organostannanes (105). 
Xylan and triethylamine dissolved in water were added to a CCl4 solution 
containing organostannane chloride at 25oC for 60 s. The presence of Sn-O-R 
linkages was shown by infrared spectroscopy. The products from the reactions 
between xylan and monohaloorganostannanes as well as from dibutyl-tin 
dichloride and xylan were soluble in dipolar solvents such as dimethyl 
sulfoxide. The extent of substitution was roughly one stannane per three 
xylopyranose units. The proposed main stannane structure when the reaction 
agent was a dichloroorganostannane is shown in Figure 9. 
 

 
Figure 9: Proposed stannane structure when xylan was reacted with 
dichloroorganostannane (105). 

O
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 Sponges based on arabinogalactan from the larix tree have been 
prepared by reductive amination (106). Different sponges were prepared and of 
these arabinogalactan-chitosan was chosen as the most suitable to serve as a 
scaffold for cell growth in tissue engineering. The reaction pathway is shown in 
Figure 10. Arabinogalactan was first oxidized to obtain the aldehyde form by 
reaction with potassium periodate in water. A solution of chitosan in 2% acetic 
acid was prepared and the oxidized arabinogalactan was added. The reaction 
time and temperature were 72 h and 37oC, respectively, and the pH was 
gradually raised to 5. Imine bonds in the sponge were reduced by addition of 
sodium borohydride to the more stable amine form. 
 
 

 
 
 
Figure 10: Proposed structure for sponges prepared of arabinogalactan and 
chitosan (106). 
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Hydrogels from polysaccharides 

The term hydrogel refers to a class of polymeric materials that swell in water 
but do not dissolve. They include many natural materials of both plant and 
animal origin. Initial development of synthetic hydrogels designed for 
biomedical applications was made by Wichterle and Lim who described the 
potential use of crosslinked poly(2-hydroxyethyl methacrylate) (PHEMA) in 
1960 (107). They were looking for a material which could satisfy these 
demands: 1) a structure permitting the desired water content, 2) inertness to 
normal biological processes, 3) permeability for metabolites. They established 
that such materials must have hydrophobic groups and a three-dimensional 
structure. Of a large number of plastics they found crosslinked poly(2-
hydroxyethyl methacrylate) to be most suitable. 
 Hydrogels are presently under investigation as matrices for controlled 
release of bioactive molecules, in particular pharmaceutical proteins and for 
encapsulation of living cells (108). These applications often require that the 
gels degrade under physiological conditions meaning the originally three-
dimensional structure has to disintegrate into harmless products to ensure a 
good biocompatibility. Hydrogels of natural polymers, especially 
polysaccharides, have been widely used because of their unique advantages. 
Polysaccharides are, in general, non-toxic, biocompatible, biodegradable and 
abundant (109). 
 Using polysaccharides for hydrogel preparation requires chemical or 
physical crosslinking. Chemical crosslinking is a highly versatile method to 
create hydrogels with good mechanical stability. The crosslinking agents are 
however often toxic compounds which have to be extracted from the gels 
before they can be applied. Further the crosslinking agents can give unwanted 
reactions with the bioactive substance present in the hydrogel matrix. Cross-
linking of polysaccharides using e.g. glycidyl methacrylate (110), and maleic 
anhydride (111) has been reported. 
 Dextrans are polysaccharides often used for hydrogel synthesis. They 
may be defined as glucans containing a backbone of (1-6)-linked α-D-
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glucopyranosyl residues (112). Branching to O3 positions occurs in most 
dextrans and in addition branching to O2 or O4 may occur. The percentage of 
branching residues may vary within wide limits. Dextrans are synthesized by 
bacteria. 
 Chitosan, also used for hydrogel synthesis, is partly acetylated or 
nonacetylated chitin. Chitin is a linear 4-linked 2-acetamido-2-deoxy-β-D-
glucopyranan of regular structure (113). Being an analog of cellulose chitin 
resembles cellulose in adopting highly ordered chain conformations. Chitin is 
an important skeletal component in most fungi. 

Dextran-glycidyl methacrylate-based hydrogels 
Research on polymerizable dextran was pioneered by Edman and Ekman (114). 
They reacted dextran dissolved in water with glycidylacrylate. A hydrogel was 
formed but since the reaction was carried out in water the degree of substitution 
was low and difficult to control. 

An alternative method of dervatization of dextran by glycidyl 
methacrylate was therefore developed (110). The coupling of glycidyl 
methacrylate to dextran was then made in the presence of 4-(N,N-
dimethylamino)pyridine, dimethyl sulfoxide was used as an aprotic solvent. 
The solution was stirred at room temperature for 48 h. Almost quantitative 
incorporation of glycidyl methacrylate was found and the degree of substitution 
was controlled by varying the molar ratio of glycidyl methacrylate to dextran. 
Hydrogels were then prepared by radical polymerization in aqueous solution of 
derivatized dextran using ammonium peroxydisulfate and N,N,N’,N’-
tetramethylethylenediamine as the initiating system. Hydrogels were obtained 
within 20 min when the polymerization conditions were optimized. Analysis by 
NMR of the derivatized dextran showed that the reaction of glycidyl 
methacrylate and dextran was a transesterification resulting in a dextran 
derivative with the methacrylate group directly attached to the dextran chain 
(115). Structures are shown in Figure 11. 
 The release of model proteins e.g. lysozyme from these hydrogels 
varying in water content and degree of substitution was studied (116). The 
release rate was dependent on the size of the proteins and the equilibrium water 
content of the gels. But release of the proteins was independent of degree of 
substitution of the gels at high equilibrium water content. However, release was 
strongly affected by degree of substitution of the gels at low water content. 
Some of the gels did not show any significant protein release which suggests 
that the hydrogel mesh size was smaller than the protein diameter. 
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Figure 11: Reactions of dextran with glycidyl methacrylate (108). 
 
 
 After polymerization the methacrylate esters were resistant toward 
hydrolysis. Gels derived from these polymers can accordingly only degrade 
under physiological conditions when the polymer main chains are hydrolyzed 
by enzymes. Incorporation of endo-dextranase in hydrogels prepared by radical 
polymerization from derivatized dextran was made to accomplish degradation 
(117). Release of a model protein was studied and it was found that the release 
profile was highly dependent on the concentration of enzyme present in the gel. 
At a relatively high concentration of dextranase the release of the model protein 
started immediately and was completed within 5 to 10 days while at a low 
concentration a delay up to 150 days was observed. The degradation rate was 
strongly affected by both concentration of dextranase and the crosslink density. 
Both degradation rate and release of the model protein were independent of the 
initial water content of the hydrogel. The release of dextranase was 
substantially slower than expected which was attributed to the binding of the 
enzyme to the dextran network in the hydrogel. Full degradation only occurred 
when the degree of methacrylate substitution was less than 4 number of 
methacrylate groups per 100 glucose units. 
 Another approach to increase degradability is to incorporate a 
hydrolytically sensitive group between the polymerizable group and the dextran 
backbone. L-lactide has been grafted onto 2-hydroxyethyl methacrylate 
followed by activation of terminal hydroxyl groups (118). Coupling of these 
compounds to dextran was then made in dimethyl sulfoxide in presence of 
dimethylaminopyridine as a catalyst. The structure is shown in Figure 12. The 
compounds can be polymerized in aqueous solution to form hydrogels which 
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hydrolyze under physiological conditions due to hydrolysis of lactate and/or 
carbonate ester groups in the crosslinks (119). The degradation rate varied from 
1 day to 3 months. 
 
 

 
 
 
Figure 12: Structure of dextran modified with L-lactide grafted to 2-
hydroxyethyl methacrylate (108). 
 
 
 To understand the observed drug release profiles from hydrogels the 
swelling and the mechanical properties throughout the lifetime of the hydrogel 
should be possible to monitor. To follow the evolution of the mechanical 
properties of a degrading hydrogel a rheological method using a rotational 
rheometer has been developed (120). The method was based on the 
identification of the optimal amount of compression of the hydrogel slabs 
between the plates needed for reliable shear storage modulus (G’) 
measurements. A G’ plateau could be identified for each hydrogel slab as a 
leveling off of G’ upon further compression, probably due to full contact 
between the hydrogel slab and the plates of the instrument. The method 
allowed doing rheological measurements without knowledge of the exact 
dimensions of the hydrogels. The enzymatic degradation of dextran 
methacrylate hydrogel slabs with incorporated dextranase could be 
characterized using this method. It was proven that the observed changes in the 
rheological behavior were enzyme linked. 

Dextran-maleic acid-based hydrogels 
A hydrogel precursor was synthesized by the reaction of dextran with maleic 
anhydride in presence of triethylamine as catalyst (111). The optimum reaction 
conditions were obtained as a 2:1 molar ratio of maleic anhydride to the 
hydroxyl group of dextran, 0.5% triethylamine to maleic anhydride, 60oC at 10-
20 h. The degree of substitution did not exceed 1.0 in most reaction conditions. 
The hydrogel precursor had excellent solubility in various organic solvents. 
The dextran-maleic acid-based hydrogels were made by UV-induced 
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polymerization of the vinyl groups. The structure is shown in Figure 13. The 
hydrogels showed a high swelling ratio in water and the magnitude of swelling 
depended on the pH of the medium and degree of substitution by maleic 
anhydride. The highest swelling ratio was obtained in neutral pH due to 
repulsive forces when the carboxylic acid groups would become ionized in a 
neutral buffer solution which breaks the hydrogen bonds and generates 
electrostatic repulsion. Swelling ratio also increased with increase of degree of 
substitution of maleic acid. 
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Figure 13: Photo-crosslinked dextran-maleic acid (111). 
 
 

pH-sensitive hydrogels based on chitosan and 
D,L-lactic acid 
A way to prepare polysaccharide-based hydrogels with hydrophobic polyester 
side chains has been developed. The amino groups in chitosan were grafted 
with D,L-lactic acid without any catalyst (121). The structure is shown in 
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Figure 14. The crystallinity of chitosan gradually decreased after grafting 
because the amino groups of chitosan were randomly substituted which 
destroyed the regularity of packing between the chitosan chains. The polyester 
substituents provided the basis for hydrophobic interaction that contributed to 
the formation of hydrogels (122). Reversible water uptake of the materials was 
observed when pH was switched between 2.2 (simulated gastric fluid) and 7.4 
(simulated intestinal fluid). The lowest pH provided the highest swelling due to 
charge repulsion by protonation of the free amine groups on the polymer 
backbone. 
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Figure 14: Chitosan grafted with D,L-lactic acid (121). 
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Fermentation of 1,3-propanediol and 
succinic acid from agricultural 
products 

Industrial biotechnology has evolved significant manufacturing tools for 
products such as ethanol, organic acids and amino acids for food and 
pharmaceutical applications. New biotechnological processes and products may 
soon appear on the market. 1,3-propanediol and succinic acid are two of the 
monomers which can be manufactured by fermentation of agricultural 
products. 

1,3-Propanediol 
 
1,3-propanediol can be microbially prepared from glycerol which in turn can be 
obtained from cleavage of natural fats. 

Fermentation 

Already in 1881 Freund reported the production of 1,3-propanediol in a 
glycerol-fermenting mixed culture obviously containing Clostridium 
pasteurianum as the active organism, but little attention was paid to this 
microbial route for over a century (123). 1,3-Propanediol can now be 
anaerobically fermented by strains of Klebsiella, Citrobacter, Clostridia and 
Lactobacillus. The fermentation substrate is usually glycerol which in turn is 
produced by cleavage of natural fats. From the chemical point of view the 
microbial conversion from glycerol to 1,3-propanediol is a disproportionation. 
In Figure 15 a simplified scheme is shown of the major pathways in the overall 
disproportionation proposed for Klebsiella aerogenes (124). When Clostridium 
species is used for fermentation of glycerol to 1,3-propanediol the fermentation 
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pattern is different in that the Clostridia form butyric acid as a by-product 
(125). Citrobacter strains form 1,3-propanediol and acetate from fermentation 
of glycerol and almost no other by-products (126). 
 
 

Glycerol    1,3-Propanediol 
 
 
 
    Dihydroxyacetone 
 
 
 
Methylglyoxal  Dihydroxyacetonephosphate 
 
 
 
    Glyceraldehyde-3-phosphate 
 
 
 
Lactic acid   Phosphoenolpyruvate  Succinic acid 
 
         
    Pyruvic acid    2,3-Butanediol 
 
         
         Formic acid 
 

Acetyl-co-enzyme A  Acetic acid 
 
 
 

Ethanol 
 
 
Figure 15: Pathways of anaerobic glycerol metabolism in K. aerogenes, 
simplified (124). 
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Yield 

In a comprehensive test Klebsiella pneumoniae and Citrobacter freundii strains 
were studied (127). The yield of 1,3-propanediol from Klebsiella pneumoniae 
was lower than that from Citrobacter freundii; it amounted only to 0.53 
mol/mol glycerol in contrast to 0.65 mol/mol glycerol for Citrobacter freundii 
but the fermentation with Klebsiella pneumoniae was much more rapid. 
Klebsiella pneumoniae exhibited besides an unexpectedly high glycerol 
tolerance, twice as high as for Citrobacter freundii. For certain experimental 
conditions even higher yields, up to 70 mol%, from the fermentation of 
glycerol by Klebsiella pneumoniae were observed. Under conditions of 
glycerol excess the formation of hydrogen was found to be significantly 
reduced and a surplus of NADH2 was generated for the formation of 1,3-
propanediol. These findings indicated the existence of enzymes in Klebsiella 
pneumoniae that transferred reducing equivalents from NADH2 to H2 and 1,3-
propanediol flexibly. However, both Klebsiella pneumoniae and Citrobacter 
freundii are classified as opportunistic pathogens and special safety precautions 
are required to grow them (128). 

Comparable yield of 1,3-propanediol (0.67 mol/mol glycerol) has been 
obtained with a newly isolated Clostridium butyricum strain (129). This strain 
presented a strong tolerance to the inhibitory effect of 1,3-propanediol. High 
concentrations were achieved (35 – 48 g/l) when using single-state continuous 
cultures. Maximum volumetric productivity obtained was 5.5 gram per litre and 
hour. 

Economy 

It has been suggested that another substrate than glycerol is needed for 
fermentation to 1,3-propanediol to achieve a more cost-effective production 
(128). Glucose may be that substrate and great efforts are now being made to 
combine the pathway from glucose to glycerol successfully with the bacterial 
route from glycerol to 1,3-propanediol. In that case 1,3-propanediol can 
become the first bulk chemical produced by a genetically engineered 
microorganism. But other researchers (130) point out that the price and cost 
advantage of glucose compared to glycerol is partially offset by the yield loss 
of glycerol synthesis from glucose. This amounts to at least 25% depending on 
the co-fermentation products which will result in an overall yield of 1,3-
propanediol from glucose of less than 40%. 
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Succinic acid 
Succinic acid is a common metabolite formed by plants, animals and 
microorganisms. Many different kinds of bacteria produce succinic acid as a 
fermentation end product but only few species can produce it as the major 
product with high yield. Anaerobiospirillum succiniciproducens and 
Actinobacillus succinogenes are two of the most interesting succinate-
producing bacteria. Anaerobiospirillum succiniciproducens was originally 
isolated from the mouth of a beagle dog and Actinobacillus succinogenes is a 
ruminal organism (131). 

Physiology 

The physiology of succinate-producing bacteria varies significantly. In Table 2 
major physiological differences for Anaerobiospirillum succiniciproducens and 
Actinobacillus succinogenes are described (131). 
 
 
Table 2: Physiological differences between high-yielding succinate-producing 
bacterial strains (131). PEP: phosphoenolpyruvate. 
 
Organism Oxygen 

relation 
Succinate 
pathway 

Yield of 
succinate 
g/l 

Tolerance to 
succinate 
salts 

Anaerobiospirillum 
succiniciproducens 

Obligate 
anaerobe 

PEP 
carboxykinase 

65 None 

Actinobacillus 
succinogenes, 
mutants 

Facultative PEP 
carboxykinase 

110 Growth 

 
 

Fermentation 

All succinic acid-producing bacteria form mixed-acid fermentations. They 
produce varying amounts of succinate as well as other products, including 
ethanol, lactic, acetic, and formic acid. The proposed pathway for glucose 
fermentation in Anaerobiospirillum succiniciproducens is shown in a 
simplified scheme in Figure 16 (132). Four key enzymes, phosphoenolpyruvate 
carboxykinase, malate dehyrogenase, fumarase, and fumarate reductase, are 
used. 
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Glucose 

 
 
 

Glyceraldehyde-3-phosphate 
 
 
 

Phosphoenolpyruvate 
 
 
 
Oxalacetate     Pyruvate  Lactate 
         Formate 
 
 
Malate     Acetyl CoA 
 
 
 
Fumarate     Acetyl phosphate Acetaldehyde  
 
 
 
Succinate     Acetate  Ethanol 
High CO2            Low CO2 
 
 
Figure 16: Proposed catabolic pathway for glucose fermentation in 
Anaerobiospirillum succiniciproducens, simplified. Steps: (1) phospho-
enolpyruvate carboxykinase, (2) malate dehydrogenase, (3) fumarate 
reductase, (4) pyruvate kinase, (5) pyruvate ferredoxin oxidoreductase, (6) 
acetate kinase, (7) alcohol dehydrogenase, (8) lactate dehydrogenase (132). 
 
 

Succinate fermentation consumes CO2 which implies it has potential to 
become a very green technology. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) (7) 

(8) 
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Yield 

Succinate concentration as high as 32 g/l have been reached with a yield of 
0.99 g succinate/g glucose when using Anaerobiospirillum succiniciproducens 
(133). It has been shown (132) that extracellular supply of carbon dioxide is 
needed for succinic acid synthesis by Anaerobiospirillum succiniciproducens 
but in another investigation it was found that in a rich medium containing yeast 
extract and peptone, carbon dioxide supply provided by a 1.5 M Na2CO3 
solution used to maintain pH at 6.0 was sufficient and no additional carbon 
dioxide supply was needed. Neither was the production of acetate affected by 
CO2 addition. 

Several factors affecting succinic acid production by Anaerobiospirillum 
succiniciproducens were examined by cultivating cells under various 
conditions and the following results were recorded (134): 
• Maximum specific growth rate increased with increasing glucose 

concentration up to the level 20 g/l glucose. This indicates that the glucose 
tolerance of Anaerobiospirillum succiniciproducens is higher than that of 
other anaerobic bacteria. The distribution of fermentation products was not 
affected and the ratios of fermentation products (g-acetic acid/g-succinic 
acid) were similar (1:4) for all examined glucose concentrations. An 
increase in the inoculum size shortened the lag period of the culture and 
increased the final cell concentration. Due to shorter lag period the succinic 
acid production was enhanced. 

• Sodium ions are involved in the formation of transmembrane pH gradient, 
cell motility, and intracellular pH regulation. Maximum succinic acid 
production was found when the medium contained 4 g/l NaCl. Magnesium 
ions play an important role in maintaining cellular metabolism since 
magnesium is a cofactor for phosphoenolpyruvate carboxykinase. But in the 
present investigation practically no enhanced growth was indicated when 
the level of magnesium ions was raised from 0.2 g/l to 0.8 g/l. 

• Strictly anaerobic bacteria generally require more special growth factors 
because of their incapability of synthesizing them. Seven commercial 
complex nitrogen sources (yeast extract, casamino acid, polypeptone, 
peptone, soytone, tryptone, and beef extract) were examined for their 
effects on cell growth and succinic acid production by the Plackett-Burman 
design. The combination of high levels of yeast extract, polypeptone, 
peptone, and soytone gave the highest succinic acid production. 

• Several carbohydrates were examined as main carbon substrates for the 
production of succinic acid. Sucrose, maltose, lactose and fructose were 
efficiently utilized by Anaerobiospirillum succiniciproducens. Since 
Anaerobiospirillum succiniciproducens can use lactose as a carbon source 
succinic acid can be produced from the waste product whey. 
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Actinobacillus sp. 130Z produced 112 mol succinate per 100 mol 
glucose when hydrogen, as electron donor, was present in the gas phase (135). 

Economy 

Anaerobic fermentation for production of succinic acid has in the past been 
expensive due to inefficiencies associated with product recovery, 
concentration, acidification and purification which have made fermentation-
based technology impractical. New developments in end-product recovery 
technology, including water-splitting electrodialysis and liquid/liquid extraction 
have, however, lowered the cost of microbial succinic acid production. This 
new fermentation technology may produce succinic acid at only 10% of the 
price for succinic acid produced petrochemically from butane through maleic 
anhydride (131). 

Glycerol has also been suggested as a carbon source for fermentative 
production of succinic acid by Anaerobiospirillum succiniciproducens. High 
yield (103 mol-%) has been obtained by avoiding acetic acid formation but the 
glycerol conversion was low, only 57% (136). 





 

 47

Aliphatic polyesters and methods for 
chain-extension 

 

Aliphatic polyesters and methods 
for chain-extension 

High molecular weight aliphatic polyesters constitute one of the most 
promising families of biodegradable polymers (137). Their potential 
applications cover such different fields as bioresorbable biomaterials for hard 
tissue replacement, controlled drug delivery systems, and packaging for 
industrial products. The last field is receiving increasing attention because the 
use of aliphatic polyesters could avoid serious environmental problems often 
connected with waste polymers. It is often difficult to prepare high molecular 
weight products by common procedures for preparation of aliphatic polyesters 
so they must therefore be modified by e.g. copolymerization or chain-
extension. 

Aliphatic polyesters 
Polyesters are heterochain marcromolecular materials characterized by the 
presence of carboxylate ester groups in the repeating unit of their main chain. 
The traditional procedure for preparing linear aliphatic polyesters consists in 
the thermal polycondensation of diacids with diols, or in self-condensation of 
hydroxyacids, followed by elimination of water. Aliphatic polyesters have been 
known for a long time and were investigated as part of Carother’s pioneering 
studies of polymerization around 1930 (138). Full understanding of the 
polymerization kinetics, based on consideration of low molecular weight 
analogues is ascribable to Flory (139). 
 Through variation in molecular architecture and copolymerization, 
linear polyesters with a wide range of properties and uses are obtained. 
Commercially predominant are those based on poly(ethylene terephathalate). 
Aliphatic polyesters are used in several fields ranging from agricultural to 
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biomedical applications (140). Poly(ε-caprolactone) has been proposed for e.g. 
thin-walled tree seedling containers and as implantable drug delivery devices. 
Poly(ε-caprolactone) is one of the most frequently used compounds in 
biodegradable drug delivery systems due to its biocompatibility, low glass 
transition temperature, and high permeability. Its blends with starch and its 
derivatives have been used in shopping bags. 

Poly(butylene succinate), poly(butylene succinate adipate) copolymer, 
and poly(ethylene succinate) have been prepared through condensation 
reactions of glycols with aliphatic dicarboxylic acids and they are introduced 
into the market under the trademark of BIONOLLE. The potential applications 
of BIONOLLE in injection-moulded articles and tubular films have been 
projected. New grades having a long chain branch have recently been 
developed for stretch-blown bottles and expanded foams. Ring-opening 
polymerization of lactones has yielded polyesters with very high molecular 
mass and good mechanical properties. Random and block copolyesters as well 
as blends have been investigated with regard to the regulation of 
biodegradation and improvement in mechanical properties. Aliphatic polyesters 
based on lactic acid have found use in a broad variety of medical application, 
bioresorbable surgical sutures, prosthetics, bone screws, controlled drug 
delivery et cetera (141). 

Aliphatic polyesters of technical importance are poly(alkylene adipate)s. 
In particular their dihydroxy-terminated oligomeric polyesters with molecular 
weight typically 1,000 – 6,000 are used for the production of polyurethanes 
(142). Typical diols used in the adipate synthesis in this case are ethylene 
glycol, diethylene glycol, 1,4-butanediol and 1,6-hexanediol. Increasing the 
length of the alkylene chain decreases the concentration of ester groups, 
resulting in reduced polarity, increased hydrolytic stability, and increased 
flexibility. 

Physical properties of aliphatic polyesters are improved by adding 
aromatic ester units, for instance terephthalic ester units, in the backbone. 
Aromatic polyesters possess excellent physical and mechanical properties 
compared with aliphatic polyesters but they are very resistant to microbial and 
fungal attack and hence do not degrade under environmental conditions (143). 
Biological degradation behavior of the aliphatic-aromatic copolyester 
Ecoflex (22 mol-% terephthalic acid, 28 mol-% adipic acid, 50 mol-% 
butanediol) has been investigated with regard to degree of degradation (144). 
The thermophilic strain Thermomonospora fusca, isolated from compost 
material, was used for the degradation experiments in a defined synthetic 
medium at 55oC. After 22 days of degradation more than 99.9% of the polymer 
had depolymerized and only the monomers of the copolyester could be 
detected. In toxicological tests no significant toxicological effect was observed. 
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An alternative to aliphatic/aromatic polyester approach is design and use 
of alicyclic or aliphatic/alicyclic copolyester. Copolyesters obtained by reacting 
succinic acid with mixtures of 1,4-cyclohexandimethanol and 1,4-butanediol 
have been reported (145). 

A number of linear aliphatic polyesters have been synthesized and 
characterized in the past with the objective to prepare biomaterials (146, 147, 
148, 149). The simple and cheap process consisting in the thermal 
polycondensation of aliphatic diacids or diesters with diols, followed by the 
elimination of water or a volatile alcohol, was used. 

Poly(ester carbonate)s 
Preparation of polyesters via diacid/dialcohol thermal polycondensation is an 
economic procedure but the molecular weight of the materials will not be 
sufficiently high for achieving good properties. A useful way to overcome this 
problem is by chain-extension technology, usefully carried out in the presence 
of coupling agents reacting with the reactive functions located at oligomer 
chain ends. It is well-known that an increase in the molecular weight of 
polymeric material means an improvement in the physical performance of the 
polymer. 
 Chain-extension reaction of difunctional oligomers can be carried out 
according to a number of different methods. A way is to prepare poly(ester 
carbonate)s via the dichloroformate synthesis (150, 151). α,ω-Dihydroxy-
terminated oligomers are then chain-extended by the use of phosgene. The 
chain-extension is performed in two steps. Half of the solution was treated with 
excess phosgene and the resulting α,ω-dichloroformate was then 
polycondensed with the second half of the α,ω-dihydroxyterminated oligomer 
solution. This procedure allows avoiding any uncertainty due to lack of 
precision in the molecular weight determination of the starting oligomer, with 
the consequent lack of precision in the stoicheiometric balance of reagents 
which is well-known to be of paramount importance in polycondensations. 

Poly(ester urethane)s 
There are two principal methods of forming polyurethanes: the reaction of 
bischloroformate with diamines and the reaction of diisocyanates with 
dihydroxy compounds. The latter is more important from the industrial 
perspective. From the structural point of view polyurethanes are potentially 
biodegradable. 
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 The advantage of segmented polyester-based urethanes is that their 
segmental and domain structure can be controlled over a considerable range by 
selecting the starting materials, their relative proportions and processing 
conditions (152). When aromatic isocyanates are used as chain-extenders both 
aromatic moieties and urethane functions are introduced, thus contributing to 
both higher molecular weights and better mechanical properties. The properties 
of polyurethanes can also be varied over a wide range due to different segment 
and domain structures. The most interesting property is a combination of 
excellent mechanical properties with biodegradability. Their specific properties 
combine flexibility and high elongation characteristics with good strength 
properties. Polyurethane can be manufactured as elastomers, plastics, foams, 
adhesives, coatings and leather-like materials. Foamed products such as seat 
cushions are the largest applications of polyurethanes. 

Polyurethanes are widely used as biomaterials in the design of e.g. 
catheters, blood conduits and heart assist pumps because of their excellent 
physico-mechanical properties and relatively good blood compatibility (153). 
Segmented polyurethanes-based on symmetric esters of phenylalanine and 
glycols are new macromolecular compounds which can be employed for organ 
and tissue plastics as a result of their enzymatic spectrum (154). 

Natural polymers having more than two hydroxyl groups per molecule 
can be used as polyols for polyurethane preparation provided efficient reaction 
with isocyanates can be established. Several attempts have been made to utilize 
plant components as raw material for polyurethane synthesis. Lignin from kraft 
pulp production has been used as one component in polyurethanes (155, 156). 
Thermal and mechanical properties of those polyurethanes were investigated. 
Glucosides have also been used in synthesis of polyurethanes from renewable 
sources (157). The glucoside-based material was superior in properties 
compared to the diol-based material which was used as reference. 

Polyurethane sheets have been prepared from the 
glucose/fructose/sucrose-polyethylene glycol – diphenylmethane diisocyanate 
system (158). The glass transition temperature increased with increasing 
saccharide content. Incorporation of saccharides into the polyurethane structure 
resulted in a higher crosslinking density and a higher content of hard segments. 
The thermal decomposition was dependent on the saccharide content. An 
increase in saccharide content gave a lower thermal decomposition 
temperature. Tensile stress and Young’s modulus increased with the saccharide 
content. Dynamic-mechanical analyses revealed two kinds of relaxation. On the 
one hand the high temperature relaxation which corresponded to main chain 
motion, and on the other a local mode relaxation due to non-reacted isocyanate 
groups. In another study polyurethane sheets were prepared from glucose, 
fructose and sucrose-based polycaprolactones (159). Glass transition 
temperature, thermal degradation temperature, tensile strength, elongation and 
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Young’s modulus of the polyurethane sheets were measured. The molecular 
motions of the polyurethanes were enhanced with increasing fraction of 
polycaprolactone chains in the polyurethane molecules. From the results it was 
suggested that the saccharide components act as hard segments. 
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Materials and methods for hemicellulose-based 
hydrogels 

Reagents and solvents 

2-Hydroxyethyl methacrylate (HEMA), ≥99% (Fluka), ethylene glycol 
dimethacrylate (EGDMA), 98% (Aldrich), poly(ethylene glycol-600) 
dimethacrylate (PEGDMA), (Aldrich), N,N’-carbonyldiimidazole (CDI), 97% 
(Lancaster), triethylamine (NEt3), ≥99.5% (Fluka), chloroform, 99+%, 
anhydrous, stabilized with amylenes (Aldrich), ethyl acetate, 99.8% (Lab 
Scan), dimethyl sulfoxide (DMSO), 99.5% (Lab Scan), ammonium 
peroxodisulfate, ≥98.0% (Fluka), sodium pyrosulfite, ≥98.0% (Fluka), DMSO-
d6, ≥99.8 atom% D (Unit 1a, Bingswood Industrial Estate) were used as 
received unless otherwise mentioned.  

Hemicellulose from spruce 

The hemicellulose fraction used for hydrogel synthesis was produced at 
Department of Chemical Engineering, Lund University according to a 
procedure developed there (7). Water-impregnated chips (2-10 mm) (Picea 
abies) were treated with saturated steam. By this steam-explosion treatment, 
wood chips were separated in a water-soluble and a water-insoluble fraction. 
Hemicelluloses present in the water-soluble fraction were used in our 
investigation. They were purified with a 0.2 µm filter and by preparative SEC 
(Index 50 column filled with Superdex 30 preparative grade, Amersham 
Pharmacia Biotech, flow rate 12 ml/min, height of filtration bed 29 cm and 
diameter 10 cm) using water as the eluent. After evaporation the eluate were 



 

 54

Experimental

freeze-dried and the hemicelluloses was recovered as a white and fluffy solid 
with a dry matter content of circa 90%. Carbohydrate composition was 
determined by enzymatic hydrolysis and subsequent capillary zone 
electrophoresis (160). Molecular weight was determined by analytical SEC 
which was calibrated with purposely fractionated O-acetyl-
galactoglucomannan standards characterized by matrix-assisted laser 
desorption ionization time-of-flight mass spectrometry (161). Degree of 
acetylation was determined by 1H NMR (11). All these characterizations were 
made at Swedish Pulp and Paper Research Institute. 
 Two batches of hemicelluloses have been used. The first batch was used 
in the kinetics study and the second one in the rheology study. 
 The first batch of hemicelluloses was prepared by steam treatment at 
190-200oC for 2-5 min. The carbohydrate composition was 80% 
galactoglucomannan (galactose:glucose:mannose 16:27:100) and the rest was 
other polysaccharides mainly arabino-4-O-methylglucuronoxylan. The 
approximate degree of acetylation in galactoglucomannan was 0.3. Number 
average molecular weight and polydispersity concerning galactoglucomannan 
were 2,200 and 1.3, respectively, and the molecular weight ranged from 500 to 
7,500 (corresponding to 3 to 46 anhydroglucose units per oligomer). 1H NMR 
spectra showed that the hemicellulose fraction contained traces of aromatic 
compounds. 

The second batch of hemicelluloses was prepared by steam treatment at 
200oC for 2 min. The carbohydrate composition was 80% galactoglucomannan 
(galactose:glucose:mannose 15:29:100) and the rest was other polysaccharides 
mainly arabino-4-O-methylglucuronoxylan. The approximate degree of 
acetylation in galactoglucomannan was 0.3. Number average molecular weight 
and polydispersity concerning galactoglucomannan were 2,500 and 1.7, 
respectively and the molecular weight ranged from 500 to 13,000 
(corresponding to 3 to 80 anhydroglucose units per oligomer). 1H NMR spectra 
showed that the hemicellulose fraction contained traces of aromatic 
compounds. 
 

Synthesis of 2-[(1-imidazolyl)formyloxy] ethyl methacrylate 

2-[(1-Imidazolyl)formyloxy] ethyl methacrylate (HEMA-Im) was prepared by 
treating HEMA with CDI in chloroform solution at room temperature as 
described elsewhere (162). Approx yield 80%. 
 
1H NMR (DMSO-d6): δ=1.86 ppm (s, 3H, CH3-); 4.47, 4.62 ppm (m, 4H, CH2-
O); 5.70, 6.04 ppm (s, 1H each, vinyl C-H) and 7.08, 7.58, 8.25 ppm (s, 1H 
each, heteroatomic C-H). 
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Modification of hemicelluloses for the kinetics experiments 

For the kinetics study experiments were designed and carried out at 11 mg 
scale in an NMR tube at controlled temperature conditions. The reactive 
mixtures were composed of 0.08 M hemicellulose (with respect to the repeating 
unit), 0.1 M HEMA-Im and 0.02 M triethylamine dissolved in DMSO-d6. 

Modification of hemicelluloses for rheology study 

For the rheology study four different batches of modified hemicellulose were 
prepared. Typical conditions were: Hemicelluloses (3.0 g absolutely dry, 18 
mmol with respect to the repeating unit) were dissolved in DMSO (76 ml) and 
HEMA-Im (4.5 g, 20 mmol) was added. Triethylamine (405 mg, 4.0 mmol) 
was added as catalyst and the reaction mixture was maintained 2-5 hours at 
45oC under stirring. The product was precipitated twice in ethyl acetate as light 
brown crystals and the solvent was poured off. Eventually the product was 
dried under vacuum for about 20 hours. 
 
1H NMR (DMSO-d6): δ = 1.88 ppm (s, 3 H, CH3-); 2.0-2.1 ppm (s, 3 H, CH3-
CO, acetyl in hemicellulose); 4.31 ppm (m, 4 H, CH2-O); 5.70, 6.06 ppm (s, 1 
H, each vinyl C-H). 
 
Evaluation of degree of modification was made by 1H NMR spectroscopy. 
Methacrylate functions gave three peaks (δ = 1.88 ppm (3 H); 5.70 ppm (1 H); 
6.06 ppm (1H)) outside the hemicellulose region. Signals in the region 2.0 – 2.1 
ppm can be assigned to acetyl groups in hemicellulose (11). Relative degree of 
modification is obtained by dividing integral values from methacrylate 
functions with integral values from acetyl groups e.g. I5.70/(I2.0-2.1/3). Absolute 
degree of modification can be calculated since acetylation degree of the used 
hemicellulose fraction is analyzed to be 0.3. Modified hemicelluloses with four 
different degrees of modification between 13 and 32% were prepared, meaning 
between 13 and 32% of one hydroxyl group per anhydroglucose unit was 
methacrylated. 
 
Yield approx 90%. 

Hemicellulose/HEMA hydrogel synthesis for rheology study 

Hemicellulose-based hydrogels with different compositions were prepared. 
Typical conditions were: Modified hemicellulose (500 mg) and HEMA (500 
mg) were polymerized in water (1,100 mg), using a mixture of ammonium 
peroxodisulfate (1.0 mg) and sodium pyrosulfite (1.0 mg) as radical initiator 
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system. The polymerizing solution was first injected into a circular mould (∅ 
28 mm) having 2 mm thickness, and then it was heated up to 40oC and finally 
maintained at this temperature for 180 min. 

Hemicellulose/PEG hydrogel synthesis for rheology study 

Hemicellulose-based hydrogels with different compositions were prepared. 
Typical conditions were: Modified hemicellulose (500 mg) and PEGDMA (500 
mg) were polymerized in water (1,100 mg), using a mixture of ammonium 
peroxodisulfate (1.0 mg) and sodium pyrosulfite (1.0 mg) as radical initiator 
system. The polymerizing solution was first injected into a circular mould (∅ 
28 mm) having 2 mm thickness, and then it was heated up to 40oC and finally 
maintained at this temperature for 180 min. 

PHEMA hydrogel synthesis for rheology study 

PHEMA hydrogels with different compositions were prepared. Typical 
conditions were: EGDMA (0.10 g) dissolved in HEMA (5.0 g) was 
polymerized in water (2.3 g), using a mixture of ammonium peroxodisulfate 
(5.0 mg) and sodium pyrosulfite (5.0 mg) as radical initiator system. The 
polymerizing solution was first injected into circular moulds (∅ 28 mm) having 
2 mm thickness, and then it was heated up to 40oC and finally maintained at 
this temperature for 180 min. 

Instruments and characterization of 
hemicellulose-based hydrogels 

Nuclear Magnetic Resonance spectrometry  
1H NMR spectra were recorded at 400 MHz on a Bruker Avance 400, using 
Bruker software. Samples of precipitated modified hemicelluloses (approx 25 
mg) were dissolved in approx 0.8 ml DMSO-d6. For the kinetics experiments, 
1H NMR spectra were recorded at 500 MHz on a Bruker DMX 500 using 
Bruker software. The samples were dissolved in sample tubes 5 mm in 
diameter. Non-deuterated DMSO (δ=2.50 ppm) was used as internal standard. 
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Solubility tests 

Solubility tests were performed by mixing freeze-dried hemicellulose and 
appropriate solvent (1 mL) and stirring the mixture for 4 hours at room 
temperature. After this time the result was recorded. 

Rheometer 

Viscoelastic measurements were performed using a strain-controlled rheometer 
(Rheometric Scientific ARES). Samples were prepared in form of disks with a 
diameter of 25 mm and a thickness of 2.3 mm. Samples were tested using a 
parallel plate geometry with a diameter of 25 mm. They were placed between 
the rheometer plates and a little compression of about 50 grams-force was 
applied. A strain sweep test was then conducted at 25°C on each sample with a 
frequency of 1 Hz and deformations in the range from 0.05% to 15%. The 
frequency sweep test was conducted with a strain of 0.2% from 0.1 Hz to 16 
Hz. Master curves have been prepared using Rheometric Scientific software 
which empirically calculates the best factor needed to shift the curves both 
horizontally and vertically to superimpose overlapping data. 

Materials for development of characterization 
methods for poly(ester carbonate)s and 
poly(ester urethane)s 

Poly(ester carbonate)s 

Oligo(1,3-propylene succinate)s (SP) and poly(1,3-propylene succinate 
carbonate) (SP-C) were prepared according to Paper III in this thesis. 
Oligo(1,3-propylene succinate)s were in Paper III named poly(1,3-propylene 
succinate) but are in Papers IV and V named oligo(1,3-propylene succinate). 
SP prepared with 1.02 1,3-propanediol/succinic acid molar ratio was used in all 
chain-extensions using phosgene as coupling agent. 

Poly(1,3-propylene-co-1,4-cyclohexanedimethylene succinate 
carbonate)s 

Oligo(1,3-propylene-co-1,4-cyclohexanedimethylene succinate)s (SPC) and 
poly(1,3-propylene-co-1,4-cyclohexanedimethylene succinate carbonate)s 
(SPC-C) were prepared according to Paper IV in this thesis. 
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Poly[(1,3-propylene succinate)-co-poly(ethylene glycol) 
carbonate]s 

Poly[(1,3-propylene succinate)-co-poly(ethylene glycol) carbonate]s (SP-PEG) 
were prepared according to Paper V in this thesis. 

Poly(ester urethane)s 

Oligo(1,3-propylene succinate)s (PPS) and poly(ester urethane)s (PEU) were 
prepared according to Paper VI in this thesis. PPS prepared with 1.05 and 1.10 
1,3-propanediol/succinic acid molar ratio was used in all chain-extensions 
using 4,4’-diisophenylmethane diisocyanate (MDI) and 1,3-propanediol as 
coupling agents. 
 

Instruments for development of characterization 
methods for poly(ester carbonate)s and 
poly(ester urethane)s 

Differential Scanning Calorimetry 

A Mettler DSC 820 recorded DSC thermograms. Indium was used as standard 
for temperature calibration and the analyses were made under a constant stream 
of nitrogen. The heating rate was 10oC/min in a temperature range of –60 to 
200oC. The sample weight was about 4-7 mg for all measurements. Each 
sample was analyzed twice. 

Size Exclusion Chromatography 

SEC analyses were performed with a Waters 6000A pump, a PL-EMD 960 
light scattering evaporative detector, two PL gel 10 µm mixed-B columns 
(300×7.5 mm) from Polymer Labs and one Ultrahydrogel linear column 
(300×7.8 mm) from Waters. Dimethylformamide (70oC) was used as mobile 
phase at a flow rate of 1 mL/min. Calibration was done with 
poly(ethylene glycol) and poly(ethylene oxide) standards (PDI = Mw/Mn<1.08). 
Each sample was analyzed twice. 
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Nuclear Magnetic Resonance spectrometry 
1H NMR and 13C NMR spectra were recorded at 400 and 100.13 MHz, 
respectively, on a Bruker Avance 400, using Bruker software. The poly(ester 
carbonate)s were dissolved in deuterated chloroform (Apollo Scientific Ltd) in 
sample tubes 5 mm in diameter. Nondeuterated chloroform (δ=7.26 and 77.16 
ppm, respectively) was used as an internal standard. The poly(ether urethane)s 
were dissolved in deuterated dimethylformamide (Fluka) in sample tubes 5 mm 
in diameter. Nondeuterated DMF (δ=2.90 ppm) was used as an internal 
standard. 

Film pressing 

The sample was arranged between two thin Teflon sheets and subjected to a 
pressure of 200 bar at the onset temperature of melting determined by DSC. 
After cooling and removing the Teflon sheets, samples for dynamic-mechanical 
analysis and tensile testing were punched out using a metal stencil. Evaluation 
of the statistical experimental design was made using Umetrics software 
Modde 3.0. 

Dynamic-Mechanical Analyzer 

The DMA used was a Perkin Elmer DMA 7e, controlled by a Windows NT 
operating system. The DMA was designed with the measuring system 
assembly, the force motor and the position sensor placed vertically to minimize 
the effects of inertia and friction. The deformation was detected with a linear-
variable differential transducer. The temperature was recorded by a 
thermocouple placed adjacent to the sample surface. The temperature was 
calibrated by using the melting point of water. Helium was used as purge gas at 
40 cm3/min. The measurements were performed with a stainless steel 
extension-measuring system. The samples were analyzed three or four times. 
All measurements were made at the frequency of 1 Hz. 

Mechanical properties 

The specimens were dumbbell shaped with an overall length of 64 mm. Width 
at ends was 9 mm and width of narrow parallel portion 3 mm. The specimens 
had a thickness of 0.55 ± 0.04 mm. Measurements were performed on an 
Instron 5566 controlled by the software Merlin. Pneumatic grips were used to 
fix the specimen. A cross-head speed of 5 mm/min and an initial distance 
between grips of 32 mm were used. All data were averaged over at least five 
measurements. 
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Experimental

Solubility tests 

Solubility tests were performed by weighing 40 mg product and stirring 4 
hours, first at room temperature in the presence of the appropriate solvent (2 
mL). After this time, the result was recorded. Each probe was then gently 
heated to the boiling point of the solvent, and the result again was recorded. 
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New hemicellulose-based hydrogels 
using prepolymers from steam 
treatment of wood 

Hemicelluloses constitute a raw material reserve which practically has not been 
used so far. The design of new bioactive and biocompatible polymers capable 
of exerting temporary therapeutic functions is one of the most interesting 
research areas and we wanted to investigate the usefulness of hemicelluloses 
for preparation of biomaterials. The utilized hemicellulose had low molecular 
weight and was easily soluble in both water and organic solvents. 

The objective of this work was to develop a procedure for using 
hemicelluloses from spruce wood for building hydrophilic/hydrophobic 
hydrogels including development of a modification procedure for 
hemicelluloses, hydrogel synthesis and hydrogel characterization. The work is 
reported in Paper I and II. 

Kinetics study of methacrylation reaction 
Hemicellulose was modified with methacrylic functions consisting in the 
reaction with HEMA-Im in DMSO at 45ºC and in the presence of triethylamine 
as catalyst (162). The synthetic pathway followed is reported in Scheme 1. 
HEMA-Im was in turn prepared by reaction of HEMA with N,N’-
carbonyldiimidazole in chloroform. The specific benefits of this experimental 
procedure can be summarized as its facility to be prepared and reacted, its 
superior stability, relatively insensitivity to traces of moisture, and 
compatibility with most solvents. Moreover, it contains a leaving group, 
imidazole which is neither harmful nor chemically aggressive towards the 
hemicellulose structure. 
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Scheme 1 
 
 

In order to determine the exact reaction time necessary to reach desired 
degree of substitution, kinetics experiments were designed and carried out, 
working at a 11 mg scale in an NMR tube, at controlled temperature conditions. 
Figure 17 reports the 1H NMR spectrum of a typical reactive mixture, 
composed of 0.08 M hemicellulose (with respect to the repeating unit), 0.1 M 
HEMA-Im and 0.02 M triethylamine, at two different times, i.e. 0 (Figure 17a) 
and 23 (Figure 17b) hours, respectively. For the sake of clarity, assignments are 
also reported, with reference, as regards the numbers, to the structures reported 
in Scheme 2. Figure 17a, in which practically only the reactive reagents are 
present, shows the presence of the diagnostic peaks typical for HEMA-Im. The 
range of resonance of hemicellulose protons is also visible. Figure 17b shows, 
in the aromatic proton region, the diagnostic peaks of both imidazolide ring 
(peaks a, b and c), and imidazole (peaks k and l), the latter being the by-
product of the condensation reaction between HEMA-Im and hemicellulose. 
Reaction conversion was evaluated by following the decrease of the 
imidazolide peak at 8.25 ppm (peak a), with respect to the resonance peak at 
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1.86 ppm (peak h, CH3), used as internal standard. This gives the equation for 
conversion of HEMA-Im: 1-Ia/(Ih/3). 
 
 

 
Figure 17a: 1H NMR spectrum (45oC, 500 MHz, DMSO-d6) of reactive mixture 
composed of hemicellulose (0.08 M with respect to the repeating unit), Hema-
Im (0.1 M) and triethylamine (0.02 M) after 0 h. 
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Figure 17b: 1H NMR spectrum (45oC, 500 MHz, DMSO-d6) of reactive mixture 
composed of hemicellulose (0.08 M with respect to the repeating unit), Hema-
Im (0.1 M) and triethylamine (0.02 M) after 23 h. 
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The results of the kinetics experiments performed in duplicate are 

reported in Figure 18. It is apparent that the methacrylation reaction reaches a 
50-55% value after approximately 23 hours. The results also indicate that the 
reproducibility and controllability of the exchange reaction is rather good. 
Comparison with HEMA-Im experiments carried out with low molecular 
weight (ethanol and isopropanol) and high molecular weight (dextran) model 
compounds, indicates a comparable reaction rate for both polysaccharides, and 
a by far superior reactivity of both polysaccharides with respect to the low 
molecular weight alcohols (163). These results demonstrate, not unexpectedly, 
that the cooperative and co-catalytic effects exerted by neighboring OH groups 
in the hemicellulose polymer structure are responsible for the acceleration 
effects observed. 

An upscaled modification experiment confirmed the results obtained 
with the small scale one, and allowed establishing the purification procedure. 
This consisted basically in precipitating the reactive mixture in ethyl acetate, to 
eliminate unreacted low molecular weight reagents. Finally, continuous 
extractions carried out with diethyl ether in a Soxhlet apparatus allowed 
eliminating residual ethyl acetate and DMSO. 
 
 

 
 
Figure 18: Kinetics of the condensation reaction between hemicellulose (0.08 
M with respect to the repeating unit) and HEMA-Im (0.1 M) carried out in 
DMSO at 45oC: (▲) (■) duplicate series. Catalyst: triethylamine (0.02 M). 
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Preparation and dynamic-mechanical behavior 
of hydrogels 

Preparation 

Hemicellulose-based hydrogels (see Scheme 3) were prepared by first 
dissolving the reactive modified hemicellulose in water and then adding the 
synthetic co-monomer HEMA or PEGDMA in the desired amounts, see 
Table 3. The water content was 110 wt.-% with respect to the total amount of 
modified hemicellulose and synthetic co-monomer. The redox initiator, a 
mixture of ammonium peroxodisulfate and sodium pyrosulfite, was finally 
added in 0.2 wt.-% with respect to the two reagents. The solution was then 
injected into a 2 mm thick mould and reacted at 40oC for 180 min. Soft and 
transparent hydrogels were obtained which were easily swollen in water at 
room temperature. 
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Table 3: Composition of hemicellulose-based hydrogels. 
 
Code 
  

Degree of modification 
in hemicellulose, % 

Content of 
hemicellulose, % 

Synthetic co-
monomer 

A:5P 13 50     PEGDMA 
B:1a 18 10     HEMA 
B:1b 18 10     HEMA 
B:5 18 50     HEMA 
C:5 25 50     HEMA 
C:5P 25 50     PEGDMA 
D:5 32 50     HEMA 
 
 

PHEMA hydrogels (see Scheme 4) were prepared by first dissolving 
EGDMA in HEMA, then adding water in desired amounts and finally the redox 
initiator, a mixture of ammonium peroxodisulfate and sodium pyrosulfite, was 
added in desired amount with respect to the two reagents, see Table 4. Soft and 
transparent hydrogels were obtained which were easily swollen in water at 
room temperature. 
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Table 4: Composition of HEMA hydrogels. 
 
Code EGDMA  

(Crosslinker), % 
Content of 
initiator, % 

Content of water, % of 
HEMA 

1a 0 0.2               110 
1b 0 0.2               110 
2a 2 0.1                 50 
2b 2 0.1                 50 
3a 2 0.2                 50 
3b 2 0.2                 50 
4 4 0.2                 50 
 
 

Dynamic-mechanical behavior 

The dynamic-mechanical characterization is very useful for understanding the 
hydrogel structures and consequently their possible applications. The shear 
modulus or the viscosity of the samples is clearly related to the details of their 
internal structure including the degree of crosslinking, the chain length and the 
degree of swelling. 

Samples were first subjected to a strain sweep test in which they were 
deformed at different shear strains and the moduli were recorded. The strain 
region in which the shear storage modulus G’ is independent of the applied 
strain is called the linear viscoelastic zone. A strain value inside this zone was 
chosen to be used in the following tests to ensure that each measure was taken 
in the linear viscoelastic region. All following measurements were performed 
with a deformation of 0.2%. Each sample was then analyzed with a frequency 
sweep test. A sinusoidal deformation of constant peak amplitude was applied 
over the range of frequency from 0.1 to 16 Hz. The frequency sweep test 
generated frequencies which were logarithmically incremented and one 
measurement was taken at each frequency.  

Figure 19 reports the frequency sweep test of sample 2a. The shear 
storage modulus, G’, was higher than the shear loss modulus, G’’, over the 
entire frequency region. This indicates that the elastic response of the material 
is prevalent over the viscous one. As this trend is common for all the samples, 
it can be concluded that the present hydrogel system displays a prevailing 
solid-like behavior. The shear storage modulus appears quite constant 
throughout the entire frequency region although a smooth decrease is observed 
with lowering the frequency. 
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Figure 19: Shear storage and loss moduli of sample 2a as a function of 
frequency at 25oC. Further sample information in Table 4. 
 
 

To evaluate the reproducibility of the synthetic method employed to 
prepare the hydrogels, some samples both with and without modified 
hemicellulose were duplicated and their properties analyzed. Figure 20 reports, 
as typical results, the complex viscosity curves as a function of the frequency 
for two hydrogels prepared using the same conditions starting from HEMA and 
modified hemicellulose. The complex viscosity curves and, in general, the 
dynamic-mechanical behavior, are quite close to each other thus indicating that 
the internal structure of the hydrogels is very similar and accordingly the 
preparation reproducibility is quite high. This point is very important as it 
allows the effect of the synthetic parameters ultimately determining the 
hydrogel structure to be safely compared. 

Several PHEMA hydrogels were prepared for comparison purposes. The 
experimental parameters considered were the amount of crosslinker, initiator 
and water. Accordingly the hydrogels had differences in their internal structure 
which were analyzed. 
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Figure 20: Complex viscosity for duplicate hydrogels prepared from 90% 
HEMA and 10% modified hemicellulose versus frequency. Further sample 
information in Table 3. 
 
 

Figure 21 reports the trend of G’ as a function of the frequency for 
samples 1a, 2a, 3a and 4 which were prepared using 0%, 2%, 2% and 4% of the 
crosslinker, respectively. The G’ curve of sample 4 is considerably higher than 
the one of sample 3a in agreement with a higher crosslinking density in the 
final gel. Similar results were reported in other hydrogel systems (164, 165, 
166, 167, 168). 

As far as the initiator amount effect is concerned, two samples with the 
same crosslinker amount but different initiator content were prepared and their 
G’ over frequency curves at room temperature are also illustrated in Figure 21. 
It is interesting to note that the sample prepared with 0.1% initiator (2a) 
displays a higher shear storage modulus than sample prepared with 0.2% (3a) 
initiator. Since less initiator generates fewer growing chains, the average chain 
length of this hydrogel should be higher thus producing a higher shear storage 
modulus. 
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Figure 21: Shear storage modulus curves at 25oC of PHEMA hydrogels with 
different contents of crosslinker and initiator. Further sample information in 
Table 4. 
 
 

For drug release applications, it is important to have access to hydrogels 
with different crosslinking densities since the crosslinking density influences 
the rate of drug release. The degree of modification of the hemicellulose should 
determine the crosslinking density of the hydrogel. In fact, higher modification 
degree means a greater methacrylic functional group density and consequently 
a higher crosslinking density in the final network. To elucidate this point, 
hemicellulose-based hydrogels starting from hemicellulose with different 
degrees of modification were prepared and their dynamic-mechanical behavior 
examined. In addition, two synthetic co-monomers, HEMA and PEGDMA, 
were used to obtain hydrogels with different hydrophilicity. Hemicellulose with 
18 and 32% degrees of modification were reacted with HEMA whereas 
hemicellulose with 13 and 25% degrees of modification were reacted with 
PEGDMA. Figure 22 reports the dynamic-mechanical curves of these 
hydrogels. In both cases, the hydrogels prepared starting from the 
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hemicellulose with the higher modification degree display the higher shear 
storage modulus. 
 

 
 
Figure 22: Shear storage modulus curves at 25oC of hemcellulose-based 
samples with different degrees of modification and different co-monomers. 
Further sample information in Table 3. 
 
 

A comparison can also be drawn between the hydrogels prepared 
starting from HEMA and PEGDMA as synthetic co-monomers. Hemicellulose-
based hydrogels with 50% PEGDMA show higher modulus than hydrogels 
with 50% HEMA as reported in Figure 23. This effect is clearly due to the fact 
that PEGDMA is a tetrafunctional co-monomer (Scheme 3) and contributes to 
the overall crosslinking density. 

10-1 100 101 102
103

104

105

106

ω [Hz]

  G
' (

)
   

   
 [P

a]

 B:5
 D:5
 A:5P
 C:5P



 

 73

New hemicellulose-based hydrogels using 
prepolymers from steam treatment of wood 

 

 
 
Figure 23: Shear storage modulus curves at 25oC for hydrogels prepared from 
50% HEMA and 50% modified hemicellulose with different degrees of 
modification. Further sample information in Table 3. 
 
 

A final comparison can be made between the hemicellulose-based 
hydrogels and the pure PHEMA ones. Figure 24 illustrates collectively the 
trend of the complex viscosity of all these hydrogels as a function of the 
frequency. Although direct comparison is quite difficult due to inherent 
structural differences, it appears that by appropriately adjusting the 
experimental parameters it is possible to prepare hemicellulose-based 
hydrogels with properties similar to those of the PHEMA ones. In fact, the 
hemicellulose-based hydrogel with the highest G’- high degree of modification 
and high hemicellulose content - present about the same G’ as PHEMA 
hydrogels with normal content of water. In addition, the hemicellulose-based 
hydrogel with the lowest G’ - low degree of modification and low 
hemicellulose content - display even slightly lower G’ than PHEMA hydrogels 
with high water content. 

10-1 100 101 102
103

104

105

106

ω [Hz]

  G
' (

)
   

   
 [P

a]

 C:5
 C:5P



 

 74

New hemicellulose-based hydrogels using 
prepolymers from steam treatment of wood 

 

 
 
Figure 24: Complex viscosity curves at 25oC for hydrogels prepared from 50% 
HEMA and 50% modified hemicellulose. Further sample information in 
Tables 3 and 4. 
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Development of characterization 
methods for poly(ester carbonate)s 

Much attention is devoted to the industrial use of products from renewable 
sources. 1,3-Propanediol and succinic acid are typical polycondensation 
monomers obtainable from renewable sources by fermentation. Therefore, 
poly(1,3-propylene succinate) and related polymers constitute a family of 
macromolecular substances of great potential interest. The simplest and 
cheapest process for preparing linear aliphatic polyesters consists in the thermal 
polycondensation of aliphatic diacids or diesters with diols, followed by the 
elimination of water or a volatile alcohol, respectively. It is, however, often 
difficult to prepare high molecular weight products, while oligomeric products 
with molecular weights in the order of a few thousands are easily obtained. The 
latter, as a rule, do not possess suitable thermal and mechanical properties for 
most practical applications, but may be amenable to chain-extension reactions. 
 The objective of this work was to develop characterization methods and 
study properties of a novel family of high molecular weight poly(ester 
carbonate)s prepared by chain-extension reactions performed on α,ω-
dihydroxyterminated oligo(1,3-propylene succinate) and related oligomers. The 
work is reported in Paper III – V and VII. 

Poly(ester carbonate)s based on oligo(1,3-
propylene succinate) 

Chemistry 

High molecular weight poly(1,3-propylene succinate carbonate)s (SP-C) were 
prepared via the dichloroformate synthesis as reported in Paper III. The 
structure is shown in Scheme 5. This process involved two steps. In the first 
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one, α,ω-dihydroxy-terminated oligo(1,3-propylene succinate) (SP) was 
prepared by thermal polycondensation of excess 1,3-propanediol and succinic 
acid. In the second step, the above oligomers were chain-extended by the use of 
phosgene. The molecular weights and molecular weight distributions, analyzed 
by SEC, of all the oligomers and of the chain-extended product are reported in 
Table 5. The number average molecular weight of the oligo(1,3-propylene 
succinate) depended on the excess 1,3-propanediol used, but usually ranged 
between 900 and 2,400. It is worth noticing here that the polydispersity of SP-
2, SP-3 and SP-4 is very low, lower than that of SP-1 used in the chain-
extension reaction. The reason for this is probably that those oligomers were 
purified by solvent/non solvent precipitation, in order to eliminate oily 
residues, with consequent molecular weight fractionation. 
 
 
 
 
 
 
 
 
Scheme 5 
 
 
Table 5: Molecular characterization of oligomers and chain-extended product. 

Code Monomer molar 
ratio a)  

Mn
  Mw  PDI 

SP-1 1.02   2,200   2,900   1.3 
SP-2b) 1.05   1,100   1,200   1.1 
SP-3b) 1.10   1,000   1,300   1.1 
SP-4b) 1.50      900   1,000   1.1 
SP-Cc) - 30,000 48,000   1.6 

 
a) 1,3-Propanediol/succinic acid. 
b) Oligomer purified by solvent/non-solvent precipitation. 
c) Chain-extended product obtained from oligomer SP-1. 

 
 

Although recognizing the limits of the adopted calibration procedure, which 
does not account for the difference in hydrodynamic properties between 
poly(ester carbonate)s and poly(ethylene glycol)s, a degree of polymerization 
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of the final poly(ester carbonate) of about 15 times those of its parent oligomer 
was calculated. The chain-extension process adopted proved to be effective 
since the molecular weight of the oligomeric products of the thermal 
polycondensation was dramatically increased. 

Solubility characterization 

The results of the solubility tests for typical samples of high molecular weight 
poly(1,3-propylene succinate carbonate) and oligo(1,3-propylene succinate)s 
are reported in Table 6. It may be observed that the chain-extension product 
exhibits almost the same solubility behavior as the oligomers. In particular it 
maintains a good solubility in acetone. This is an important quality in view of 
biomedical applications, since it allows avoiding the use of chlorinated solvents 
in some typical solvent-involving processing such as casting or microsphere 
preparation. 
 
 
Table 6: Solubility behavior of oligomers and chain-extended product. 
 

Solvent Oligomer Chain extended 
polymer 

 r.t.a) b.p.a) r.t. b.p. 

Water ib) i i i 
Acetone s sb) s s 
Chloroform s s s s 
Diethyl ether i i i i 
DMF s s s s 
Ethanol i i i i 
Ethyl acetate s s swb) sw 
Toluene i sw i sw 
n-Hexane i i i i 

 
 a) r.t.: room temperature; b.p.: boiling point. 
 b) i: insoluble; s: soluble; sw: swellable. 
 
 

Thermal properties 

The results of DSC and DMA performed on poly(1,3-propylene succinate 
carbonate) and oligo(1,3-propylene succinate) are reported in Table 7. In 
Figure 25 the DCS thermograms of both SP-1 and SP-C are shown. It is 
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interesting to observe that passing from the oligomer to its high molecular 
weight chain-extended product results in a 6.3°C increase of the glass transition 
temperature and in a modest increase of the crystalline melting point (+1.2°C). 
It is worth noticing, however, that the melting peak of the oligomer is bimodal 
and the reported melting point corresponds to the higher melting peak. On the 
other hand the melting enthalpy decreases (-11 J/g), thus indicating a lower 
degree of crystallinity in the chain extended product. This might be due to the 
fact that the chain-extension introduces structural irregularities along the 
polyester chain. 
 
 
Table 7: DSC and DMA characterization of oligomers and chain-extended 
product. 
 

Code Tg 
(°C) 

Tm a) 
(°C) 

∆H 
(J/g) 

E′ b) 
(MPa) 

tan δ 

 DSCc) DMAd)     
SP-1 -35.4  46.8 50.4   
SP-C -29.1 -28.4 48.0 39.4 188 0.313 

 
a) Measured at first scan.  c)   Measured at second scan. 
b) Measured at 23ºC.  d)   Measured at tan δ maximum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25: DSC traces of oligomeric succinate SP-1 and its chain-extended 
product SP-C. 
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Poly(ester carbonate)s based on oligo(1,3-
propylene-co-1,4-cyclohexanedimethylene 
succinate)s 

Chemistry 

Aliphatic/alicyclic poly(ester carbonate)s containing 1,3-propylene and 
(cis/trans)-1,4-cyclohexanedimethylene succinate units were synthesized, as 
reported in Paper IV, in order to improve thermal and mechanical properties of 
chain-extended poly(1,3-propylene succinate carbonate)s. The structure is 
shown in Scheme 6. This process involved two steps. In the first step oligo(1,3-
propylene-co-1,4-cyclohexane-dimethylene succinate)s (SPC) with different 
compositions in the co-repeating units, were synthesized by thermal 
condensation. They were terminated at both ends with hydroxy functions 
(1.02:1 total molar OH/COOH ratio). The commercial (cis/trans)-1,4-
cyclohexanedimethanol used was characterized by a 68% content in trans units, 
as determined by 1H NMR spectroscopy. The reason for choosing a cis/trans 
isomer mixture was that pure isomers are not commercially available. In the 
second step, the oligomers were chain-extended, by the use of phosgene. The 
chain-extended product was named SPC-C. 
 
 
 
 
 
 
 
 
 
 
Scheme 6 
 

Solubility characterization 

The solubility behavior of both oligomers and chain-extended products are 
reported in Table 8. Comparison with results for homopolymeric oligo(1,3-
propylene succinate) and its chain-extended product, shown in Table 7, show 
that solubility properties do not vary within the series. This demonstrates that 
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the introduction of different amounts of cyclic units into poly(1,3-propylene 
succinate) chains does not significantly influence their interaction parameters. 
 
Table 8: Solubility behavior of oligo(1,3-propylene-co-1.4-cyclohexane-
dimethylene succinate)s and their chain-extended productsa). 
 

Solvent SPC1 SPC2 SPC3 SPC2-C SPC3-C 

Water  ib i i i i 
Acetone  sb s s s s 
Chloroform s s s s s 
Diethyl ether i i i i i 
DMF s s s s s 
Ethanol i i i i i 
Ethyl acetate s s s s s 
Toluene s s s s s 
n-Hexane i i i i i 

 
a) Solubility tests were recorded both at room temperature and boiling 

point. Results turned to be equivalent for all materials. 
b) i: insoluble; s: soluble. 

 

Structural characterization 

A structural characterization of both oligomers and chain-extended polymers 
was performed by 1H and 13C NMR. Scheme 7 records the atomic labeling for 
the general structure of both poly(ester carbonate)s and prepolymers. For the 
sake of clarity, carbon atoms marked as 3’, 3”, 4’ and 7’ are not distinguishable 
from 3, 4 and 7 in the chain-extended polymers. Figure 26 shows the 1H NMR 
spectrum of a typical chain-extended polymer, namely SPC2-C. For 
comparison purposes, the spectrum of its parent prepolymer (SPC2) is reported 
in the same figure. SPC2’s spectrum exhibits different resonance peaks 
attributable to the diol units located at chain-ends, respectively at δ=4.26 ppm 
(CH2-3”), 3.69 ppm (CH2-3’), 3.53 ppm (CH2-7’ cis), 3.45 ppm (CH2-7’ trans) 
and 1.87 ppm (CH2-4’). As expected, these peaks disappear after the chain-
extension reaction. 

For a better structure identification, and especially in view of the 
complexity of cis/trans ring structure, the 13C NMR spectrum of SPC2-C is 
also reported in Figure 27. The 13C NMR pattern is in complete agreement with 
the proposed structure. It is interesting to observe, as shown in the 
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Figure 26: 1H NMR spectra run in CDCl3 at 400 MHz of SPC2 oligomer (a) 
and its chain-extended product SPC2-C (b). 
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magnification reported in Figure 27b, that it exhibits three different resonance 
peaks that might be attributed to the methylene carbon atoms deriving from 
succinic acid moiety. Two of them can be assigned to those units inserted in 
homogeneous succinate sequences (1,4-cyclohexanedimethylene succinate, 
CH2-6, δ=29.14 ppm, and 1,3-propylene succinate, CH2-2, δ=28.99 ppm, 
respectively), as ascertainable from the analysis of homopolymeric models. A 
third peak, (δ=29.07 ppm) might correspond to those units contained in 1,3-
propylene/1,4-cyclohexane-dimethylene succinate alternating sequences. The 
same pattern was observed in the oligomeric precursors’ spectra, which 
confirms its connection to the specific copolymer structure more than to 
consequences of chain-extension reaction. 

Finally, the magnification of 13C NMR spectra in the area above 
170 ppm, reported in Figure 27c shows that C=O peaks, apparently located at 
δ=172.25 ppm in case of 1,3-propylene (C1) and at δ=172.37 ppm in case of 
1,4-cyclohexanedimethylene succinate (C5) units, consist actually of two 
separate peaks each, having their middle point in correspondence of the above 
reported δ values. Each sub-peak might be assigned to the different 
homogeneous or alternating sequences of succinate co-repeating units. 
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Figure 27: 13C NMR spectrum run in CDCl3 and at 100,13 MHz of SPC2-C 
(a); detail of spectrum in a embracing methylene carbon deriving from succinic 
acid moiety (b); detail of spectrum in a embracing carbonyl peaks (c). 
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Composition 

1,4-cyclohexanedimethylene/1,3-propylene succinate molar ratio (c/p) in both 
oligomers and chain-extended polymers was evaluated by 1H NMR and 
compared with feeding data. The following considerations were made. The 
1H NMR spectra of the chain-extended polymers contained no overlapping 
peaks, which permit calculating compositional data in different ways. Firstly, 
they can be obtained from the ratio between the integration intensity (I) of 
proton chemical shifts of CH2-7, deriving from 1,4-cyclohexanedimethylene 
units (δ=4.00 and 3.91 ppm for cis/trans forms), and that of CH2-3 deriving 
from 1,3-propylene units (δ =4.17 ppm), i.e.: 
 

     p
c

I
II

=
+ 00.491.3 δδ

     (1) 

 
Alternatively, c/p values can be obtained from the ratio between the integration 
intensity of proton chemical shifts deriving from the cyclohexyl ring (CH2-8-
CH2-9; δ=0.99-1.83 ppm) and the methylene group in the central position of 
the 1,3-propylene unit (CH2-4; δ =1.97 ppm), i.e.: 
 

     p
c

I
I

2
10

97.1

83.199.0
=

−

δ

δ
     (2) 

 
In case of oligomers, compositional data can be evaluated only by a modified 
version of equation (1), which takes into account chain-end contribution, i.e. 
equation (3). The fact that some of the oligomers’ chain-end peaks overlap 
cyclohexyl peaks impedes equation (2) from being useful for quantitative 
evaluations. 
 

    p
c

III
IIII

=
++

+++
26.469.317.4

45.353.300.491.3

δδδ

δδδδ
    (3) 

 
The results reported in Table 9 demonstrate that calculated compositional data 
are equivalent, within the limits of experimental error, to feeding data. This 
indicates that no compositional drift can be ascribed to the lower reactivity of 
the primary hydroxyl group of 1,4-cyclohexanedimethanol, at the experimental 
conditions adopted. 
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Table 9: Composition (1,4-cyclohexanedimethanol/1,3-propanediol, mol/mol) 
of poly(ester carbonate)s and their oligomeric precursors. 
 

Code Feeding data 1H NMR from eqs. 1, 3 1H NMR from eq. 2 
SPC1 30:70 29:71 - 
SPC2 50:50 50:50 - 
SPC2-C 50:50 49:51 50:50 
SPC3 70:30 70:30 - 
SPC3-C 70:30 70:30 72:28 

 
 

Molecular weight analysis 

The molecular weights and molecular weight distributions are reported in 
Table 10. Molecular weight data for the oligomeric precursors appear close to 
each other, especially in view of the fact that small differences observed are 
ascribable to the different mass contribution of the copolymers’ repeating units. 
This confirms that the synthetic procedure adopted is reproducible. For 
copolymeric oligomers the number average molecular weights ranged from 
2,600 to 3,100, to be compared with 2,200 obtained with oligo(1,3-propylene 
succinate). These values were compared with those obtained from 1H NMR 
data, also reported in Table 10. The procedure adopted consisted in calculating 
m and n values, see Scheme 7, by the equation system below. In this system, 
equation (4) expresses the ratio between the integration intensity (I) of proton 
chemical shifts due to the CH2-CO deriving from succinic acid (CH2-2 and 
CH2-6), and that of CH2-OH contained at chain-ends (CH2-7’ and CH2-3’, 
respectively). Equation (5) is a modified version of equation (1), expressed in 
terms of m and n. 
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Table 10: Molecular weights of poly(ester carbonate)s based on 1,3-propylene-
co-1,4-cyclohexanedimethylene succinate and their oligomeric precursors.  
 

Code Mn
a) Mw

a) PDI Mn
b) 

SPC1    3,100    4,400 1.4 4,200 
SPC2    2,600    3,600 1.4 4,200 
SPC2-C  32,000  50,000 1.6 - 
SPC3    2,900    4,100 1.4 5,000 
SPC3-C  15,000  24,000 1.6 - 

 
a) Analyzed by SEC using PEG calibrants. 
b) Analyzed by 1H NMR, calculated from eq. (4) and (5). 

 

Thermal properties 

The results of typical DSC analyses are reported in Figure 28. For comparison 
purposes, the DSC analyses for the oligo(1,3-propylene succinate) and its 
chain-extended product are also shown. 
 
The results obtained can be summarized as follows: 
• Tg increases in the oligomer series with increasing the content in 1,4-

cyclohexanedimethylene succinate units. This is in agreement with the 
generally accepted idea that the introduction of cyclic moieties in polymer 
chains reduces flexibility. Passing from the oligomers to their chain-
extended products an obvious increase in Tg is observed. 

• All oligomers are semi-crystalline materials, although with low melting 
enthalpies. Their absolute degree of crystallinity is unknown, but in case of 
SPC1, having the lowest content in cyclic units, it approaches 0. For this 
reason the chain-extended product of this oligomer was not synthesized. 

• SP-C shows an almost identical melting endothermic peak as SP, below 
50oC. Within the co-oligomeric series, SPC1 and SPC2 exhibit a Tm 
comparable with that of SP, while SPC3, with the highest content in 
cyclohexyl units, shows a bimodal melting trace, characterized by a first 
melting peak centered at 62ºC and a second one centered at 84ºC. This 
might confirm a preferential sequence distribution. This observation is in 
line with the results of esterification reaction analysis, which had indicated 
a difference in reactivity between the two diols. The chain-extension 
reaction of SPC3 makes the lower endothermic peak almost disappear. 
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Figure 28: DSC traces of oligo(1,3-propylene-co-1,4-hexanedimethylene 
succinate)s and chain-extension products compared with oligo(1,3-propylene 
succinate) and its chain-extended product. 
 
 

Dynamic-mechanical properties 

Table 11 reports the tensile storage modulus and glass transition temperature 
measured at maximum tan δ for both SPC2-C and for homopolymeric SP-C for 
comparison. 
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Table 11: Dynamic mechanical characterization of some poly(ester 
carbonate)s. 
 

Code Tg
a), (ºC) E’ b)

 (MPa) tan δ 

SP-C  -28.4 188.0 0.31 
SPC2-C -19.6 11.3 1.41 

 
a) Measured at tan δ maximum. 
b) Tensile storage modulus measured at 23oC. 

 
The results of DMA analysis can be summarized as follows: 
• Tg values increased from –28.4 to –19.6oC with introducing 50% cyclic 

units, by moles, in the reference poly(1,3-propylene succinate) structure, 
thus confirming the trend qualitatively observed with DSC. 

• The tensile storage modulus in the rubbery region decreases, unexpectedly, 
in spite of the high amount of cyclic units introduced. This is probably 
connected to the low crystallization degree of the resulting copolymer. 

Segmented copolyesters of poly(1,3-propylene 
succinate) and poly(ethylene glycol) 

Chemistry 

New block copolymers having poly(ester ether carbonate) structure, containing 
oligo(1,3-propylene succinate) (SP) segments together with poly(ethylene 
glycol) (PEG) segments of different length, were synthesized as reported in 
Paper V. The structure is shown in Scheme 8. These copolymers were 
synthesized following the same procedure previously described for the chain-
extension reaction of oligo(1,3-propylene succinate), i.e. phosgene was used as 
coupling agent. The new materials are expected to have higher hydrophilicity, 
superior biocompatibility, and be more prone to degradation than the 
corresponding high molecular weight chain-extended oligo(1,3-propylene 
succinate). This should make them appealing as constituents of new bioerodible 
systems, e.g. drug carriers. 

Two different PEG, molecular weight 1,000 and 2,000, respectively, 
were used in the polycondensation with the hydroxyterminated SP. The 
molecular weight of some typical products having 50 wt.-% composition in 
both constituents is reported in Table 12. Molecular weight distributions were 
determined by SEC using narrow standard distribution PEG standards as 
calibrants. For this reason, an accurate comparison between copolymers’ 
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average polymerization degree is not possible, due not only to the use of 
relative standards, but also to the well known difference in the hydrodynamic 
properties of the copolymers, ascribable to the difference in length and length 
distribution of the two segments. However, average molecular weights of both 
SP-PEG1,000 and SP-PEG2,000 are fairly high, which indicates that the 
polycondensation reactions were successful. 
 
 

 
 
Scheme 8 
 

Solubility characterization 

The solubility behavior of SP-PEG segmented copolymers is of paramount 
importance in view of applications in the biomedical field. Solubility tests 
performed on SP-PEG copolymers, have been compared with solubility tests 
performed on the starting oligomers (SP and PEG) and the chain-extended 
poly(1,3-propylene succinate carbonate). Not unexpectedly, copolymers 
showed amphiphilic behavior to a higher extent than both oligomeric and 
chain-extended poly(1,3-propylene succinate). Besides being soluble in 
solvents shared by their constituting blocks (see Table 6), SP-PEG copolymers 
were completely soluble in ethyl acetate (unlike PEG but like SP), and they 
turned to be highly swellable, nearly soluble in water. 

Thermal properties 

Figure 29 reports DSC traces of SP-PEG segmented copolymers compared 
with the starting oligomers. The main thermal parameters are reported in Table 
12. Melting enthalpy values indicate that both SP-PEG copolymers exhibit a 
lower degree of crystallinity when compared with the starting oligomers. It is 
rather common to observe that the presence of different segments in 
copolymers causes loosening of the tight inter-chain interaction responsible for 
reaching crystalline order. Tg values are intermediate with respect to those of 
the starting oligomers, which reveals the presence of physical interactions 
between SP and PEG domains. The melting peak position does not allow 
establishing whether crystallization occurs in one or both segments. 
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Figure 29: DSC traces of oligo(1,3-propylene succinate) (SP), PEG1,000, 
PEG2,000, and SP-PEG1,000 and SP-PEG2,000 poly(ester ether carbonate)s. 
 
Table 12: Thermal characterization of oligo(1,3-propylene succinate) (SP), 
PEG1,000, PEG2,000, and SP-PEG1,000 and SP-PEG2,000 poly(ester ether 
carbonate)s. 
 

Code Tg
a)

 (oC) Tm
b)

 (oC) ∆H (J/g) 

SP -35.4 46.8 50.4 

PEG1,000 -70c) 43.2 170.0 

PEG2,000 -70c) 54.7 175.0 

SP-PEG1,000 -42.5 35.3 44.2 

SP-PEG2,000 -43.5 46.7 61.1 

 
a) Measured at second scan. 
b) Measured at first scan. 
c) According to reference 169. 
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Development of characterization 
methods for poly(ester urethane)s 

Aliphatic homopolyesters from monomers obtainable from renewable sources, 
namely 1,3-propanediol and succinic acid were prepared. For the purpose of 
improving the physical and mechanical properties of 1,3-propanediol and 
succinic acid, they were combined with aromatic urethane segments, capable of 
establishing strong intermolecular hydrogen bonds. The work is reported in 
Paper VI – VII. 

Poly(ester urethane)s based on oligo(1,3-
propylene succinate) 

Chemistry 

A series of segmented poly(ester urethane)s (PEU) were synthesized from di-
hydroxyterminated oligo(1,3-propylene succinate)s (PPS). Two different 
oligo(1,3-propylene succinate) were used. PPS3 was synthesized with 1.10 
OH/COOH molar ratio and got Mn 2,400 with PDI 1.5. PPS5 was synthesized 
with 1.05 OH/COOH molar ratio and got Mn 2,300 with PDI 1.5. Chain 
extension was performed with 4,4’-diisophenylmethane diisocyanate (MDI) 
and 1,3-propanediol as reported in Paper VI. The structure is shown in 
Scheme 9. Molecular weights and molecular weight distributions are reported 
in Table 13. 
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Scheme 9 
 
Table 13: Molecular weights of poly(ester urethane)s. 
 

Code Prepolymer in 
feeding (wt.-%)

Mn Mw PDI 

PEU 46a) 46.0 34,400 64,000 1.9 
PEU 49b) 49.0 23,200 40,600 1.8 
PEU 51a) 51.2 24,000 41,400 1.7 
PEU 52b) 52.0 20,000 33,800 1.7 
PEU 55b) 55.0 25,200 46,400 1.8 
PEU 56a) 56.5 18,200 29,400 1.6 
PEU 58b) 58.0 20,300 34,200 1.7 
PEU 60a) 59.8 19,600 32,100 1.6 
PEU 61a) 61.4 13,600 22,300 1.6 
PEU 63b) 63.0 21,700 41,600 1.9 

 
a) Synthesized from prepolymer PPS 3. 
b) Synthesized from prepolymer PPS 5. 

Structural characterization 

For an exhaustive comprehension of the structure-property relationship within 
the PEU series, a detailed structural characterization was performed by 
1H NMR. PEU copolymers turned to be insoluble in chloroform, THF, 
methanol, acetone, toluene, among others, but soluble in DMSO and DMF. For 
this reason, DMF-d7 was chosen as solvent for NMR measurements, due to less 
overlapping peaks compared to DMSO-d6. 
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Scheme 10 
 
 
Scheme 10 records the atomic labeling for all the components investigated. The 
1H NMR spectrum with chemical shifts and assignments is shown in Figure 30. 
Characterizations are in full agreement with the proposed structures. The soft-
hard segment ratios were estimated from information deriving from 1H NMR 
and SEC. The following considerations were made: PEU segmented 
copolymers can be represented by the general formula [AnBm]p, where n, m and 
p represent, respectively, the repeating number (average values) of soft 
segments, hard segments and AnBm units. Assuming that the length of the 
prepolymers remained unchanged during the chain extension reaction, the 
value of n can be easily calculated from the number average molecular weight 
and the molar mass of the repeating unit, i.e.: 
 

     158
76, −

=
oligomernMn      (6) 

 
The calculated n value turned to be 14.8 for PPS 3 and 14.3 for PPS 5. 
 
When using DMF-d7 in 1H NMR analysis, only a few overlapping peaks are 
found in the PEU spectrum, which makes it possible to calculate m values in 
two different ways. Firstly, they can be obtained from the ratio between the 
integration intensity (I) of proton chemical shifts of the aromatic ring (δ=7.15-
7.50 ppm) and that of the methylene group (δ=1.95 ppm) in the central position 
of 1,3-propanediol units, i.e.: 
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Figure 30: 1H NMR spectrum of a representative PEU. Assignments refer to 
Scheme 10. X1=DMF, X2=H20, X3 and X4=DMF. 
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Alternatively, m values can be obtained from the ratio between the integration 
intensity of proton chemical shifts of the methylene groups deriving from 
succinic acid (δ=2.64 ppm) and the methylene group (δ=1.95 ppm) in the 
central position of 1,3-propanediol, i.e.: 
 

     mn
n

I
I

+
=

2
95.1

64.2

δ

δ
     (8) 

 
The repeat number of AnBm unit p can be estimated from the number average 
molecular weight of the copolymer, i.e.: 
 

     mn
Mp copolymern

326158
,

+
=      (9) 

 
For comparison purposes, m versus feeding obtained from both eqs. (7) and (8) 
are reported in Figure 31a. The results show a good agreement between the two 
calculation procedures and also confirm, within the limits of the experimental 
error, that hard segment length decreases linearly with increasing polyester 
content in the feeding, as expected. In order to validate the analytical procedure 
adopted, we also report in Figure 31a the comparison between experimental m 
values obtained from NMR data and the theoretical m values calculated from 
feeding compositional data. The results reported show a good agreement 
between expected and measured m values. 

Finally, Figure 31b reports p values calculated from m values averaged 
over those obtained using eqs. (7) and (8): p values are spread around an 
average of 5.1, and exhibit a minimum of 3.4 and a maximum of 6.4. However, 
apart from these two extreme values, p appears reasonably constant within the 
series. 
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(a) 

 

 
(b) 

 
Figure 31: (a) Average length of hard segments (m) versus feeding: (♦) values 
form eq. 7, ( ) values from eq. 8, and (─) m theoretical values calculated from 
feeding compositional data. b) Repeat number of AnBm (p) versus feeding. 
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Processing conditions 

The influence of the processing conditions during film production was studied 
with a statistical experimental design for PEU copolyesters. Temperature, delay 
time before pressure application and pressure application time were factors 
considered. The experiments were performed with a high value, a low value 
and a center value for each factor. Table 14 shows the worksheet. The selected 
low temperature value was the onset temperature of melting analyzed by DSC 
and the high temperature value was the melting point. The pressure was 
maintained constant and equal to 200 bars, and the films were cooled in air. 
Molecular weight and polydispersity were analyzed. The best processing 
conditions were, not unexpectedly, low temperature, a short delay time before 
pressure application and a short pressure application time. Results for the 
whole series, obtained when using optimum processing conditions, are given in 
Table 15. In general it can be concluded that the developed processing 
technique did not influence the molecular weight of the copolymers. 
 
Table 14: Worksheet for investigation of the influence of the conditions during 
film production for PEU 46. 
 
Temperature 
(oC) 

Pressure 
application 
(min) 

Delay time before 
pressure application 
(min) 

Mn PDI 

172 10 1      34,600 2.1 
208 10 1      12,700 1.5 
172 20 1      27,700 2.0 
208 20 1        9,700 1.4 
172 10 5      30,100 2.0 
208 10 5      10,500 1.4 
172 20 5      28,800 2.0 
208 20 5      11,000 1.5 
190 15 3      16,600 1.6 
190 15 3      20,800 1.7 
190 15 3      18,800 1.6 
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Table 15: Molecular weights and polydispersity for PEU copolyesters as 
powders and as films. 
 

Code Mn (powder)  Mn (film)  PDI (powder) PDI (film) 

PEU 46a) 34,400 26,800 1.9 2.1 
PEU 49b) 23,200 22,900 1.8 1.9 
PEU 51a) 24,000 23,200 1.7 1.9 
PEU 52b) 20,000 20,700 1.7 1.8 
PEU 55b) 25,200 24,700 1.8 2.0 
PEU 56a) 18,200 19,400 1.6 1.7 
PEU 58b) 20,300 21,700 1.7 1.8 
PEU 60a) 19,600 19,600 1.6 1.7 
PEU 61a) 13,600 13,800 1.6 1.7 
PEU 63b) 21,700 19,100 1.9 2.3 

 
a) Synthesized from PPS3. 
b) Synthesized from PPS5. 

Dynamic mechanical properties 

Table 16 reports the tensile storage modulus and Tg measured at maximum tan 
δ for PEU copolymers. Standard deviations are also given. The Tg values show 
fairly high standard deviations. This is probably due to the heterogeneity in the 
sample morphology. 
 
The results of DMA analysis can be summarized as follows: 
• Tensile storage modulus in the rubbery region decreases, as expected, with 

increasing soft/hard segment ratio. 
• Tg values decreased from 4.8 to –7.8oC with decreasing hard/soft segment 

ratio. The observed increase in Tg of PEU soft segments with respect to that 
found for the parent polyester oligomers (-35oC, Paper III), as well as the 
observed increase with hard/soft segment ratio increase within the series, 
denotes an obvious stiffening in structure as a consequence of the increase 
in microcrystalline domains. 
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Table 16: Dynamic-mechanical characterization of PEU. 
 

Code Prepolymer in  
feeding (wt.-%) 

Tensile storage 
modulusa) (MPa) 

Tg
b) (ºC) 

PEU 46c) 46.0            364±19 4.8±1.9 
PEU 49d) 49.0            204±8 4.0±1.7 
PEU 51c) 51.2            171±13 0.8±2.0 
PEU 52d) 52.0            127±13 2.0±0.4 
PEU 55d) 55.0            106±2 -0.5±1.1 
PEU 56c) 56.5              77±3 -2.1±1.1 
PEU 58d) 58.0              64±9 -1.8±3.4 
PEU 60c) 59.8              47±6 -3.6±3.5 
PEU 61c) 61.4              36±5 -6.5±2.7 
PEU 63d) 63.0              33±1 -7.8±2.3 

 
a) Rubbery region; 23oC. 
b) Measured at tan δ. 
c) Synthesized from PPS3. 
d) Synthesized from PPS5. 

Mechanical properties 

Poly(ester urethane) copolymers exhibit a typical plastomeric behavior in the 
whole compositional range investigated. Figure 32 shows Young’s modulus 
dependence on feeding within the PEU series. The results obtained with PEU 
samples synthesized from PPS3 match well with those from PPS5, which 
confirms the validity of the experimental procedure adopted. Young’s modulus 
increases with increasing hard/soft segment ratio.  
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Figure 32: Young’s modulus for PEU copolymers versus feeding. (♦) PEU 
series from PPS3 and ( ) PEU series from PPS5. Error bars: 1 standard 
deviation (SD). 
 
 
Figure 33 shows that tensile strength of PEU copolymers increases with 
increasing hard segment content, as a result of the increase in crystallinity 
degree. The maximum observed tensile strength, i.e. 35 MPa for a 49 wt.-% 
oligo(1,3-propylene succinate) in feeding, is superior to that reported for 
several aromatic polyesters proposed as new bioerodible materials for 
commodities production (170). 

It is apparent, from results reported in Figure 34, that elongation at break 
shows a maximum in correspondence to a critical compositional level. This 
might be ascribed to the fact that the variation in hard/soft segment ratio alters 
the PEU microphase distribution, which is actually the key condition for their 
comprehensive mechanical performance. At lower ratios, the overall 
aggregation status of PEU multiphase copolymers is rather low. It improves by 
increasing hard/soft ratios up to a compositional level, above which PEU 
materials become relatively stiff and fragile. 
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Figure 33: Tensile strength for PEU copolymers versus feeding. (♦) PEU 
series from PPS3 and ( ) PEU series from PPS5. Error bars: 1 SD. 
 

 
Figure 34: Elongation at break for PEU copolymers versus feeding. (♦) PEU 
series from PPS3 and ( ) PEU series from PPS5. Error bars: 1 SD. 
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Conclusions 

This work has shown the possibility to use both prepolymers obtained by steam 
treatment of wood and monomers obtainable from fermentation of agricultural 
products for building polymers from renewable sources. Both strategies have 
advantages and disadvantages. In general it is easier to work with monomers 
than oligomers due to less restrictions in choice of chemistry. In this case, 
however, the oligomeric hemicellulose has been easy to use since it has both 
good solubility in different solvents e.g. water and dimethyl sulfoxide and high 
reactivity, far superior to that of low-weight alcohols. 

The possibility to prepare hemicellulose-based hydrogels, having 
potential applications as specialty polymers, has been demonstrated. 
Oligomeric hemicellulose obtained from renewable sources was prepared by 
steam explosion of spruce chips. It is soluble, easily purified and efficiently 
modified by methacrylation reaction. The degree of modification is predictable, 
and can lead to a variety of different reactive oligomers capable of participating 
in radical polymerization reactions for the preparation of hydrogels. 

A variety of these hemicelluloses with distinct content of methacrylic 
groups has been prepared and subsequently used for hydrogels with highly 
differentiated properties. In general the hydrogels were elastic, soft and easily 
swollen in water. A close comparison of the dynamic-mechanical curves 
clearly demonstrated that the main parameter affecting the mechanical response 
is the degree of crosslinking which can be controlled by the parameters 
involved in the preparation of the hydrogels. This includes the amount and 
degree of modification of the hemicellulose and the amount and nature of the 
co-monomers. The final hemicellulose-based hydrogels have physico-
mechanical properties comparable with those of PHEMA-based hydrogels. 
This point is of special interest because it opens up the possibility of using 
these novel hydrogels as an interesting alternative to the standards ones. 

Several synthetic procedures have been developed for the production of 
polyester-based materials from 1,3-propanediol and succinic acid obtainable 
from renewable sources. From a comparison among strategies developed, one 
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can conclude that carbonate chain-extended oligomers turned out to give the 
most versatile materials. The chain-extension reaction with phosgene of α,ω-
dihydroxyterminated oligo(1,3 propylene succinate)s is an effective way for 
obtaining high molecular weight poly(ester carbonate)s. The poly(ester 
carbonate)s obtained apparently have a very flexible backbone, resulting in a 
low glass transition temperature. Their crystalline melting point is also low. 
Therefore, their dimensional stability is rapidly lost for temperatures not much 
higher than room temperature. This may narrow the field of their practical 
application. 

Design of aliphatic/alicyclic oligomers and chain-extended products was 
motivated by the need to improve the thermal properties of homopolymeric 
poly(1,3-propylene succinate)s. The chain-extension reaction of polycondensed 
oligo(1,3-propylene-co-1,4-cyclohexanedimethylene succinate)s was carried 
out using phosgene as coupling agent. The results obtained demonstrate that 
even the new copolymeric aliphatic/alicyclic poly(ester carbonate)s have a very 
flexible backbone, resulting in low Tg; their total crystalline content was, 
however, lower than that of the corresponding homopolyester oligomers. Their 
crystalline melting point increased with increasing alicyclic ester content but 
their dimensional stability was maintained for temperatures higher than room 
temperature only in the case of copolymers with a very high content in alicyclic 
units. 

The polycondensation of oligo(1,3-propylene succinate)s with 
poly(ethylene glycol) of different lengths using phosgene as coupling agent 
was proved to be a valuable procedure to obtain high molecular weight 
hydrophobic/hydrophilic poly(ester ether carbonate)s. They are amorphous 
materials endowed with a very flexible backbone. Their amphiphilic nature 
could make them appealing as constituents of controlled release systems or 
compatibilisers. 

Waxy α,ω-dihydroxyterminated oligo(1,3 propylene succinate)s were 
successfully transformed into high melting poly(ester urethane)s by 
conventional chain extension reaction using 4,4’-diisophenylmethane 
diisocyanate and 1,3-propanediol as coupling agents. The products are semi-
crystalline thermoplastic materials, whose crystalline domains stem from the 
polyurethane segments. Young’s modulus compare well with those of other 
thermoplastic families used in commodity production. 

The results obtained demonstrate the feasibility of using monomers 
obtainable from agricultural products to build up new polymeric structures 
endowed with a variety of physical and mechanical properties, which make 
them appealing for practical application. 
  An economic comparison was not the objective of this work but 
some aspects might be given. Crops supposed to be used for the fermentation 
of 1,3-propanediol and succinic acid are in general harvested only once a year. 
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This gives costs for storage and may also cause losses. On the other hand 
oligomeric hemicelluloses may be accessible the whole year around without 
storing. A more favorable source for hemicelluloses seems to be process water. 
The disadvantage is the low concentration, but otherwise the dissolved 
hemicelluloses will be a waste material and their disposal will involve costs. 
Fermentation, which is needed to obtain 1,3-propanediol and succinic acid, in 
return gives waste products to take care of. 
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