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Introduction

1.

Introduction

Polymers have almost replaced materials such as metal, glass, wood, paper,
fiber, ceramics etc., they are widely applied in the field of packaging, automotive,
and construction industry, in biomedical and electronic applications, or furniture,
pipes, heavy industrial equipment, etc., and they have gained a unique position in
modern society. Convenience and safety, low price and good aesthetic qualities,
excellent physical properties, strength, toughness and barrier properties are the most
important factors determining rapid growth in the use of plastics. The volume of
plastics produced annually in the world is the same as that of steel. The annual
disposal of plastic waste is over 10 million tons both in the US and EC countries [1].
It is widely accepted, that about a third or a little bit more of all plastics products –
made from polyolefins (polypropylene (PP), polyethylene (PE)), polystyrene (PS),
poly(vinyl chloride) (PVC), poly(ethylene terephthalate) (PET) – goes into packaging applications.
In the 1970s, it became evident that the technical advantages, which made
polymers so useful, were disadvantages when polymer-based products were
discarded at the end of their life and in particularly when they appeared as litter in
the environment [2]. Experience in the reprocessing of industrial wastes in the
traditional materials industries indicated to polymer technologists that similar
procedures might be used with polymer wastes. However, this proposal overlooked
the fact that glass and metals can be recycled to products with properties similar to
the primary materials, which is not the case with polymers. In particular, each time
polymers are reprocessed their physical and mechanical properties deteriorate due to
oxidation and degradation. Besides, recycling requires considerable expenditure of
labor and energy; the process is long and tedious consisting of collections, separation by types, washing, drying, grinding and then final production. Another
approach to reduce plastic waste is incineration with energy recovery, which is at
first sight an ecologically acceptable way of utilizing carbon-based polymers due to
their high calorific value. But there is a widespread distrust of incineration by the
general public due to the possibility of toxic emissions from some polymers,
particularly PVC, which may produce dioxins during incomplete combustion. On
these grounds, there is an urgent need for the development of green polymeric
materials, biodegradable plastics, which could degrade in nature after their use. An
important area of application for biodegradable plastics, which was first chronologically, is medical use. It is desirable when an implant or a suture does not require
a second surgical procedure for removal, and drug delivery systems using
biodegradable polymers has also been widely investigated [3].
Finding a solution for the problems of plastic waste and the development of
materials with controlled properties have been a subject of great research challenge
to the community of materials scientists and engineers. Much research focuses on
the use of natural and renewable raw polymers for the synthesis of plastics and they
are used in increasingly amounts in several areas including packaging, agriculture
7
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and health care. Unfortunately the relatively high price of these polymers and
processing difficulties hinder their even wider application, consequently many
attempts are made to produce cheaper and better materials.
The Laboratory of Plastics and Rubber Technology, Department of Physical
Chemistry and Material Science, stared new research a few years ago with the aim
of producing and characterizing naturally based polymers for packaging application.
We planed to use naturally occurring resources, because they are cheap, available in
great amounts, biodegradable and renewable. Cellulose proved to be a suitable
candidate for this purpose. Besides these advantages, it has few drawbacks, which
are attributed to its molecular structure especially to the numerous hydrogen bonds
between the long chains, which makes its processing impossible without serious
degradation. To make a derivative from cellulose seems to be a good choice to
reduce the number of the hydrogen bonds. Nevertheless the processing of some
cellulose derivatives is still not free from difficulties. Their degradation temperature
is lower than their melting point, so without further physical or chemical
modification they are unsuitable for processing. In our experiments we used,
cellulose acetate, which is the acetylated derivative of cellulose and modified it
further with ε-caprolactone to improve processability. Both starting materials are
biodegradable, thus we could hope that the product will preserve this property.
In this chapter I will shortly introduce the possible renewable resources for the
production of plastics, the methods which are necessary to make them thermoplastic
and the contradictions and questions in this field.

1.1. Natural polymers – renewable resources
The most widespread natural polymers are polysaccharides such as cellulose
starch and chitin, but also lignin, proteins and others find several applications. Most
polysaccharides are composed of five or six-membered rings. Chemically, they are
hemiacetals with ether linkages joining the monomeric units.
Cellulose is the main component of higher plant cell walls. About 7.5 Gtons of
cellulose grow and disappear each year, thus establishing it as the most abundant
regenerated organic matter on earth [4]. In the secondary cell wall of plants,
cellulose molecules are unbranched chains of up to 17 000 1,4 linked β-D-glucose
units (Fig. 1.1), called α-cellulose, but shorter chains form under other circumstances. The strong first order glucosidic and second order hydrogene bonds ensure
the stability of cellulose in various media. Cellulose is generally insoluble and
highly crystalline. For industrial applications cellulose comes mainly from wood and
in small amounts from stalks of sugar cane bagasse. Raw cellulose is cheap with 0.51.0 €/kg price before derivatization. Nowadays the main uses of cellulose are for
paper, membranes, explosives and textiles [3].
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Figure 1.1 The chemical structure of cellulose macromolecule.
Starch is the major form of carbohydrate storage in green plants. It is the
principal component of most seeds and roots, and is produced commercially mainly
from corn, wheat, rice, potato. Starch price ranges in 0.5-1.5 €/kg. It consists of
glucopyranose units, as well as cellulose. The majority of starch molecules (80 % in
potato starch) have highly branched structure, known amylopectin which are
composed of chains of α-D-glucopyranosyl units joined by α-1-4 linkages. Branches
are formed by joining these chains with α-1-6 linkages (Fig. 1.2). The branch chains
are present in double helical crystalline structure. The other major constituent of
starch is amylose, which has linear structure and contains just α-1-4 linkages and has
amorphous and crystalline regions [5]. The ratio of amylose and amylopectin varies
according to starch source. Starch is largely utilized for ethanol production by
fermentation giving glucose as intermediate product, but finds wide usage in several
non-food sectors such as coating of paper, adhesives, thickeners and as an environmental friendly additive in composite materials.
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Figure 1.2 The chemical structure of starch (amylose and amylopectin).
Next to cellulose chitin is the other most abundant natural polymer on earth.
This polysaccharide can be found in the cell walls of lower plants and fungi, insect
cuticles and in the exoskeleton of arthropods and mollusks. An estimated billion
tons of chitins are synthesized every year in nature [6]. Chitin is a polymer of β-(14)-linked N-acetyl-D-glucosamine residues, and thus is similar to cellulose, but an
acetamido group replaces the hydroxyl group at the C2 position of the glycosydic
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ring (Fig. 1.3). It gained less attention with respect to cellulose because of its
inertness, remaining an almost unutilized resource. The largest part of chitin and
derivatives are extracted from crab shells, lobsters and shrimps with concentrated
NaOH solution. During this process swelling leads to the modification of its natural
crystal structure, but after washing with water the structure recovers and becomes
resistant again due to the formation of hydrogen bonds. Chitosan is the fully or
partially deacetylated derivative of chitin, it is soluble in acetic acid and other
organic solvents, thus it has more applications than chitin. Both are used for
biomedical applications, in biomedical devices and drug delivery system.
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Figure 1.3 The chemical structure of chitin and chitosan.
Proteins, like collagen, gelatin, casein, gluten or soy proteins are built up of αaminoacids differing in the presence of reactive groups such as amino, carboxyl,
amido, hydroxyl, thiol and imidazole groups. The proteins consist of an extended
chain of aminoacid residues joined by amide linkage which are readily degraded by
enzymes, particularly protease. Proteins play an extremely important role in all
living cells for which they perform a large variety of functions, and govern most of
the physical and chemical activities necessary to life. In addition to the natural
functions of proteins in living organisms, the properties of several proteins enable
them for a wide variety of applications such as fermentation processes, pharmaceutical additives, etc. The first industrial application of protein as plastic material
started in the early 1930s with casein and soy protein. Research on the technical
application of industrial proteins has been limited so far. This can be explained by
the high price of proteins, but they have considerable potential for the production of
slowly degradable packaging or mulching films [7]. The cost of industrial proteins
ranges from 0.5-5.0 €/kg for plant proteins to more than 5 €/kg for animal proteins.
The amount of protein available for technical applications is relatively large, for
example 400 000 tons/year wheat gluten is produced worldwide. Proteins have
specific properties which compensate the price disadvantage: good processability,
both in the melt and in solution, even at contents higher than 30%, good film
forming properties and good mechanical properties of the films, adhesion to various
10
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substrates, high resistance towards UV-radiation, oil and organic solvents, surface
active properties, etc. [8].

1.2. Biologically degradable polymers
According to Albertsson and Karlsson [9] biodegradation is defined as an event
which takes place through the action of enzymes and/or chemical decomposition
associated with living organisms (bacteria, fungi, etc.) and their secretion products.
It is also necessary to consider abiotic reactions like photodegradation, oxidation and
hydrolysis which may also alter the polymer before, during or instead of
biodegradation, because of environmental factors. Biodegradable plastics are defined as those that undergo microbially induced chain scission leading to mineralization (Fig. 1.4).

Figure 1.4 The schematic process of biodegradation.
The primary requirement for the initiation of the biodegradation process is that
the polymer chain must contain chemical bonds that are susceptible to enzymatic
hydrolysis or oxidation. The ester group is the most common chemical functional
group possessing these characteristics. Peptide bonds in proteins can also be
hydrolyzed enzymatically. Other factors which affect the rate of degradation are
branching, hydrophilicity/hydrophobicity, molecular weight, crystallinity, stereochemistry, chain flexibility and morphology. Polysaccharides and proteins are good
substrates for enzymatic attack due to their hydrophilic nature. The lack of branching and lower crystallinity also enhances biodegradability. The next requirement for
biodegradation is the existence of appropriate microorganism to synthesize the
specific enzymes required to depolymerize and mineralize the targeted polymer.
These two steps in the biodegradation process may not involve the same microorganism. Naturally occurring polymers, such as polysaccharides or proteins
11

Chapter 1
biodegrade easily, since many microorganisms that produce the enzymes required to
metabolize these compounds are readily available in nature. The final requirement
for the biodegradation process is the environment, where the desired microorganism
could thrive [3].
In the process of producing biodegradable plastics, the first step is obviously to
answer the question how traditional plastics could be made biodegradable. Regular
polyolefins are not biodegradable in an acceptable timescale, since they are
protected by antioxidants and stabilizers incorporated during processing to provide
durability during use. However polyolefins can be made sensitive to heat or light in
the presence of oxygen. When polyethylene that contains transitional metal ions as
an additive degrades at composting temperature, it can be used as a carbon source by
thermophilic fungi [10]. Nowadays many different additives are available on the
market, which are added to the polyolefins to accelerate its degradation, but the
biodegradation of these materials has not been proved yet.
It is not easy to classify commercially available biodegradable plastics. They
can be sorted according to their chemical composition, synthesis methods,
processing technology, economic importance, application, etc. Each of these
classifications provides different and useful information, but in my thesis I divide
them into three main groups according to their origin.

Biodegradable plastics made from petroleum origin by chemical synthesis
Synthetic polymers appeared about seventy years ago and immediately people
who worked in the public health realized that this new class of materials was
convenient for therapeutic applications. For example isotonic aqueous solutions of
polyvinylpyrrolidone (PVP) were used as a plasma expander during World War II
and although this compound was far from ideal. Since then, many polymers have
been evaluated as candidate biomaterials. In this case the prefix bio- means, that
there is no negative effect when these materials have contact with living elements
[4].
It was realized that biodegradable systems could be of great interest for
temporary therapeutic applications in surgery, in pharmacology and in tissue
engineering. The first biodegradable synthetic polymer was poly(glycolic acid).
When invented in 1954 this polymer was discarded because of its poor thermal and
hydrolytic stabilities which did not allow it to be used as a regular plastic. Two
decades later, it became the first biodegradable suture material not related to natural
polymers [4].
Biodegradable polymers from petroleum are prepared with traditional chemical
methods, like polyolefins. According to Okada [11] these chemically synthesized
polymers can be classified into three groups:
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•

polyesters, (e.g. polycaprolactone)

•

polymers containing both ester and other heteroatom-containing
linkage in the main chain, [e.g. poly(ester amide)]

•

polymers with heteroatom-containing linkage other than ester linkage
in the main chain (e.g. polyurethane).

For example DuPont’s biodegradable Biomax copolyester which is a modified
PET, can be also ranked in this group. The polymer was launched in 1997 and it is
used mainly in the agriculture as mulching film (see Fig. 1.5). Its properties are
diverse and customizable, but they are generally formulated to mimic polyethylene
or polypropylene.
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Figure 1.5 Biodegradable mulching film and its chemical structure.

Biodegradable plastics produced by microorganisms through fermentation
By the end of the 1950’s, enough evidence was already accumulated from
studies on the genus Bacillus, to suggest that PHB functions as an intracellular
reserve for carbon and energy in these bacteria [12]. Many microorganisms produce
polyesters and neutral polysaccharides if they have access to carbon source.
Polyesters consist of simple carbon chain monomers. About 90 polyesters called
polyhydroxyalkanoates (PHA) were identified as intracellular storage compounds
possessing different properties [13]. The presence of lipid-like inclusions in the
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cytoplasmic fluid of bacteria (Fig. 1.6) which soluble in chloroform, but insoluble in
ether, was initially observed in Azotobacter Chroococcum at the beginning of the
1900’s. The chemical composition of similar inclusions in Bacillus megaterium was
later, in 1927, identified as poly(3-hydroxybutyrate) (PHB) by Lemoigne [14].
These aliphatic polyesters have poor mechanical properties. The lack of
deformability (Table 1.1) limits their range of applications, and if PHB were the
only existing polyhydroxyalkanoate it is doubtful that a large market could be found
for PHAs.
Table 1.1 Comparison of properties of PHB and PP
Property

PHB

PP

Molecular weight [g/mol]

500 000

200 000

Crystallinity [%]

80

70

Melting point [°C]

175

175

Glass transition temperature [°C]

4

-10

Density [g/cm ]

1,25

0,91

Tensile strength [MPa]

40

38

Elongation at break [%]

6

400

Ultraviolet resistance

Good

Poor

Solvent resistance

Poor

Good

3

Figure 1.6 Azotobacter with PHA granules.
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Biodegradable plastics based on modified natural polymers
This is the largest group of biodegradable plastics. We can rank here every
material which contains naturally occurring polymers in some form. The renewable
polymer could be filler in a polymer matrix like sawdust and the product will be a
composite. Blends and composites are prepared to obtain predefined properties, to
improve processability or to decrease price. They are usually not totally degradable
in spite of the fact that they contain a natural polymer since the matrix component is
not biodegradable.
Nowadays more and more researchers attempt to produce composites or blends
for improving the properties of traditional plastics and make them “bio” by the use
of a renewable resource, especially some form of cellulose. Thermoplastics
reinforced with special wood fillers are enjoying rapid growth due to a lot of
advantages. Light weight, reasonable strength and stiffness are some of these
advantages. The processing is flexible, economical and ecological. Wood particles,
such as chips, flakes, fibres, and wood pulp are used as reinforcement [15]. These
composites still have disadvantages. Since both the fiber and the polymer matrix are
organic compounds, their surface free energy is small, which lead to weak interfacial
adhesion and poor properties. Cellulose composites with good interaction have been
prepared with the help of coupling agents. Moreover most of them are just partly
biodegradable, because the matrix polymers do not degrade, and sometimes they are
rather expensive due to the additives and the supplementary costs of compounding.
Some researchers compounded cellulose fibers with biodegradable polymers
including poly(lactic acid) [16], thermoplastic
starch [17] and soybean [18] as well as other
cellulosic polymers [19] for producing fully
biodegradable composites. As these biodegradable polymers mostly based on food, they could
be relatively expensive, their potential application as the matrices of structural composites
has to be confined to some specific area [20].
Blending starch with degradable aliphatic
polyester is a typical example of starch based
fully biodegradable plastic. The synthetic polyester can be replaced with starch up to 45-50 %
Figure 1.7 A biodegradable
[3]. Some of these blends have a low melting
plastic bag based on starch
point (around 60 °C) and poor mechanical
and aliphatic polyester.
properties, so their applications are limited, but a
few of them are appropriate for the production of
sheets and films by film extrusion or blown film methods for packaging application
(Fig. 1.7). To produce a copolymer from a natural polymer is sometimes more
difficult and more expensive than blending, but in all likelihood the product could be
fully degradable.
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1.3. Modification of natural polymers
An obvious route to produce biologically degradable materials is the use
cellulose and starch [21-32]. They are available in large quantities, cheap and
represent renewable resources for industry. On the other hand, these polymers have
some disadvantages as well. Properties vary with the source of origin and the time of
the harvest, the polymers may adsorb considerable quantities of water, what also
changes properties, and they are sensitive to heat [33,34]. However, one of the major
drawbacks of natural polymers is the rigidity of their chains. The D-glucose rings of
the main chain of both cellulose and starch, as well as the strong hydrogen bonds
among their hydroxyl groups make the processing of these polymers difficult. The
traditional technologies of thermoplastic polymers cannot be used for their
processing without the modification of the process or the material. The properties
and processability of natural polymers can be improved by derivatization and
plasticization [35,36]. Therefore, the modification of biodegradable polymers from
renewable resources through innovative technology is a formidable task for
materials scientists. Grafting of synthetic molecules (monomers, oligomers, polymers) onto cellulose and cellulose derivatives is a useful way to improve the
qualities of these materials without destroying their intrinsic characteristics and to
expand the range of their applications [37].
In history, the technique of plasticization began with the appearance of the first
plastic [28]. In 1856 Parkes used camphor as a solvent for cellulose nitrate, and thus
developed the first thermoplastic material, which had been found to be an excellent
material for the production of artificial object, like billiard balls, artificial horn, ivory
and silk, but it had one serious drawback, its high flammability.
Plasticization could be external or internal. During external plasticization only
secondary chemical bonds develop between the plasticizer and the polymer, and the
plasticized system is a solution. On the other hand during internal plasticization or
grafting first order chemical bonds are formed between the components. A typical
externally plasticized polymer is thermoplastic starch. The crystalline structure of
starch is destroyed during plasticization and the material can be processed like any
other thermoplastics. Water and glycerol are the most frequently used plasticizers
for starch. Since cellulose is more crystalline than starch, it is less susceptible to
modification. The possible way to make cellulose thermoplastic is derivatization.
Typical modification reactions of cellulose are the etherification and esterification of
the individual hydroxyl groups. Numerous derivatives are commercially available
such as cellulose acetate, ethyl cellulose, hydroxyethyl cellulose or carboxymethyl
cellulose. These derivatives are widely used for the fabrication of membranes and
hollow fibers [38]. Besides the traditional cellulose derivatives, many new ones are
synthesized in spite of the difficulties of the approach [39]. Thermoplasticization of
wood through benzylation or cyanoethylation are typical examples [40,41]. Longchain aliphatic acid esters of cellulose were synthesized and identified as potential
biodegradable plastics as well [42,43]. These materials present interesting properties
like water repellency, thermal stability and thermoplasticity. The conventional
synthesis of such material uses fatty-acid chlorides or anhydrides in organic
16
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solvents. In fact, reactions of cellulose under homogeneous conditions offer many of
advantages, such as well-controlled degree of substitution; the substitution pattern is
regular along the polymer chain; and reactions can be done in reduced time. Hence,
cellulose fatty acid esters can be obtained under homogeneous conditions. [42]. In
spite of these advantages, this technology has some drawbacks. The solvent demand
and its regeneration, the presence of auxiliary materials, the purification of the
product, all make the procedure long and expensive.
During my studies, I wanted to avoid working with neat cellulose due to the
difficulties mentioned above and besides the already existing cellulose derivatives,
new ones are not promising to produce or use them in large volume. Publications
always present new methods for the modification of neat cellulose or wood, but due
to the very elaborate and tedious process and because of the doubtful results I do not
believe their future. Therefore I selected cellulose acetate as starting material, and
modified it to achieve a material with better processability and properties.

1.4. Modification of cellulose acetate
Cellulose acetate (CA), the commercially most important cellulose derivative
(Fig. 1.8), is a good candidate for the preparation of biodegradable products, but its
high viscosity and elevated glass transition temperature hinder its extensive
application [28,29]. In order to circumvent these problems cellulose acetate is
usually plasticized by various aliphatic and aromatic esters [44-48]. However,
external plasticizers easily migrate from the polymer leading to environmental and
health hazard. Internal plasticization, the grafting of long chain molecules to
cellulose acetate may result in materials with the required properties, but without the
hazard represented by small molecular weight compounds [37,44-47].
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Figure 1.8 The chemical structure of cellulose acetate.
Previously external plasticization was the most accepted method to improve the
processability of cellulose acetate. Thermoplastic cellulose acetate became comercially attractive when injection molding was introduced. Due to the low cost of and
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easy processability of cellulose acetate plasticized with low molecular weight
plasticizers like phthalates, glycerol, triacetine [49-52] or cyclic lactones external
plasticization was the preferred way of modification to internal plasticization.
However in this case the main disadvantage is the migration of the plasticizers from
the product that may lead to the loss of mechanical properties and sometimes cause
environmental burden. Higher molecular weight plasticizers [48] or internal
plasticization have been used recently to overcome this problem.
Recently several attempts have been made to graft aliphatic esters to cellulose
acetate with various degree of success [46]. Usually cellulose acetate with a degree
of substitution of 2.5 is used in these attempts, since this polymer is available in the
market [25]. However, both chemical modification and biodegradability depend very
much on the degree of substitution, they become more difficult with increasing
acetylation of cellulose. Modification was carried out both in solution and melt
under a wide variety of conditions [37,44-48,53-57]. Often external plasticizers were
used to assist processing and homogenization, and to improve the efficiency of
grafting [47].
Some groups graft aliphatic polyesters to cellulose acetate in solution; the
reaction is usually carried out in a beaker. Often, both the monomer and the catalyst
are applied in large excess and reaction times cover a wide range from 5 minutes to
48 hours [45,46,53,54,57]. These conditions do not seem to be very practical and
might not develop into industrial technology. However, large grafting efficiency and
long grafted chains can be obtained under such conditions. Relatively few attempts
are made to carry out the modification by reactive processing, in an internal mixer or
in other processing equipment. The monomer might be used in relatively large
excess even in such cases [46,53,54,57] and external plasticizers can be also applied
to assist grafting [47]. Because of the wide range of methods and conditions used for
the chemical modification of cellulose acetate, the effect of various parameters on
grafting efficiency and on the structure of the product obtained are not completely
clear yet. The results are usually contradictory and sometimes not very convincing.
Unfortunately, the structure of the obtained grafted materials is more complicated
than claimed, its characterization is difficult, and the understanding of structureproperty correlations has not reached sufficient level yet. In most cases we used the
same techniques for the characterization as others, but did not get the same result, or
our conclusions were different.

1.5. Scope
The study of open literature indicated that many questions have been left open
on the way to produce biologically degradable polymers. We encounter further
difficulties during the processing and use of natural polymers and their derivatives.
The combination of the two materials, which is one of the main goals of our work,
raises further questions. As a consequence, this thesis addresses questions which
have not been investigated up to now, or have not been answered satisfactorily yet.
Most of these issues are in line with the competence of the Laboratory, but the entire
thesis represents the opening of a new area by focusing more attention to bio-related
18

Introduction
(natural polymers, biologically degradable plastics, medical applications) materials.
In Chapter 3 we concentrate on the modification of cellulose acetate by reactive
processing to explore the possibility of the preparation of a material, which can be
processed by the traditional processing technologies of thermoplastic polymers and
has advantageous properties. Internal plasticization, the grafting of long chain
molecules to cellulose acetate may result in materials with the required properties,
but without the hazard represented by small molecular weight compounds. Both
chemical modification and biodegradability depend very much on the degree of
substitution, they decrease with increasing acetylation of cellulose. In view of this
information and because of the potentials of modified CA as biodegradable material,
we attempted the internal plasticization of a grade with DS = 2.1 by polycaprolactone. Because of the practical relevance of the technique, grafting and polymerization of caprolactone was carried out in an internal mixer under a wide range of
conditions. The processes taking place during homogenization and reaction were
analyzed, the dependence of grafting efficiency on reaction conditions was
determined and the products were characterized to derive information, which might
be used for the development of an industrial process in the future.
The results obtained on a cellulose acetate with a degree of substitution of 2.1
indicated that modification must be carried out at high temperature for a relatively
long time in order to achieve high degree of grafting. Although we characterized the
produced graft copolymers as thoroughly as possible, it turned out that further
methods and more detailed characterization is needed to describe our products
properly and to obtain the necessary information for the development of structureproperty correlations. The experiments described in Chapter 4 aimed to address
these questions more in detail. In order to achieve this goal we studied the grafting
of caprolactone to cellulose acetate with a degree of substitution of 1.7 in the next
stage of the research. We assumed that the larger number of free hydroxyl groups
would facilitate grafting instead of homopolymerization and increase grafting
efficiency. We also wanted to pay more attention to the influence of reaction
conditions on grafting efficiency and on the structure of the product, and to compare
our results with those reported in the literature for other reaction conditions. In order
to improve our knowledge about the structure of the graft copolymer produced, we
introduced new techniques and applied NMR and MALDI-TOF spectroscopy to
describe them. We also determined the mechanical characteristics of the grafted
polymers and tried to find correlation between structure and properties.
The studies on cellulose acetate with different degrees of substitution showed
that grafting proceeds slower than homopolymerization under most conditions used
by us and contrary to our expectations, larger number of free hydroxyls, i.e. the use
of CA with a degree of substitution of 1.7, did not promote grafting at all. Quite the
opposite happened, homopolymerization became even more pronounced than in the
case of cellulose acetate with DS = 2.1, and high degree of grafting was achieved
only at very high temperatures and long times. The length of grafted chains
increased with increasing reaction time and temperature, but it was always much
shorter than chain lengths obtained in solution polymerization. Changes in the
degree of substitution during grafting were small, which, together with other
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evidence, indicated that homopolymerization proceeds easier than grafting. Taking
into account these observations, in the next step of our study we decided to modify
cellulose acetate with prepolymerized, oligomeric polycaprolactone in order to
facilitate grafting and to accelerate the reaction. The results of this attempt are
summarized in Chapter 5. Caprolactone was polymerized for various times in the
presence of alkyl tin catalyst to produce the oligomers and two products with
slightly different molecular weights were used for the modification of CA by
reactive processing. The structure of the products and their properties were analyzed
by the techniques developed in previous stages. Results described in Chapter 4
indicated the limited miscibility of PCL homopolymer with cellulose acetate. We
paid more attention to this question in this stage of the research and investigated the
kinetics of phase separation (migration), as well as the structure and behavior of the
migrated compounds.
In the early stages of our study, we focused our attention mainly on the
efficiency of grafting and on the chemical structure of the copolymer obtained. We
observed that grafting of caprolactone to cellulose acetate changes the properties of
the polymer as expected, but did not analyze structure-property correlations in detail.
As a consequence, the experiments described in Chapter 6 were directed towards
the more detailed study of relaxation transitions, mechanical properties, plasticization, and generally towards structure-property correlations. As mentioned before,
cellulose acetate consists of rigid chains with a relatively high glass transition
temperature. The mobility of the chains is further decreased by hydrogen bonding,
the number of which depends on the degree of substitution. A wide range is given
for the glass transition temperature of cellulose acetate from 150 to about 250 °C.
Obviously, the actual value obtained for a given polymer depends on several factors
including the degree of substitution, water content, the conditions of the
measurement, etc. The number of transitions and their assignment to structural units
of cellulose acetate are rather confusing. Usually three to five peaks or transitions
are detected on the dynamic mechanical spectra of these materials, and they are
assigned to glass transition, to the movement of a part of the main chain, to that of
glucose rings, to groups associated with water and to adsorbed water. Some of these
transitions were assigned to grafted chains in CA modified with caprolactone.
During our investigations, we detected several transitions on the dynamic mechanical spectra of the modified polymer, but a detailed study of the assignment of
transitions published in papers revealed some contradictions and they were not
always consistent with our observations. As a consequence, the main goals of this
study were the more detailed analysis of the relaxation transitions of modified
cellulose acetate, and those of natural polymers generally, the identification of
relaxation transitions, the investigation of the effect of external and internal
plasticization on these processes, and the determination of structure-property
correlations.
One of the most frequently used approaches to characterize modified cellulose
acetate is thermal analysis. DSC and DMTA are widely applied to characterize its
molecular and supermolecular structure, to identify transitions and to assign them to
various elements of the structure. As described above, we followed the same
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approach in Chapter 6 when we recorded DMTA spectra of our modified cellulose
acetate samples and analyzed those spectra. During the analysis we focused our
attention mainly onto relaxation transitions of the main chain, tried to identify the
number and location of the transitions on the temperature scale and to assign them to
structural units. We compared the results obtained on grafted cellulose acetate to
other cellulose polymers and tried to draw conclusions of general validity about
molecular motions in these materials. Several groups used DSC analysis for the
same purpose and they succeeded in identifying even the transitions of grafted side
chains. Not only the glass transition temperature, but also the melting of grafted
aliphatic polyester chains could be detected and identified in some cases. In the last
stage of the research described in Chapter 7, we carried out both DMTA and DSC
measurements of cellulose acetate grafted with caprolactone by reactive processing.
In the study we tried to assign the detected transitions to the structure of the
modified polymer both in the recorded DMTA and DSC traces. We compared our
results to those published previously and tried to resolve some of the contradictions
which we encountered during analysis. Although considerable number of techniques
and measurements were used for the complete characterization of the materials
produced, we focused our attention on thermal analysis here and only these results
will be reported in this chapter as a consequence.
In the final chapter of the thesis, in Chapter 8, we briefly summarize the main
results obtained during the thesis, but refrain from their detailed discussion, because
the most important conclusions were drawn and reported at the end of each chapter.
This chapter is basically restricted to the listing of the major thesis points of the
work. The large number of experimental results obtained in the research supplied
useful information and led to several conclusions, which can be used during further
research and development on the modification of cellulose acetate, but also to the
preparation of biologically degradable polymers in a wider scope. Nevertheless,
quite a few questions remained open in the various parts of the study, their
explanation needs further experiments. Research continues in this field at the
Laboratory and we hope to proceed successfully further along the way indicated by
this thesis.
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Experimental part

In this chapter I summarize all those materials and experimental methods, which
were generally used throughout the entire study.

2.1. Materials
The cellulose acetate samples used in our experiments were supplied by Daicel
Chemical Industries Ltd. and they had a degree of substitution (DS) of 2.1 and 1.7
respectively, as well as a degree of polymerization (DP) of 160. The density was
1.35 g/cm3. Before the reactions, cellulose acetate was stored in a vacuum oven at
110 °C for 3 days to get rid of the moisture content. The ε-caprolactone (CL) was
purchased from Sigma Aldrich. Its purity was >99 % and it was used without further
purification. Tin-bis(2-ethylhexanoate) of 95 % purity obtained also from Aldrich
was applied as catalyst. Toluene, tetrahydrofurane and acetone, products of
Spektrum-3d, Hungary, were used for the purification and film casting of the
reaction products.

2.2. Preparation of the polymers
Grafting reactions were carried out in a Brabender W 50 EH internal mixer at
50 ml charge volume. The caprolactone content was 45 m/m% in each reaction, and
0.1 wt% catalyst was always added to the reaction mixture. A typical procedure was
as follows: 27 g CL, 0.06 g catalyst and 33 g dried cellulose acetate were measured
and homogenized in a flask. After homogenization the mixture was fed into the
internal mixer which was previously heated up to the desired temperature. The
chamber was kept closed during the reactions. The temperature of the reaction
changed between 120 and 220 °C, while reaction time varied between 5 and 45 min.
The speed of the rotors in the internal mixer was kept constant at 50 rpm. Reference
samples were also prepared without catalyst under mild conditions (180 °C, 20 min)
to investigate the effect of external plasticization on properties. Caprolactone was
used as external plasticizer and its amount was varied between 15 and 55 wt% in the
polymer. Oligomeric PCL (oPCL) was prepared through ring opening polymerizations at 150 °C in inert atmosphere (Ar) in a three-necked flask equipped with a
condenser and a gas inlet. The temperature of the reaction mixture was kept constant
by an oil bath. The monomer and 0.1 wt% tin catalyst was introduced into the flask
and the reaction was carried out with constant stirring for 15 and 30 min.
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2.3. Methods and techniques for the characterization
Various methods were used for the characterization of the products. After the
reaction in the mixing chamber the products were dried in vacuum at 70 °C till
constant weight. With this purification step we tried to get rid of the unreacted
caprolactone and the volatile caprolactone oligomers possibly also forming in the
reaction. Mechanical properties were determined on dried samples. For the characterization of structure, the samples were further purified by toluene extraction to
remove unreacted caprolactone residue and polycaprolactone homopolymer (PCL).
2 g sample was extracted with 160 ml solvent for more than 24 hours. The extracted
sample was dried in vacuum at 80 °C for 3 days. The products were compression
molded into 1 mm thick plates using a Fontijne SRA 100 machine at 160 °C for
different times. The plates themselves, or dog-bone type tensile specimens cut with
hot knife from them were used for the different measurements.
To describe the grafting efficiency, 10 µm thick films were cast from the
samples in acetone or tetrahydrofurane for FTIR analysis. Spectra were recorded
using a Mattson Galaxy 3020 apparatus in the wavelength range of 4000 and 400
cm-1 by 2 cm-1 resolution in 16 scans. With this technique we can calculate the
amount of the aliphatic chains which characterize grafting efficiency, but can not
determine the length of the grafted chains.
To determine tensile properties, dog-bone type (115x10x1 mm) tensile
specimens were cut from the plates and tested with 50 mm/min cross-head speed
using an Instron 5566 apparatus. Young’s modulus (E), yield stress (σy) and strain
(εy), as well as tensile strength (σ) and elongation-at-break (ε) were derived from the
recorded force vs. elongation traces.
The composition and molecular weight of the products, the length of the grafted
chains and the position of grafting was determined by size exclusion
chromatography (SEC), 1H-NMR and MALDI MS spectroscopy. The MALDI MS
measurements were performed with a Bruker BIFLEX III mass spectrometer
(Bremen, Germany) equipped with a TOF analyzer. In all cases 19 kV total
acceleration voltage was used with a 3 kV pulse (extraction) voltage and with a
delay time of 300 ns. An LSI type nitrogen laser (337 nm, 3 ns pulse width)
operating at 2 Hz was used to produce laser desorption and 500 shots were summed.
The matrix was dissolved in methanol at a concentration of 20 mg/mL. The
materials were dissolved in methanol at concentrations of 5 mg/mL. The ions were
detected with a multi-channel plate (MCP) detector at the voltage of 1.65 kV. The
spectra were externally calibrated with poly(ethylene glycol) (PEG) (Mn = 1450
g/mol, Mw/Mn = 1.02). A volume of 0.5 µl of these solutions was deposited onto
the sample plate (stainless steel), and allowed to air-dry. This technique was
convenient to determine the molecular weight of the product, but can not offer
quantitative analysis. Therefore we used SEC and 1H-NMR. SEC was done in
tetrahydrofurane using a Waters 201 chromatograph with 5 UltraStyragel columns.
Polystyrene samples of narrow molecular weight were used for calibration. 1H-NMR
spectra were obtained on a Varian Unity INOVA spectrometer operating at 1H
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frequency of 400 MHz. Samples were dissolved in CDCl3 and the measurment temperature was 40 °C in all cases. 16 seconds delay time and 4 second acquisition time
was used to obtain accurate integrals of the proton spectra. The Heteronuclear
Multiple-Quantum Correlation (HMQC) measurement was recorded under standard
conditions with 2 seconds delay time.
The color of the samples which describes degradation was determined with a
Hunterlab Colorquest 45/0 apparatus on 1 mm thick compression molded plates.
Standard yellowness index (YI) was calculated from color coordinates. Glass
transition temperature and other thermal transitions were determined with dynamic
mechanical analysis using a Polymer Labs MkII DMTA apparatus. Throughout all
measurements, single cantilever mode was used and strain was set at x4. The
frequency was 1 Hz and the heating rate 2 °C/min in the temperature range of -110
and +200 °C. The morphology of the samples was characterized by XRD using a
Phillips PW 1830/PW 1050 equipment with CuKα radiation at 40 kV and 35 mA
anode excitation. Since polycaprolactone is a crystalline polymer and if we graft
onto cellulose acetate chains long enough length, the XRD spectra could supply
additional proof for grafting. DSC measurements were done using a Perkin Elmer
Diamond DSC apparatus equipped with a cryofil cooling system. Two heating and a
cooling run were carried out on 5 mg samples with 10 °C/min heating and cooling
rates, respectively. The temperature was calibrated by Indium and Zink as reference
materials. In the case of the prepared copolymers, DSC is not an appropriate
technique to determine the glass transition temperature. These copolymers consist of
long rigid chains with numerous hydrogen bonds, so glass transition temperature
does result in sufficient heat which can be detected.
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Grafting cellulose acetate with a degree of substitution of 2.1 by reactive processing

3.1. Introduction
Cellulose acetate with a degree of substitution 2.1 was successfully modified
with caprolactone in the presence of tin-octoate catalyst. The efficiency of
modification and the structure of the product were analyzed by SEC, 1H NMR, and
FTIR spectroscopy. Significant modification of cellulose acetate did not occur at
low temperatures, below 180 °C. Grafting efficiency increased with increasing
temperature and time. The extent of grafting could be estimated from the amount of
material extracted from the samples by toluene and by FTIR analysis, from the
relative intensity of –CH2– and –CH3 vibrations. The amount of polycaprolactone
homopolymer is relative low at the end of the reaction; the efficiency of grafting is
good. Although high temperature and long reaction time favor grafting, considerable
degradation of the product occurs under these conditions. Quantitative analysis
showed that the average length of grafted oligomeric caprolactone chains is around 3
monomer units. The chains attached to the CA backbone internally plasticize the
polymer leading to a considerable decrease of its glass transition temperature. The
results of the experiments are reported in several sections. The processes taking
place in the internal mixer are analyzed in the first section, which is followed by the
characterization of the product. The effect of reaction conditions on the chemical
composition of the product is discussed in the next section; finally product
properties are presented briefly.

3.2. Results and discussion
3.2.1.

Process analysis

High price is one of the drawbacks of biodegradable plastics. Their production
by industrial technologies may lower price and lead to their wider application. The
efficiency of technologies used for the production of plastic products is large, they
are preferably used also for the processing of biodegradable polymers. However,
numerous processes may take in industrial processing equipment, some of which are
not beneficial for production [1-30]. The analysis of these processes may help us in
the interpretation of our experimental results and in the optimization of the process.
The reaction mixture is charged into the mixer, the components are
homogenized and heat up to the temperature of the reaction. Homogenization may
take several minutes depending on the charge volume used and on the speed of
rotation of the mixing blades. During homogenization the components are intimately
mixed and the monomer interacts with cellulose acetate, which is externally
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plasticized by it. The strength of interaction influences evaporation of the volatile
monomer and also bleeding. The high temperature of the reaction and the relative
low boiling point of the monomer lead to its evaporation, the extent of which
depends on temperature. Evaporation decreases the amount of the reactant, results in
an increase of viscosity and the development of considerable frictional heat. Further
loss of material occurs during the removal of the reaction product from the mixer.
The reaction of the components starts immediately after their charging into the
mixer. The relative rate of evaporation and reaction is extremely important for
successful grafting. The change of torque during two runs in the internal mixer is
presented in Fig. 3.1. Both experiments were carried out at 160 °C. In run a) catalyst
was not added and the internal mixer was put under slight suction. With the
evaporation of the monomer the viscosity of the melt increases drastically with time.
In run b) catalyst was added to the reaction mixture and the mixer was closed as in
all reactions. Torque increases with time in this case too, but the rate and extent is
much smaller than in run a). Torque may increase as a result of reaction, due to the
increase in molecular weight or because of evaporation. Nevertheless, we can
conclude that under normal conditions the loss of caprolactone is small. Although
the preferred reaction is the esterification of the free –OH groups of CA and
subsequent polymerization of caprolactone, homopolymer may also form in the
mixture. Depending on temperature further reactions may also take place the most
important of which is the degradation of CA. Degradation leads to changing
structure and properties, and these changes are usually quite unfavorable and should
be avoided. Reaction conditions must be selected, which favor grafting to
evaporation and degradation.
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Figure 3.1 Change of torque during the mixing of CA (DS=2.1)/caprolacton
mixtures at 160 °C for 30 min. a) no catalyst, suction; b) catalyst, closed mixer
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3.2.2.

Weight loss, yield

Besides evaporation, further amount of the sample is lost during its removal
from the internal mixer. The amount of this material changes from run to run and
depends also on the extent of reaction, which modifies the properties of the product.
In order to estimate yield and obtain further information about the amount of
evaporated monomer, the weight of each sample was measured after removal from
the mixer and after extraction. The weight lost by evaporation and during removal is
plotted against the time of reaction in Fig. 3.2. The scatter of the points is
considerable indicating that most of the weight is lost during the removal. A closer
scrutiny indicates a maximum at around 20 min, with a slight decrease at longer
reactions times. Since the amount of evaporated monomer should increase with time
or reach a constant value as the acylation reaction proceeds, the maximum can be
explained only by the changing properties of the product, its easier removal from the
mixer. The average weight lost is around 10-12 % of the total weight of the charge.
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Figure 3.2 Weight loss during the removal of samples from the mixer. Effect of
reaction conditions; Temperature: ( ) 120, ({) 160, () 180, (&) 200,
(1) 220 °C.
The analysis of the weight of the samples removed from the internal mixer
indicated that the weight of the final product is approximately the same under all
conditions. As a consequence, weight loss after extraction indicates the amount of
unreacted caprolactone or that of polycaprolactone not attached to CA, since we
assume that toluene removes these components from the product. The weight loss
measured after toluene extraction is plotted in Fig. 3.3 as a function of reaction time.
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We can see that weight loss decreases with increasing temperature and reaction time.
At 220 °C weight loss is relatively small, approximately 10 m/m%, already after 5
minutes and similar values can be reached at higher temperatures, at 180 and 200 °C
and longer times, as well. Unfortunately some weight loss is measured under all
conditions, i.e. unreacted monomer remains in the product or some polycaprolactone
homopolymer forms in each case. Although this monomer may act as external
plasticizer, its presence is unfavorable, because it migrates from the sample or
evaporates during use.
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Figure 3.3 Dependence of the amount of toluene extractable material on reaction
conditions. Temperature: ( ) 120, ({) 160, () 180, (&) 200, (1) 220 °C.

3.2.3.

Characterization

SEC offers the possibility to obtain the information about the amount of
unreacted monomer and homopolymer formed. All components have different
molecular weights thus they are eluted with dissimilar retention times. Under the
conditions used in our experiments the caprolactone monomer appears at about 43
ml retention volume, but its detection is difficult because its amount is very small.
The homopolymer was detected at around 38 ml in all chromatograms, while
cellulose acetate and the copolymer after 28 ml. These two usually did not appear at
different retention volumes, the two peaks overlapped with each other. Three typical
chromatograms taken from the reaction product prepared at 160 °C in 10 min is
presented in Fig. 3.4. The samples used to obtain the three traces differ in the time of
extraction. The peak of the copolymer and the homopolymer can be clearly
distinguished in the chromatograms. The figure also proves that 12 hours extraction
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is sufficient to remove the homopolymer, the amount of which is apparently large
under these conditions.

Figure 3.4 SEC traces recorded on the reaction product prepared at 160 °C and 10
min. Time of extraction: a) 0, b) 6, c) 12 hours

Figure 3.5 1H NMR spectrum of the product prepared at 180 °C and 20 min
reaction time.
The 1H NMR spectrum of the copolymer produced at 180 °C in 20 min is
presented in Fig. 3.5. Hydrogens characteristic for caprolactone and poly33
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caprolactone appear in the spectrum. The signal of the hydrogens attached to the
aliphatic –CH2– group appear at 1.3-1.7 ppm, those related to the ester group at 2.3
and 4.0 ppm, while the hydrogens of the –CH2– group neighboring the chain end
–OH group are detected at 3.4 ppm [31-36]. The spectrum indicates that the
monomer is present only in very small amounts. Since the spectrum was recorded on
a sample extracted for 12 hours in toluene, the signals discussed above must belong
to the grafted PCL chain indicating successful grafting.
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Figure 3.6 Comparison of the FTIR spectra of a) cellulose acetate (DS=2.1), b) CA
modified at 180 °C and 20 min.
Since the chemical structure of cellulose acetate and the copolymer is very
similar to each other, we wanted to verify the occurrence of grafting also by other
methods. FTIR analysis was carried out on films cast from the extracted reaction
products. The spectra of the neat cellulose acetate and the product prepared at 180
°C in 20 min are presented in Fig. 3.6. The similarity of the two spectra is obvious at
the first glance, which is not surprising since new groups do not form in the grafting
reaction. The vibration of the carbonyl group at 1753 cm-1 is very intensive as well
as the bands associated with the C–O vibration of the acetyl group (1238 and 1052
cm-1). Additional vibrations can be assigned to the –CH3 moiety of the acetyl group
and to other aliphatic (CH and CH2) groups included into the chain. A more
thorough comparison reveals several differences between the two spectra, the most
important for us are the decrease of the relative intensity of the –OH (3480 cm-1) and
the increase in the absorbance of the –CH2– group (2943 and 2888 cm-1) [37-39].
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While the second is obvious and indicates the presence of grafted caprolactone, the
first is rather surprising, since the number of –OH groups should not change on
esterification as each PCL chain contains one –OH group at its end. However, the
broad band assigned to the –OH group includes the vibration of the free hydroxyl
groups and also that of the hydrogen bonded ones. The relative amount of the two
types of –OH groups must change during grafting leading to the apparent decrease in
the number of hydroxyl groups. Nevertheless, in spite of some uncertainties, the
analysis of the reaction product with all techniques proves that grafting takes place
under the conditions used indeed, considerable amount of copolymer forms, but
some PCL homopolymer is also present in the product (see SEC).

3.2.4.

Quantitative analysis of grafting efficiency

The change in the intensity of the aliphatic –CH2– groups offers us the
possibility to analyze the composition of the reaction products quantitatively. The
number of these groups changes only through the grafting of caprolactone or
polycaprolactone to cellulose acetate. We assume that the number of acetyl groups
remains constant during the reaction, thus the extent of grafting can be determined
from the relative intensity of –CH2– and –CH3 groups appearing at 2943 and 1370
cm-1, respectively. The relative intensity of the two groups is plotted against reaction
time in Fig. 3.7.
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Figure 3.7 Estimation of grafting efficiency by FTIR analysis. Dependence of the
relative intensity of –CH2– and –CH3 vibrations on reaction conditions.
Temperature: ( ) 120, ({) 160, () 180, (&) 200, (1) 220 °C, (z) Cellulose
acetate (DS=2.1).
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The intensity is very small in the original cellulose acetate, but it increases in
varying extent as an effect of reactive processing. At 120 and 160 °C only a very
limited increase can be observed in the intensity ratio of the two vibrations, but at
higher temperatures the increase is considerable. The correlations can be divided
into three groups. At the lowest two temperatures hardly any change can be detected,
the amount of grafted CL is more or less the same at 180 and 200 °C, while a
separate correlation is observed for the reactions carried out at 220 °C. Similarly to
the extraction experiments the results of Fig. 3.7 could indicate that the highest
temperature is the most advantageous, since the extent of grafting is the largest here
and significant acylation can be achieved already after very short times. The
occurrence and extent of grafting is further shown also by the relatively good
correlation between the relative absorbance discussed above and the weight loss
measured after extraction with toluene (Fig. 3.8).
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Figure 3.8 Correlation of the amount of material extracted by toluene and the
relative intensity of –CH2– and –CH3 vibrations. Temperature: ( ) 120, ({) 160,
() 180, (&) 200, (1) 220 °C.
Although some values obviously deviate from the general tendency, the
correlation is acceptable, which allows us to draw several conclusions. The
increased intensity of the –CH2– groups is related indeed to molecules attached to
CA in reactive processing. Both extraction and FTIR are appropriate methods for the
characterization of the extent of grafting. At high temperatures and long reaction
times weight loss is small, which indicates that the amount of unreacted monomer
and/or homopolymer is negligible. If we assume that the majority of the material
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extracted from the sample is homopolymer, we must regard the reaction successful,
since the migration of this polymer is probably very slow, thus it does not represent
any health hazard during use.
Finally, using the available information we may estimate also the average chain
length of the PCL grafted to cellulose acetate. The quantitative analysis of the NMR
signals of –CH2– groups neighboring chain end –OH and those related to the ester
group shows that the relative intensity of the two is approximately 3. We arrive to a
similar result if we compare the former quantity to the intensity of the signal
assigned to in-chain –CH2– groups. These calculations indicate that the average
number of caprolactone molecules attached to the CA chain is 3, i.e. we grafted
oligomeric side chains to cellulose acetate.

3.2.5.

Degradation
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Figure 3.9 Discoloration of the product obtained in the reaction of CA (DS=2.1)
and caprolactone under various conditions. Temperature: ( ) 120, ({) 160, ()
180, (&) 200, (1) 220 °C.

Cellulose and cellulose derivatives are sensitive to heat, they undergo thermooxidative degradation at high temperatures [40,41]. Although the experimental
results presented above indicate that high temperature and long reaction time favor
grafting, degradation might prohibit the use of such conditions for reactive
processing. Although the mechanism of degradation is complicated and definitely
outside the scope of this paper, its occurrence and extent may be detected and
followed by the measurement of the color of the samples. Discoloration is described
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quantitatively by the determination of yellowness index, which appropriately
characterizes the extent of degradation since the color of the samples becomes
yellow and brown as temperature and reaction time increases. Yellowness index is
plotted as a function of reaction time in Fig. 3.9. The tendency mentioned above is
clearly seen in the figure. The color of the samples produced at the lowest two
temperatures is light; they take a bluish-greenish tint. With increasing temperature
the color turns yellow. Discoloration is very strong at 220 °C, but it is significant
already at 200 °C. Although these conditions are favorable for grafting, we cannot
use them, if we want to avoid excessive degradation.

3.2.6.

Product properties

The samples produced by reactive processing were characterized by tensile
testing and dynamic mechanical analysis. Because of complications in sample
preparation, and due to the difficulty caused by the combined effect of external and
internal plasticization, the detailed discussion of all those results is in Chapter 7.
However, in order to demonstrate the effect of internal plasticization on the
properties of the product, we present the DMTA spectra of the original cellulose
acetate and that of the copolymer produced at 180 °C in 20 min. According to the
loss tangents presented in Fig. 3.10 the glass transition temperature of CA moves to
lower temperatures as an effect of modification, the transition becomes less
intensive, while a β relaxation peak appears at around -10 °C. These changes are
consistent with the results of chemical analysis and indicate that considerable
amount of caprolactone was grafted to the CA chain acting as internal plasticizer in
the product.
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Figure 3.10 DMTA spectrum of cellulose acetate (DS=2.1) ( ) and CA modified at
180 °C and 20 min ({).
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3.3. Conclusions
Cellulose acetate was successfully modified with caprolactone in an internal
mixer at a wide range of temperatures and reaction times in the presence of tinoctoate catalyst. Significant extent of modification did not occur at low
temperatures, below 180 °C. Grafting efficiency increased with increasing
temperature and time. The extent of grafting could be estimated from the amount of
material extracted from the samples by toluene and by FTIR analysis, from the
relative intensity of the –CH2– and –CH3 vibrations. The amount of
polycaprolactone homopolymer is relative low at the end of the reaction; the
efficiency of grafting is good. Although high temperature and long reaction time
favors grafting, considerable degradation of the product occurs under these
conditions. Quantitative analysis shows that the average length of grafted oligomeric
caprolactone chains is around 3 monomer units. The chains attached to the CA
backbone internally plasticize the polymer leading to a considerable decrease of its
glass transition temperature.

3.4. References
1.

Schurz, J.: ‘Trends in Polymer Science’ A bright future for cellulose, Prog.
Polym. Sci. 24, 481-483, (1999)
2. Scott, G.: 'Green' polymers, Polym. Degrad. Stabil. 68, 1-7, (2000)
3. Swift, G.: Requirements for biodegradable water-soluble polymers, Polym.
Degrad. Stabil. 59, 19-24, (1998)
4. Steinbüchel, A.: Biodegradable plastics, Curr. Opin. Biotechnol. 31, 291-297,
(1992)
5. Chiellini, E., Solaro, R.: Biodegradable polymers and plastics. New York:
Kluwer Academic/Plenum Publ, (2003)
6. Simon, J., Müller, H.P., Koch, R., Müller, V.: Thermoplastic and biodegradable
polymers of cellulose, Polym. Degrad. Stabil. 59, 107-115, (1998)
7. Griffin, G.J.L.: Chemistry and technology of biodegradable polymers. London:
Chapman and Hall, (1994)
8. Chiellini, E.: An overview of environmentally degradable polymers. in ICSUNIDO Expert Group Meeting (EGM) On Environmentally Degradable
Polymers. (1998). Trieste, Italy.
9. De Kesel, C., van der Wauven, C., David C.: Biodegradation of polycaprolactone and its blends with poly(vinylalcohol) by microorganisms from a
compost of house-hold refuse, Polym. Degrad. Stabil. 55, 107-113, (1997)
10. Tsuji, H., Suzuyoshi, K.: Environmental degradation of biodegradable
polyesters 1. Poly(epsilon-caprolactone), poly (R)-3-hydroxybutyrate, and
poly(L-lactide) films in controlled static seawater, Polym. Degrad. Stabil. 75,
347-355, (2002)
11. Tsuji, H., Suzuyoshi, K.: Environmental degradation of biodegradable
polyesters 2. Poly(epsilon-caprolactone), poly (R)-3-hydroxybutyrate, and
39

Chapter 3

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

40

poly(L-lactide) films in natural dynamic seawater, Polym. Degrad. Stabil. 75,
357-365, (2002)
Abou-Zeid, D.M., Müller, R.J., Deckwer, W.D.: Degradation of natural and
synthetic polyesters under anaerobic conditions, J. Biotechnol. 86, 113-126,
(2001)
Honda, Y., Osawa, Z.: Microbial denitrification of wastewater using
biodegradable polycaprolactone, Polym. Degrad. Stabil. 76, 321-327, (2002)
Ohtaki, A., Akakura, N., Nakasaki, K., Effects of temperature and inoculum on
the degradability of poly-epsilon-caprolactone during composting, Polym.
Degrad. Stabil. 62, 279-284, (1998)
Eldsäter, C., Erlandsson, B., Renstad, R., Albertsson, A.C., Karlsson, S.: The
biodegradation of amorphous and crystalline regions in film-blown
poly(epsilon-caprolactone), Polymer 41, 1297-1304, (2000)
Mani, R., Bhattacharya, M.: Properties of injection moulded blends of starch
and modified biodegradable polyesters, Eur. Polym. J. 37, 515-526, (2001)
Ishiaku, U.S., Pang, K.W., Lee, W.S., Ishak, Z.A.M.: Mechanical properties and
enzymic degradation of thermoplastic and granular sago starch filled
poly(epsilon-caprolactone), Eur. Polym. J. 38, 393-401, (2002)
Yarsley, V.E., Flavell, W., Adamson, P.S., Perkins N.G.: Cellulosic Plastics;
Cellulose Acetate; Cellulose Ethers; Regenerated cellulose; Cellulose nitrate,
London, (1964)
Zugenmaier, P.: Characterization and physical properties of cellulose acetates,
Macromol. Symp. 208, 81-166, (2004)
Nevell, T.P., Zeronian, S.H.: Cellulose chemistry and its applications,
Chichester: Ellis Horwood Ltd Publ, (1985)
Klemm, D., Philipp, B., Heinze, T., Heinze, U., Wagenknecht, W.:
Comprehensive Cellulose Chemistry, Functionalization of Cellulose, WileyVCH, (1998)
Gilbert, R.D.: Cellulosic Polymers, Blends and Composites. Hanser Publishers,
(1994)
Ach, A.: Biodegradable Plastics Based on Cellulose-Acetate, J. Macromol. Sci.Pure. Appl. Chem. A30, 733-740, (1993)
Hon, D.N.S.: Chemical modification of lignocellulosic materials: old chemistry,
new approaches, Polymer News 17, 102-107, (1992)
Lee, S.H., Shiraishi, N.: Plasticization of cellulose diacetate by reaction with
maleic anhydride, glycerol, and citrate esters during melt processing, J. Appl.
Polym. Sci. 81, 243-250, (2001)
Yoshioka, M., Hagiwara, N., Shiraishi, N.: Thermoplasticization of cellulose
acetates by grafting of cyclic esters, Cellulose 6, 193-212, (1999)
Hatakeyama, H., Yoshida, T., Hatakeyama, T.: The effect of side chain
association on thermal and viscoelastic properties, Cellulose acetate based
polycaprolactones, J. Therm. Anal. 59, 157-168, (2000)
Guruprasad, K.H., Shashidhara, G.M.: Grafting, blending, and biodegradability
of cellulose acetate, J. App.l Polym. Sci. 91, 1716-1723, (2004)

Reactive processing

29. Warth, H., Mülhaupt, R., Schätzle, J.: Thermoplastic cellulose acetate and
cellulose acetate compounds prepared by reactive processing, J. Appl. Polym.
Sci. 64, 231-242, (1997)
30. Vázquez-Torres, H., Cruzramos, C.A.: Blends of Cellulosic Esters with
Poly(Caprolactone) - Characterization by DSC, DMA, and WAXS, J. Appl.
Polym. Sci. 54, 1141-1159, (1994)
31. Christian, P., Jones, I.A.: Polymerisation and stabilisation of polycaprolactone
using a borontrifluoride-glycerol catalyst system, Polymer 42, 3989-3994,
(2001)
32. Jacobs, C., Dubois, P., Jerome, R., Teyssie, P.: Macromolecular Engineering of
Polylactones and Polylactides. 5. Synthesis and Characterization of Diblock
Copolymers Based on Poly-ε-Caprolactone and Poly(L,L or D,L)Lactide by
Aluminum Alkoxides, Macromolecules 24, 3027-3034, (1991)
33. Samios, E., Dart, R.K., Dawkins, J.V.: Preparation, characterization and
biodegradation studies on cellulose acetates with varying degrees of
substitution, Polymer 38, 3045-3054, (1997)
34. Huang, M.H., Suming, L.M., Coudane, J., Vert, M.: Synthesis and
characterization of block copolymers of epsilon-caprolactone and DL-lactide
initiated by ethylene glycol or poly(ethylene glycol), Macromol. Chem. Phys.
204, 1994-2001, (2003)
35. Flugge, L.A., Blank, J.T., Petillo, P.A.: Isolation, modification, and NMR
assignments of a series of cellulose oligomers, J. Am. Chem. Soc. 121, 72287238, (1999)
36. Shi, R.W, Burt, H.M.: Synthesis and characterization of amphiphilic
hydroxypropylcellulose-graft-poly(epsilon-caprolactone), J. Appl. Polym. Sci.
89, 718-727, (2003)
37. Hanna, A.A., Basta, A.H., El-Saied, H., Abadir, I.F.: Thermal properties of
cellulose acetate and its complexes with some transition metals, Polym. Degrad.
Stabil. 63, 293-296, (1999)
38. Lee, S.J., Altaner, C., Puls, J., Saake, B.: Determination of the substituent
distribution along cellulose acetate chains as revealed by enzymatic and
chemical methods, Carbohydr. Polym. 54, 353-362, (2003)
39. Lucena, M.D.C., de Alencar, A.E.V., Mazzeto, S.E., Soares, S.D.: The effect of
additives on the thermal degradation of cellulose acetate, Polym. Degrad. Stabil.
80, 149-155, (2003)
40. Sivalingam, G., Madras, G.: Thermal degradation of poly (epsiloncaprolactone), Polym. Degrad. Stabil. 80, 11-16, (2003)
41. Huang, M.R., Li, X.G.: Thermal degradation of cellulose and cellulose esters, J.
Appl. Polym. Sci. 68, 293-304, (1998)

41

Chapter 3

42

Molecular structure

4.

Molecular structure and properties of modified
cellulose acetate with a degree of substitution of 1.7

4.1. Introduction
In the previous chapter we reported on that cellulose acetate with a degree of
substitution of 2.1 was successfully modified. The goal of the work presented in this
chapter is to show the results on the grafting of cellulose acetate with a degree of
substitution 1.7. The larger number of free hydroxyl groups should facilitate grafting
compared to homopolymerization and increase grafting efficiency. We also wanted
to compare our results with those reported in the literature [1-22] for other reaction
conditions. A detailed analysis of the structure of the resulting product was expected
to yield information about factors influencing the grafting reaction. The composition
and structure of the modified cellulose acetate (DS=1.7) polymer was analyzed by
various methods including FTIR, MALDI-TOF and NMR spectroscopy and its
mechanical characteristics were determined by dynamic mechanical analysis and
tensile testing.
The results are presented in three sections. We describe the progress and extent
of polymerization and grafting reactions at first, then analyze the structure of the
resulting product subsequently. The mechanical properties of the polymers produced
and structure-property correlations are shown in the final part of the chapter.

4.2. Results and discussion
4.2.1.

Reaction kinetics, efficiency

Cellulose acetate (DS=1.7) is a rigid polymer with a high glass transition
temperature (217 °C), caused by the strong hydrogen bonds developing among
glucose units of neighboring chains. As a consequence, cellulose acetate cannot be
processed by the usual techniques of thermoplastic polymers. However, caprolactone is an external plasticizer of CA, its presence at high temperature helps to
break up the secondary bonds and allows the melting and flow of the polymer.
Plasticization leads to a decrease of melt viscosity, the extent of which depends on
temperature and on the amount of plasticizer present. On the other hand, coupling of
long polycaprolactone chains to the glucose units of CA molecules should result in
an increase of viscosity, i.e. considerable grafting can be possibly detected by the
measurement of torque during the mixing of the components.
Fig. 4.1 presents the time dependence of torque for two materials prepared
under different conditions.
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Figure 4.1 Changes in the viscosity of the reaction mixture during the grafting of
CL to cellulose acetate (DS=1.7). a) 180 °C, reference without catalyst, b) 220 °C,
in the presence of catalyst
Trace a) was recorded during the mixing of CA and caprolactone at 180 °C
without catalyst, when we assume that polymerization and grafting do not take
place. Cold material is charged into the mixer; the increase of temperature and
plasticization lead to a considerable decrease of torque. After reaching equilibrium
temperature torque remains constant and does not show any sign of reaction or
change afterwards. Many of the torque vs. time traces recorded even in the presence
of catalyst are very similar to trace a). On the other hand, trace b) was recorded
during the reaction of cellulose acetate and caprolactone carried out at 220 °C in the
presence of catalyst. The trace is very similar to that of a), with the exception that
torque starts to increase after a certain time. The increase of torque indicates
molecular weight increase, i.e. grafting. The phenomenon was observed only at high
temperatures and long reaction times.
The composition of the materials produced is determined first by the
measurement of weight. Unreacted caprolactone can be removed from the material
in a vacuum oven, and the amount of polycaprolactone homopolymer is determined
by extraction. The amount of free caprolactone, PCL homopolymer and grafted
copolymer is compiled in Table 4.1 together with some other information
characterizing the reaction or the materials obtained and. At the lowest temperature,
120 °C, about half of the caprolactone, i.e. 24-25 wt%, is removed from the samples
during drying in the vacuum oven. The amount of free CL decreases drastically with
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increasing temperature and time and the majority of caprolactone polymerizes either
to PCL homopolymer or graft copolymer above 180 °C.
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Figure 4.2 Effect of reaction time and temperature on the amount of PCL
homopolymer forming during the grafting of caprolactone to cellulose acetate
(DS=1.7). Temperature: ( ) 120, ({) 160, (U) 180, (V) 200, () 220 °C.
The amount of PCL homopolymer determined by extraction is plotted against
reaction time in Fig. 4.2. It is interesting to note that it does not change much either
with temperature or time. The only exception is 220 °C, the amount of the
homopolymer decreases drastically with increasing reaction time at this temperature.
These results indicate that homopolymerization is initiated already under relatively
mild conditions, but grafting becomes dominating only at high temperature and after
long times. These conclusions are corroborated by Fig. 4.3 presenting the amount of
grafted PCL polymer as a function of reaction time. Grafting efficiency increases
with temperature considerably, but time has only a slight effect on it with the
exception of 220 °C reaction temperature. These result strongly support our previous
conclusions drawn from the study of cellulose acetate with DS = 2.1, in the previous
chapter, that efficient grafting requires high temperature and long time [23].
Unfortunately, considerable degradation takes place under such conditions that is
indicated by the discoloration of the polymer (see yellowness index, YI, in the last
column of Table 4.1). The results obtained by the measurement of weight after
drying and extraction were checked also by infrared spectroscopy.
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Table 4.1 Quantities characterizing the efficiency of grafting, composition and structure of cellulose acetate modified with caprolactone
Composition (wt%) a
Time
(min)
CL
PCL
gPCL
5
17.0
17.4
10.6
10
16.7
18.3
10.0
120
20
18.3
16.4
10.3
30
19.3
16.0
9.7
45
16.4
14.8
13.8
5
13.2
13.1
18.7
10
12.5
14.7
17.8
160
20
11.3
14.1
19.6
30
8.2
14.7
22.1
45
5.3
14.1
25.8
5
5.8
18.7
20.5
10
6.8
18.0
20.2
180
20
5.0
11.2
28.8
30
3.3
11.7
30.0
45
2.5
12.8
29.7
5
5.7
15.5
23.8
10
2.5
17.5
25.0
200
20
2.6
14.1
28.3
30
2.0
14.7
28.3
45
1.3
12.9
30.8
5
2.7
16.8
25.5
10
0.7
12.0
32.3
220
20
0.6
7.5
36.9
30
0.5
9.0
35.4
45
0.2
0
44.8
a: Weight loss, b: IR, c: NMR, d: Measurement of color
Temperatue
(°C)
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CH2/CH3 b

gPCL/glucose c

DS c

0.39
0.28
0.24
0.28
0.23
0.39
0.30
0.43
0.49
0.62
0.38
0.35
0.50
0.58
0.72
0.36
0.58
0.66
0.8
0.92
0.83
1.07
1.01
1.00
1.07

0.15
0.13
0.13
0.14
0.11
0.36
0.41
0.45
0.56
0.80
0.32
0.34
0.49
0.60
0.97
0.36
0.68
0.79
1.17
1.42
0.72
1.07
1.57
1.64
1.63

1.76
1.75
1.75
1.76
1.74
1.82
1.80
1.80
1.81
1.85
1.84
1.84
1.88
1.90
1.95
1.86
1.90
1.91
1.96
1.99
1.93
1.98
2.01
2.00
1.92

Chain
length c
1.67
1.80
1.60
1.75
1.88
2.75
3.30
3.90
4.36
4.63
1.86
1.86
2.56
2.85
3.74
2.19
3.08
3.38
4.13
4.52
2.80
3.39
4.65
5.07
6.52

YI d
11.4
12.8
14.8
18.3
23.7
21.9
26.8
42.4
44.7
51.9
17.7
21.9
36.8
48.1
58.7
42.6
78.0
94.7
104.9
116.3
108.9
123.8
141.1
140.2
204.6
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We proved in Chapter 3 that the amount of grafted PCL can be estimated well
from the intensity ratio of CH2 and CH3 groups determined on extracted CA-g-PCL
films. The correlation proved to be extremely good also in this series of experiments
as shown by the comparison of the corresponding columns of Table 4.1 (see gPCL
and CH2/CH3).
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Figure 4.3 Changes in the gPCL content of cellulose acetate e(DS=1.7) modified
with caprolactone under various conditions in an internal mixer. Temperature: ( )
120, ({) 160, (U) 180, (V) 200, () 220 °C.

4.2.2.

Structure of the polymer

The structure of the polymer was analyzed in detail by spectroscopy. The 1H
NMR spectra of the caprolactone monomer, of components extracted from the
reaction polymer and that of the extracted polymer are shown in Fig. 4.4. The
comparison of the spectra helps to identify the components and also to analyze the
structure of the graft copolymer. Unfortunately, because of its large molecular
weight, the spectrum of the copolymer is more difficult to analyze than the other
two, but we can securely claim that the copolymer contains only traces of the
caprolactone monomer. The peaks associated with the grafted polycaprolactone are
relatively weak, but the degree of grafting can be determined with acceptable
reliability.
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Figure 4.4 1H NMR spectra of a) caprolactone, b) the extract of modified cellulose
acetate (DS=1.7) produced at 180 °C, 45 min and c) the extracted polymer (180 °C,
45 min).
The number of grafted gPCL molecules per glucose units determined from the
spectra is plotted against reaction time in Fig. 4.5.
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Figure 4.5 Effect of reaction conditions on the amount of CL grafted to CA
(DS=1.7). Temperature: ( ) 120, ({) 160, (U) 180, (V) 200, () 220 °C.
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Comparison to Fig. 4.3 shows that the two sets of curves are very similar to
each other. The amount of grafted CL increases first of all with increasing
temperature, but in a lesser extent also with time. In spite of slight differences, the
tendency is the same in the two figures and the amount of gPCL determined by the
two different methods correlate well (not shown), which increases our confidence in
the reliability of our techniques. It is also interesting to note that the number of
grafted CL molecules per glucose units is relatively small, which would indicate the
grafting of very short chains, in accordance with our earlier results obtained on
cellulose acetate with DS = 2.1 [23]. Further analysis contradicted this conclusion,
though (see later). Besides grafting efficiency, we tried to determine also the
location of the grafted chains on the CA molecules (glucose rings). Unfortunately,
the quality of the recorded spectra did not allow us to derive directly information
from them, but based on the study of the original CA molecule we could make some
assumptions. Fig. 4.6 presents the 1H – 13C Heteronuclear Multiple-Quantum
Correlation (HMQC) spectra of our cellulose acetate with DS = 1.7. The relative
intensity of the three signals indicates that they the corresponding groups are present
in 15, 35, 50 % in the molecule. Further analysis and some considerations indicated
that the three numbers belong to acetate groups in positions 3, 2 and 6, respectively.
Considering these results and the relative reactivity of the three –OH groups of CA,
we assume that the majority of the grafted chains are located in positions 2 and 6 on
the glucose ring.

Ac2
Ac3
Ac6

Figure 4.6 HMQC spectrum of the neat cellulose acetate (DS=1.7) used for reactive
grafting of caprolactone.
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Figure 4.7 Length distribution of PCL homopolymer and grafted PCL chains as
determined by MALDI-TOF spectroscopy from the extract of samples; a) 180 °C, 10
min, b) 180 °C, 45 min.
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The average length of the grafted chains was estimated by two different
techniques. As usual, we assumed that the length of grafted and homopolymer PCL
chains is approximately the same. The most frequent number of PCL repeat units is
3-4 in the reaction mixture obtained at 180 °C after 10 min reaction time as shown
by the MALDI-TOF spectrum of the compounds extracted from the product (Fig. 4.
7a). Moreover, chain length increases with increasing reaction time, the most
frequent chains contain 8-9 repeat units after 45 min at the same temperature (Fig.
4.7b). As seen in these Figures a series of peak with a repeat mass of 114 Da
appeared, which is the average mass of caprolactone repeating unit.
Although the average length of the chains is much longer than that concluded
from the quantitative analysis of the grafted amount of PCL (see Fig. 4.5 and the
corresponding discussion), it is much shorter than the chain length obtained in
solution copolymerization by Teramoto et al. [19]. We could attach only oligomers
to our CA with all the consequences, i.e. the chains do not crystallize, their
transitions (Tg, Tm) cannot be detected by any method and the homo-oligomers
migrate out of the polymer [24]. The average length of grafted PCL chains was
determined also from the 1H NMR spectra and it is plotted against reaction time in
Fig. 4.8. According to the figure, not only the efficiency of the grafting reaction, but
also the length of grafted chains increases with increasing time and temperature of
the reaction. We must call attention here to the fact that chain length determined at
160 °C is larger than expected and does not fit the general tendency of the results.
The observation needs verification and further checking in the future.
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Figure 4.8 Dependence of the average length of grafted chains on reaction
conditions. Temperature: ( ) 120, ({) 160, (U) 180, (V) 200, () 220 °C.
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The NMR study made it possible to calculate also the average degree of
substitution of the glucose rings. We plotted this quantity against the amount of
grafted PCL in Fig. 4.9. An extremely good correlation is obtained with only one
deviating point, which validates our experimental procedure. Small degree of
grafting is achieved at 120 °C, which is in accord with results presented in Fig. 4.3.
However, the most important observation is that the largest degree of substitution
obtained is around 2, i.e. only two of the available free hydroxyls are substituted by
acetyl groups or caprolactone. The results agree well with our earlier conclusion that
homopolymerization proceed much easier under mild conditions than grafting,
which occurs in considerable degree only at high temperature and longer times. As a
consequence, addition to an already grafted CL molecule is also easier than to graft a
new one to CA.
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Figure 4.9 Correlation of the degree of substitution and the amount of grafted PCL.
Temperature: ( ) 120, ({) 160, (U) 180, (V) 200, () 220 °C

4.2.3.

Properties, plasticization

Grafting of PCL chains to cellulose acetate is expected to result in internal
plasticization with all its benefits. The glass transition of CA should decrease due to
an increase of chain flexibility similarly to external plasticization, but without the
disadvantage of the migration or exudation of the plasticizer. The effect of external
and internal plasticization is compared to each other in Fig. 4.10 showing the
DMTA spectrum of two CA polymers. Trace a) was recorded on CA plasticized
externally with 40 wt% caprolactone. The transitions appearing on the spectrum
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were assigned to the movement of segments, i.e. to the glass transition of the
polymer (α), to of smaller units possibly to glucose rings (β) and to the relaxation of
hydroxylmethyl groups associated with water or with plasticizer (γ). The β’
relaxation could not be identified unambiguously, it should belong to units larger
than a glucose ring, but smaller than a segment [29,30].
Trace b) was recorded on CA reacted with caprolactone at 220 °C for 45 min,
i.e. under the most severe conditions applied in this study. The material contains
almost exclusively grafted PCL chains with a length of 6-7 repeat units. The gPCL
content of CA is around 44 wt%. Profound differences can be observed between
traces a) and b). The γ transition disappears completely from the spectrum, in
accordance with our earlier observations [29,30], and so does the β’ transition. The
β relaxation shifts towards higher temperatures and its intensity also increases
somewhat. These changes were explained with the breaking down of the large
segments (see Chapter 7) of CA to smaller units due to a significant decrease in the
number of hydrogen bonds among the chains and to the increased flexibility of these
latter. But the largest difference is the smaller Tg of cellulose acetate by about 30
degrees which cannot be explained by possible dissimilarity in the amount of
caprolactone present, which is a few percent at most. These changes in the dynamic
mechanical spectrum of plasticized CA clearly indicate that internal plasticization is
more efficient than the external effect of monomeric caprolactone.
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Figure 4.10 Effect of internal and external plasticization on the dynamic mechanical
spectrum of modified CA (DS=1.7); a) 180 °C, 20 min, no catalyst, b) 220 °C, 45
min.
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In order to check the validity of these conclusions, we plotted the Young’s
modulus of plasticized CA against its PCL content in Fig 4.11. Full circles represent
externally plasticized samples, while empty symbols indicate materials reacted
under various conditions with CL. These samples contain various amounts of PCL
homopolymer and grafted chains (see Table 4.1). Although the difference seems to
be small, internal plasticization appears to be more efficient than the external
plasticizing effect of CL at least at large caprolactone contents. We must remind the
reader here to the fact that unreacted caprolactone was removed from the materials
in a vacuum oven after reactive processing, thus samples represented by empty
symbols can contain only PCL and gPCL. The efficiency of the procedure was
verified by NMR spectroscopy.
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Figure 4.11 Dependence of the Young’s modulus of modified CA (DS=1.7) on its
total caprolactone content; (z) no catalyst, external plasticization; PCL + gPCL
content for materials indicated by empty symbols, temperature: ( ) 120, ({) 160,
(U) 180, (V) 200, () 220 °C.
The difference between external and internal plasticization is demonstrated even
better by Fig. 4.12, in which Young’s modulus was plotted against the glass
transition temperature of the samples. Internally plasticized samples are much more
flexible at the same glass transition temperature than externally modified polymers.
Obviously the combined effect of aliphatic chains and the formed ester groups
render the chains more flexible than monomeric CL molecules. The effect is further
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emphasized by the group of CA polymers reacted at 120 °C with caprolactone ( ).
These materials contained only about 10 wt% grafted PCL and around 20%
homopolymer (see Table 4.1), which results in very limited plasticization; the
corresponding values are located very close to the correlation of externally
plasticized CA polymer. All these results suggest the larger efficiency of internal
plasticization and the effect seems to be stronger in the polymer with a degree of
substitution of 1.7 than in the previously studied one with DS = 2.1 [29].
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Figure 4.12 Correlation of the stiffness of modified CA (DS=1.7) and its glass
transition temperature; (z) no catalyst, external plasticization; PCL + gPCL
content for materials indicated by empty symbols, temperature: ( ) 120, ({) 160,
(U) 180, (V) 200, () 220 °C.

4.3. Conclusions
The results indicated that homopolymerization occurs under relatively mild
conditions, while grafting requires higher temperatures and longer times. Grafted
PCL chains are attached mainly to position 2 and 6 of the glucose rings and their
length increases with increasing reaction time and temperature, but the chains are
always much shorter than those obtained in solution polymerization. Changes in the
degree of substitution during grafting are small indicating that homoplymerization
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proceeds easier than grafting. Grafting seems to be easier in cellulose acetate with
larger degree of substitution in spite of the smaller number of active –OH groups
present. Internal plasticization is more efficient than the external plasticizing effect
of monomeric caprolactone. Plasticization results in a decrease of stiffness and
strength, but deformability increases only slightly.
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5.

Modification of cellulose acetate with oligomeric
polycaprolactone

5.1. Introduction
Intensive research is done to use starch, cellulose and its derivatives in various
application areas [1-11]. Aliphatic polyesters are produced by various methods to
prepare biologically degradable products for the same applications [12-15]. Various
combinations of the two kinds of materials are also explored in order to improve
processability and properties [16-21]. Unfortunately, both natural polymers and
aliphatic polyesters have several drawbacks. The drawbacks of natural polymers
were mentioned earlier [22-27]. Aliphatic polyesters often do not have the right
glass transition or melting temperature, their processing is difficult and their properties change with time [28]. Both the cited references [29-32] and our studies [33,34]
indicate that homopolymerization occurs under relatively mild conditions, while
grafting requires higher temperatures and longer times. The length of grafted chains
increases with increasing reaction time and temperature, but it is always much
shorter than that obtained in solution polymerization. Taking into account these
observations we decided to modify cellulose acetate with prepolymerized,
oligomeric polycapro-lactone in order to facilitate grafting and to accelerate the
reaction. Caprolactone was polymerized for various times in the presence of alkyl tin
catalyst to produce the oligomers and two products with slightly different molecular
weights were used for the modification of CA by reactive processing. The structure
of the products and their properties were analyzed by various methods. The
advantages and problems of the approach are analyzed in this report. Oligomeric
PCL (oPCL) was used for the modification of cellulose acetate by reactive
processing in an internal mixer at 180 °C, 50 rpm, 60 min reaction time and 45 wt%
caprolactone (CL) content. The product of the reaction was characterized by several
analytical techniques and its mechanical properties were determined by DMTA and
tensile testing. The synthesized oPCL contained small and large molecular weight
compo-nents. The small molecular weight fraction plasticized cellulose acetate
externally and helped fusion. Although composition and structure did not differ
considerably from each other when CL monomer or PCL oligomer was used for
modification, the grafting of a few long chains had considerable effect on some
properties of the product. The large molecular weight chains attached to CA
increased the viscosity of the melt considerably and resulted in larger deformability.
oPCL homo-polymer is not miscible with cellulose acetate and migrates to the
surface of the polymer. Exuded PCL oligomers crystallize on the surface, but can be
removed very easily. More intense conditions may favor the grafting of long chains
leading to polymers with advantageous properties.
The results are presented in several sections. First we discuss the effect of oligomerization on the kinetics of the grafting reaction based on the time dependence of
torque measured in the internal mixer. Subsequently, we present the composition
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and structure of the grafted polymers, followed by their properties. Miscibility issues
and the migration of non-grafted oligomeric species are considered in the last one.

5.2. Results and discussion
5.2.1.

Polymerization, grafting

Oligomeric caprolactone is a solid waxy material, which crystallizes between 40
and 60 °C depending on the molecular weight of the polymer [33,35,36]. Such
material was obtained during oligomerization when the reaction was carried out in
the presence of traces of water. The average degree of polymerization of this product
was 7-8. Reactive modification of cellulose acetate was very difficult with this
material; melting and homogeneous mixing of the reaction mixture was practically
impossible. Cellulose acetate contains a large number of free hydroxyl groups,
which associate by hydrogen bonds and make the polymer insoluble in most solvents. The polymer alone cannot be melted and processed either; it needs an external
plasticizer to help fusion. When oligomerization was carried out in the absence of
water, a liquid product was obtained, which contained considerable amount of
monomer and some high molecular components as well. The high molecular weight
fraction of the reaction mixture of the oPCL2 sample polymerized for 30 minutes is
presented in Fig. 5.1.
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Figure 5.1 MALDI-TOF spectrum recorded on the high molecular weight fraction
of the oPCL2 oligomer
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We can see that the most frequent chain length is 25-26 in this case. The
calculation is the follows: 26*114.14(CL)+18(H2O)+23(Na)=3009 Da. The time of
oligomerization and the most frequent chain length of the oligomers obtained are
presented in lines 2 and 3 of Table 5.1. Such composition was thought to be advantageous for reactive modification, since small molecular weight components were
expected to plasticize CA externally and help fusion, while large molecular weight
components to facilitate grafting. These expectations were more or less verified by
the reactive processing experiments carried out in the internal mixer. Changes in
torque during the reaction are shown in Fig. 5.2 as a function of time, when the
reaction was carried out with oPCL2 and with monomer caprolactone for
comparison.
Torque is proportional to melt viscosity, which on the other hand, is determined
by the molecular weight of the polymer. The grafting of even only a few long
aliphatic chains to CA should lead to a considerable increase in molecular weight
and viscosity. As trace a) indicates the reaction is very slow and only a small
increase of torque can be observed at the end of the reaction when CL monomer is
used as reactant. This observation is in complete agreement with earlier experience,
which showed that grafting proceeds slower than homopolymerization and only
relatively short chains are attached to CA as a result [33,34].

Table 5.1 Quantities characterizing the oligomeric PCL used for modification, the
efficiency of grafting, the composition as well as the structure of modified cellulose
acetate
Characteristic quantity

CL

oPCL1

oPCL2

Time of condensation (min)

0

15

30

Most frequent oligomer (nCL)

1

12

25

CL content (wt%)

5.4

3.3

2.1

PCL content (wt%)

14.6

16.7

14.9

gPCL content (wt%)

25.0

25.0

28.0

CH2/CH3 (gPCL content)

0.62

0.74

0.80

No of CL units/glucose ring

1.04

1.04

1.07

Degree of substitution

1.93

1.94

1.94

Average chain length (CL units)

4.13

4.00

4.10

Yellowness index

55.9

52.4

43.9
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Figure 5.2 Changes in torque (viscosity) recorded during the reactive processing of
cellulose acetate with CL monomer a) and oPCL2 b).
When CA is modified with oligomeric caprolactone torque starts to increase
after about 35-40 min reaction time and with a considerably higher rate than in the
previous case (Fig. 5.2, trace b). We assume that long aliphatic chains coupled to
CA molecules result in the increase of molecular weight and viscosity. We recorded
similar torque vs. time functions in all cases when oligomeric caprolactone was used
for modification; the extent and rate of torque increase depended on the composition
and average molecular weight of the oPCL used. Homopolymerization must proceed
simultaneously and the final product should contain the monomer, PCL homopolymer and PCL chains grafted to CA molecules. The main question is the relative
amount of these components, their miscibility with the grafted polymer and effect on
properties.

5.2.2.

Composition, chemical structure

The composition and structure of the modified CA polymers obtained was
analyzed by various methods. The results of the measurements are summarized in
Table 5.1. Caprolactone content was determined by drying the samples in a vacuum
oven, which remove the monomer quite efficiently according to our previous
experience [33,34]. The results showed that caprolactone content was the largest in
the cellulose acetate modified with the monomer and its amount decreased with
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increasing degree of oligomerization, what agrees well with the expectations.
However, the differences were relatively small. PCL and gPCL content were
deduced from the weight of the sample measured after extraction. Rather
surprisingly, the composition of the three samples does not differ very much from
each other irrespectively from the initial composition of the modifying component.
These conclusions are strongly corroborated by all results obtained by the various
analytical techniques including 1H NMR and FTIR spectroscopy.
Earlier the extent of grafting was successfully quantified by the ratio of the
number of -CH2- and -CH3 groups in the molecule as determined by FTIR analysis
[34]. We estimated grafting efficiency from changes in the absorption intensity of
aliphatic –CH2- groups. The number of these groups changes only through the
grafting of caprolactone or polycaprolactone to cellulose acetate. We assumed that
the number of acetyl groups remained constant during the reaction, which was
confirmed by the analysis of reaction products by MALDI-TOF and 1H NMR
spectroscopy. Accordingly, the extent of grating could be determined from the
relative intensity of –CH2- and –CH3 groups appearing in the IR spectra at 2943 and
1370 cm-1, respectively. The ratio of the absorbance of the two groups is plotted in
Fig. 5.3 as a function of the gPCL content of the modified polymers. Data obtained
for a series of polymers prepared by the reaction of CA and CL monomer under
various conditions in a previous study [33] are also plotted as reference. The
correlation is surprisingly close (the solid line is drawn by hand only to guide the
eye). CH2/CH3 ratios determined for the three polymers of this series fit perfectly the
correlation, and this statement equally applies to the polymer modified with the
monomer ( ) and with the two oligomers (). These results suggest that the
composition of the initial reaction mixture has less influence on the composition of
the product than reaction conditions. Open circles belong to polymers reacted
chemically with CA in the presence of catalyst at various combinations of
temperature and time in a previous study [33].
Not only the composition, but also the structure of the final CA-g-PCL
polymers is very similar, and leads to the same conclusion. We calculated the
average number of CL units attached to CA, the degree of substitution and the
average length of PCL chains from the 1H NMR spectra (see lines 8-10 in Table
5.1). Similarly to earlier experience, relatively small number of free –OH groups are
grafted with PCL; the average degree of substitution increased from 1.7 to 1.94. The
short average length of the PCL chains attached to CA, as well as the small number
of CL units/glucose ring is the consequence of the small number of grafting
reactions. In view of the results presented in this section (see Table 5.1), the
considerable differences observed in Fig. 5.2 in the time dependence of viscosity are
difficult to understand. The only reasonable explanation is that a small number of
relatively long chains are grafted to CA from oligomeric PCL, which significantly
change its flow properties, but do not modify considerably in the average values
determined by 1H NMR spectroscopy.
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Figure 5.3 Correlation between the relative intensity of -CH2- and -CH3 vibrations
appearing at 2943 and 1370 cm-1 in the FTIR spectrum of cellulose acetate modified
with caprolactone. Symbols: () oPCL, ( ) CL, ({) polymers reacted chemically
with CL in the presence of catalyst at various combinations of temperature and time.
This assumption is supported by MALDI-TOF analysis which shows that long
PCL chains cannot be detected among compounds extracted from the reaction
products (not shown). The length of the most frequent chain is around 7-9.
Moreover, such dramatic effect of a few long chains on the rheological properties of
polymers was observed also for PE. A few branching reactions occurring during the
processing of the polymer increased the melt viscosity considerably and led also to
the deterioration of the mechanical properties of films produced from it [37].

5.2.3.

Properties

The hypothesis about the effect of long grafted aliphatic chains might be
confirmed by the study of the mechanical properties of the polymers produced.
Dynamic mechanical spectra were recorded on all samples, but hardly any
differences were observed in them. Moreover, the exact interpretation of these
differences is rather difficult due to the effect of small changes in composition and
structure, which lead to considerable changes both in the position and intensity of
secondary (β, β’, γ) transitions (see Refs. 34,35). Similarity in structure and
properties is further confirmed by Fig. 5.4, in which the Young’s modulus of the
three samples is plotted against their total PCL (homopolymer and gPCL) content.
64

Modification with oligomers
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Figure 5.4 Dependence of the Young’s modulus of CA modified with caprolactone
by reactive processing on the CL content of the polymer. (U) CL as external
plasticizer, () oPCL, ( ) CL, ({) polymers reacted chemically with CL in the
presence of catalyst at various combinations of temperature and time.
Results obtained earlier are used as reference values again. Triangles indicate
samples prepared without catalyst, in which caprolactone acts solely as external
plasticizer. Naturally, not PCL, but CL content was plotted in the graph in this case.
The correlation is very close showing the dominating effect of CL content in the
determination of stiffness. However, a more detailed analysis showed earlier the
beneficiary effect of grafted chains on the properties of CA-g-PCL [38].
Unlike in stiffness, more significant differences can be observed in the tensile
behavior of the polymers modified with CL monomer and different oPCL oligomers.
In Fig. 5.5 the stress vs. strain correlations of two polymers are compared
immediately after the reaction, i.e. the samples also contain various amounts of
unreacted CL monomer. Both the strength and especially the deformability of the
sample produced with the CL monomer is much smaller than those reacted with
oPCL1. Earlier studies proved that the high strength of cellulose polymers is the
result of the hydrogen bonds among the chains. External plasticization, i.e. the
replacement of secondary bonds between adjacent chains with bonds between the
plasticizer and the polymer leads to a considerable decrease of strength. The rigid
chains of cellulose and cellulose acetate cannot form many entanglements thus
deformability is usually small. Smaller CL content (see Table 5.1) and the presence
of long grafted chains results in larger yield stress and tensile strength, and
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especially in larger deformability. The long flexible chains of PCL can easily form
entanglements leading to larger ultimate deformations.
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Figure 5.5 Stress vs. strain traces of cellulose acetate modified with CL monomer a)
and the oPCL1 oligomer b) recorded immediately after the reaction.

These results are further confirmed by Fig. 5.6 in which the stress vs. strain
traces of the same samples are presented after the removal of the caprolactone
monomer in a vacuum oven. The same scale is used as in Fig 5.5 to facilitate
comparison. Both yield stress and tensile strength increases as a result of decreased
external plasticization. The strong effect of the CL monomer is clearly seen.
However, the deformability of CA modified with oligomeric PCL remains relatively
large even after drying, which confirms both the presence and the effect of long
aliphatic chains. Unfortunately the number of such chains is very small shown by
the results of Table 5.1.
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Figure 5.6 Stress vs. strain traces of the polymers of Fig. 5.5 measured after the
removal of unreacted CL monomer in a vacuum oven.

5.2.4.

Miscibility, diffusion

During the project we observed that the transparency of the compression
molded plates changes with time. The plates are transparent immediately after
preparation, but they become opaque during storage. The extent and rate in the
change of transparency depends very much on the initial composition of the reaction
mixture, on the degree of polymerization of the compound used for modification.
The change in transparency and the differences mentioned are demonstrated well by
Fig. 5.7, in which the decrease of light transmission is shown for two samples, for
the one prepared with the CL monomer and the one produced with oPCL2. The
transparency of the latter decreases very rapidly, it becomes opaque within a day or
two, while light transmission through the other sample decreases much slower. We
observed that the decrease of transparency is the consequence of the migration of a
compound or compounds, which cover the surface of the sample after some time.
We removed this substance from the surface and subjected it to a detailed analysis.
The MALDI-TOF spectrum recorded on this material is presented in Fig. 5.8 and
proves that it contains PCL oligomers of various chain lengths. The oligomer found
in the larges quantity among the compounds has the chain length of 9. Fig. 5.8 also
confirms our earlier conclusion that most of the longest chains are attached to CA,
since we did not find such compounds either among those extracted from the
modified polymer or among the migrating oligomers. Naturally, the last fact alone
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does not prove our hypothesis about the grafting of long chains, since very long
molecules might not be able to migrate to the surface in such a relatively short time.
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Figure 5.7 Changes in the transparency of compression molded plates during
storage under ambient conditions. Modification: ( ) CL, ({) oPCL2 oligomer.
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Figure 5.8 MALDI-TOF spectrum recorded on the material removed from the plate
compression molded from CA modified with the oPCL2 oligomer.
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On the other hand, the difference between the two correlations shown in Fig. 5.7
indicates that CA and PCL are not miscible with each other [31,39] and the
solubility of oPCL in CA decreases rapidly with increasing molecular weight as
expected
In Chapter 6 will be proved that oligomeric PCL with relatively small molecular
weight does not crystallize in CA-g-PCL, but it does relatively easily on the surface
of compression molded plates [35]. The melting and crystallization behavior of a
PCL sample with a number average molecular weight of 50000 g/mol and that of the
material removed from the surface of an opaque sample prepared with oPCL2 is
shown in Fig. 5.9. The melting trace of samples recorded in the second heating run
is plotted in the figure in both cases. The high molecular weight polymer exhibits
relatively sharp melting and crystallization peaks at 62.2 and 27.7 °C, respectively.
The behavior of the material removed from the surface of the plate is undoubtedly
very similar, but the corresponding transitions appear at smaller temperatures and
their intensity is weaker as well, but this is at least partially due to the smaller
sample size.

o

Endo

62.2 C

Exo

a)
b)
o

Heat Flow (mW)

27.7 C

o

47.5 C

c)
d)

-75

o

24.3 C

-50

-25

0

25

50

75

100

125

Temperature (°C)

Figure 5.9 Melting and crystallization traces of a high molecular weight PCL
polymer (a and b) and those of the material removed from the surface of the
compression molded plate of Fig. 5.8 (c and d)

The presence of crystalline PCL was further confirmed by X-ray diffraction
measurements. XRD traces recorded on compression molded plates are presented in
Fig. 5.10. The trace of a crystalline oligomeric PCL prepared separately is shown as
reference (trace a). The characteristic reflections of crystalline PCL appear at 21.3,
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22.0 and 23.8 2θ angles. Trace b was recorded on the sample prepared with the CL
monomer and stored under ambient conditions for three weeks. The characteristic
reflections of crystalline PCL are hardly visible on the spectrum and they completely
disappeared after the surface was wiped with a tissue (trace c). The intensity of the
peaks related to crystalline PCL is quite strong in the XRD trace recorded on the
sample produced with oPCL1 (trace d), but the peaks completely disappear after the
cleaning of the specimen (trace e) in this case too. The results presented in this
section clearly prove that oligomeric PCL is not miscible with CA, migrate fast to
the surface and crystallizes there.
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Figure 5.10 XRD spectra recorded on crystalline PCL oligomer and on
compression molded plates prepared from CA modified with caprolactone; a) PCL
oligomer, b) plate, CL monomer, after storage, c) plate, CL monomer, wiped, d)
plate, oPCL1 oligomer, after storage, e) plate, oPCL1 oligomer, wiped

5.3. Conclusions
The oligomeric PCL used for the modification of cellulose acetate contained
small and large molecular weight components. The small molecular weight fraction
plasticized cellulose acetate externally and helped the fusion of the polymer.
Although composition and the quantities characterizing structure did not differ
considerably from each other when CL monomer or PCL oligomer was used for
modification, the grafting of a few long chains had considerable effect on some
properties of the product. The large molecular weight chains attached to CA
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increased the viscosity of the melt considerably and resulted also in larger
deformability, which might be beneficial in some applications. On the other hand,
oligomeric PCL homopolymer is not miscible with cellulose acetate and migrates to
the surface of the polymer. Exuded PCL oligomers crystallize on the surface of
samples, but can be removed very easily. More intense conditions, like higher
temperatures and longer times, may favor the grafting of long chains and lead to
polymers with advantageous properties.
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6.

External and internal plasticization – molecular
motions

6.1. Introducrtion
Cellulose acetate was externally and internally plasticized as described earlier to
improve processability and the effect of the two plasticization on the properties was
studied by dynamic mechanical analysis and tensile testing. The properties and
processability of natural polymers can be improved by derivatization and
plasticization [1-42]. The results are reported in this chapter in several sections. First
we try to identify the main relaxation transitions of the neat as well as the modified
cellulose acetate and then discuss the effect of grafting on these transitions. Tensile
properties are presented briefly in a subsequent section, and then we analyze
structure-property correlations and compare the effect of external and internal
plasticization on the mechanical properties of cellulose acetate.

6.2. Result and discussion
6.2.1.

Molecular motions, transitions

Cellulose acetate consists of rigid chains with a relatively high glass transition
temperature [29,43]. The mobility of the chains is further decreased by hydrogen
bonding, the number of which depends on the degree of substitution. A wide range
is given for the glass transition temperature of cellulose acetate from 150 to about
250 °C [44-49]. Obviously, the actual value obtained for a given polymer depends
on several factors including the degree of substitution, water content, the conditions
of the measurement, etc. The number of transitions and their assignment to structural
units of cellulose acetate are similarly confusing. Usually three to five peaks or
transitions are detected on the dynamic mechanical spectra of these materials
[10,28,50,51], and they are assigned to glass transition [28,31], to the movement of a
part of the main chain [10], to that of glucose rings [50], to groups associated with
water [28,51] and to adsorbed water [50]. Some of these transitions were assigned to
grafted chains in CA modified with caprolactone [10,31].
The DMTA spectra of four modified cellulose acetates are presented in Fig. 6.1;
only the loss tangent is shown for the sake of clarity, the temperature dependence of
storage and loss moduli supply the same information. All samples contained 45 wt%
caprolactone originally.
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Figure 6.1 Effect of reaction conditions on the DMTA spectrum of cellulose acetate
(DS=2.1) samples modified by reactive processing. Characteristic relaxation
transitions. a) 120 °C, 30 min, b) 120 °C, 30 min, extraction for 12 h, c) 180 °C, 45
min, d) 180 °C, 45 min, extraction for 12 h.
Trace a) was recorded on a sample prepared under mild conditions, at 120 °C
and 30 min reaction time. Four peaks can be detected in the spectrum. The glass
transition temperature, or α transition, appears at the highest temperature and it
indicates the beginning of segmental movement of large units of the stiff CA
molecules. This temperature is about 85 °C for our polymer containing 45 wt%
caprolactone monomer. The second, relatively intensive transition (β relaxation)
appears at around -5 °C. The identification of this peak is more contradictory, it is
assigned to the movement of individual repeat units (glucose rings) [50], or water
associated with hydroxymethyl groups [51]. Other explanations are given in
modified CA; the peak is assigned to the movement of grafted side groups or chains
there [31]. According to literature references, the position of this transition covers a
wide range from -50 to about 15 °C. A smaller peak or shoulder appears at around
40 °C in the spectrum of this sample. The peak becomes very weak or even
disappears from the spectrum of other samples. Its identification is difficult,
sometimes it is related to groups associated to water or might result from the
interaction of single repeat units and the main chain [27]. Because of its small and
varying intensity as well as changing position, we refer to this peak as β’ transition
in the further part of the chapter. Finally a small peak is detected at around
-85 °C in spectrum a). This γ transition is usually related to weakly bonded water
[28,50] or methyl groups being present in various materials including benyzlated
cellulose [7,10].
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The removal of caprolactone by extraction changes the spectrum completely.
The glass transition temperature of the extracted polymer shifts to higher
temperature as expected (Fig. 6.1, spectrum b). The intensity of the rest of the peaks
decreases considerably or they disappear completely. The β relaxation peak moves
to higher temperature, while the other two peaks, i.e. the β’ and γ transitions cannot
be detected any more. These changes clearly indicate that they are induced by the
presence of the external plasticizer and belong to smaller structural units with larger
mobility. Detailed analysis of the results showed earlier that caprolactone is grafted
to CA only at higher temperatures and longer times. Spectrum c) in Fig. 6.1 was
recorded on CA modified under such conditions (180 °C, 45 min). Trace d)
represents the spectrum of the same material after extraction. Both spectra are
dominated by two transitions, the start of segmental movement (Tg) and the
movement of smaller units. The β’ and γ transitions are very weak or disappeared
completely. The comparison of spectra c) and d) proves that grafting took place,
indeed; the plasticizer could not be removed by extraction. The effect of internal and
external plasticizer seems to be the same, since glass transition occurs approximately
at the same temperature both in the absence and the presence of reaction. Finally, we
can conclude that plasticization induces the movement of smaller units with larger
mobility (see β relaxation peak).

0.12

a)

Loss tangent, tan δ

Loss tangent, tan δ

0.10

b)

0.08
0.06
0.04
0.02
0.00
-100

-50

0

50

100

150

200

250

Temperature (°C)

b)

-100

-50

0

50

100

150

200

250

Temperature (°C)
Figure 6.2 Effect of drying on the dynamic mechanical spectrum of cellulose acetate
(DS=2.1). a) stored under ambient conditions, b) dry sample. The traces have been
shifted along the vertical axis to facilitate comparison.
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The hydroxyl groups of cellulose and cellulose acetate adsorb water readily.
According to references, adsorbed water influences considerably the mobility of
various structural units, induces new transitions and modifies the position of the
peaks [28,50,51]. Fig. 6.2 compares DMTA traces recorded on CA films cast from
acetone before (a) and after (b) drying. The traces were shifted along the vertical
axis for better clarity. The removal of water decreased the intensity of the α
transition, but did not change its position. The rest of the spectrum changed only
slightly, the trace became smoother. The spectrum is shown in larger magnification
in the insert for easier detection of transitions. Secondary transitions are very weak
and undefined. The comparison of the two spectra proves that new transitions were
not induced by water, but the mobility of the units changed in its presence.
In order to check the general validity of the results presented above and the
conclusions drawn from them, we compared the dynamic mechanical spectrum of
four natural polymers plasticized in different ways and in different extent. Fig. 6.3
presents the spectra recorded on externally plasticized cellulose acetate (a) produced
under conditions when grafting does not take place (180 °C, 20 min, 35 wt% CL, no
catalyst), on internally plasticized CA (b) prepared at 180 °C, 20 min, on benzylated
cellulose with an estimated degree of substitution of about 1.8 (c) and on starch
plasticized with 30 wt% glycerol (d). The spectra are very similar to each other,
even the glass transition temperatures are in the same range. The β relaxation peak
also appears in all spectra, but its intensity and position varies according to the
nature of the polymer and the extent of plasticization. The β’ transition is very weak
in most samples with the exception of the externally plasticized CA, while the γ
peak can be detected unambiguously only in this latter polymer. The similarity of
the spectra proves that the segments of these natural polymers are very similar. The
movement of smaller units becomes possible upon plasticization. Their size and
behavior and thus also the position and intensity of the related transition are more
sensitive to the type and conditions of modification than that of the α transition.
Segments consist of several repeat units, while the β relaxation can be assigned to
much smaller entities. This structural unit might be a single glucose ring, which can
rotate around the C-O bonds of plasticized CA, when strong hydrogen bonds do not
act among the chains. Unfortunately, these results do not make possible the
identification of the structural unit responsible for the γ relaxation transition.

6.2.2.

Grafting, and γ relaxation

The traces presented in Fig. 6.1 and 6.3 indicated that external and internal
plasticization have similar effect, they decrease Tg and increase the mobility of
smaller structural units. Earlier the extent of grafting was successfully quantified by
the ratio of the number of –CH2– and –CH3 groups in the molecule as determined by
FTIR analysis [42].
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Figure 6.3 Characteristic DMTA spectra of various plasticized natural polymers
and their derivatives. a) CA (DS=2.1), 180 °C, 20 min, 35 wt% CL, b) CA, 180 °C,
20 min, 45 % CL, c) benzylated cellulose, degree of substitution 1.8, d) starch
plasticized with 30 wt% glycerol. The traces have been shifted along the vertical
axis to facilitate comparison.
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Figure 6.4 Effect of the degree of grafting on the relaxation transitions of
plasticized CA (DS=2.1), CH2/CH3 ratio a) 0.22, b) 0.46, c) 0.81.
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We estimated grafting efficiency form changes in the intensity of the aliphatic –
CH2– groups. The number of these groups changes only through the grafting of
caprolactone or polycaprolactone to cellulose acetate. We assumed that the number
of acetyl groups remained constant during the reaction, thus the extent of grating
could be determined from the relative intensity of –CH2– and –CH3 groups
appearing in the IR spectra at 2943 and 1370 cm-1, respectively. The DMTA
spectrum of three CA samples modified in different extent is compared in Fig. 6.4.
Two visible changes can be observed on the spectra, the intensity of the β relaxation
increases, while that of the γ decreases with increasing degree of grafting. The
changes are not proportional; the spectra of the samples with CH2/CH3 ratios of 0.46
and 0.81, respectively, are very similar to each other. The decrease in the intensity of
the γ relaxation peak cannot possibly be explained with the presence or loss of
water, since all samples were processed above 100 °C. On the other hand grafting
goes through hydroxyl groups, and more than possibly through hydroxymethyl
groups. As a result of grafting these groups disappear almost completely indicating
that the peak is related to the movement of free –OH groups. Fig. 6.5 further helps
the identification of the structural unit assigned to the γ relaxation peak. The spectra
of five CA samples containing varying amounts of CL as external plasticizer are
compared to each other in the figure. We can clearly see that the intensity of the γ
relaxation peak increases with increasing CL content and it also shifts towards
higher temperatures. We explain these changes by the interaction of CL with the free
–OH group of cellulose acetate. The mobility of larger groups of associated
molecules formed by secondary bonds from the plasticizer and the –OH groups of
CA is smaller than that of the latter alone. Grafting removes the possibility of such
interaction and the γ relaxation transition disappears.
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Figure 6.5 Changes in the intensity and position of the γ relaxation peak with the
amount of CL acting as external plasticizer. See also changes in the relative
intensity of the α and β peaks. CL content: a) 15, b) 25, c) 35, d) 40, e) 55 wt%.
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Fig. 6.5 offers additional information, which helps to understand the mechanism
of plasticization and its effect on properties. According to Fig. 6.5 increasing level
of external plasticization does not only decrease Tg as expected, but also the
intensity of the transition. This is rather unexpected, since one would assume that the
mobility of segments undergoing glass transition would increase with increasing
amount of plasticizer leading to an increase in the intensity of the relaxation peak.
On the other hand, the intensity of the β relaxation peak increases at the same time,
which suggests that segments break down to smaller units as an effect of
plasticization.
Polycaprolactone has two transitions, its Tg is about -60 °C, while it melts
around +60 °C [31,52-54]. Transitions in these regions were detected by DSC and
DMTA in polycaprolactone modified CA [31,35]. The DSC traces published were
not very convincing [35] and we could not find any transition by this technique in
the indicated region. Moreover, as the spectra presented in Figures 6.1-6.5 prove, we
could not detect any transition in the temperature range mentioned above by DMTA
either. The β’ relaxation might be related to the melting of PCL, but this transition
disappears from the spectrum of purified samples, on the one hand, and the short
chains attached to CA do not crystallize anyway, on the other hand. By 1H NMR
spectroscopy we found that the average length of grafted PCL chains is around 3,
while Terramoto et al. [35] specify the critical molecular weight for crystallization
of the PCL side chains as 1000, which is not reached by far in our case. Similarly,
grafted chains are not long enough for a separate PCL Tg to appear. We might
expect to observe a transition for glucose units grafted with PCL side chains. The
mobility of these grafted units obviously does not differ from that of the smaller
entities which give rise to the β relaxation transition. Although several authors
mention various transitions related to grafted PCL chains, we could not reproduce
their observations and could not detect them in our experiments unambiguously,
thus we refrain from any unsupported speculation.

6.2.3.

Tensile properties

Plasticization is assumed to increase the flexibility of chains and lead to a
decrease in stiffness. Strength usually also decreases, while deformability becomes
stronger at the same time. The Young’s modulus of various modified cellulose
acetate samples is plotted against reaction time in Fig. 6.6. The reactions were
carried out at different temperatures. The samples can be divided into two groups.
Those prepared at or below 160 °C are relatively stiff; their Young’s modulus is
about 2 GPa independently of reaction time. We must call attention here to the fact
that caprolactone acting as external plasticizer is removed by vacuum from these
samples before measurement. On the other hand, polymers modified at higher
temperatures have smaller stiffness between 0.2 and 1.0 GPa. All samples contained
45 wt% caprolactone, thus the differences result from the dissimilar degree of
grafting. The results of Fig. 6.6 prove that grafting occurs only under certain
conditions and that grafted caprolactone plasticizes CA internally.
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A similar tendency is observed in the strength of the samples as a function of
reaction time and temperature (Fig. 6.7). Although the tendency is the same, the
differences among the samples are larger, what is rather difficult to explain. The
decrease of strength with increasing degree of plasticization indicates that the
strength of cellulose acetate, probably also that of other natural polymers with
similar structure, is determined by the number of hydrogen bonds acting among
neighboring chains. The larger than expected strength of the samples prepared at 200
°C needs further analysis and explanation.
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Figure 6.6 Dependence of the Young’s modulus of plasticized CA (DS=2.1) samples
on reaction time. Temperature: ({) 120, ( ) 160, (S) 180, (¡) 200, (T) 220 °C;
full symbols indicate samples with a large degree of grafting, while samples marked
with empty symbols are plasticized only externally
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Figure 6.7 Effect of reaction time and temperature on the tensile strength of CA
(DS=2.1) modified with CL. Temperature: ({) 120, ( ) 160, (S) 180, (¡) 200,
(T) 220 °C; full symbols indicate samples with a large degree of grafting, while
samples marked with empty symbols are plasticized only externally

6.2.4.

Structure-property correlations

The Young’s modulus of CA samples is plotted against the CH2/CH3 ratio in
Fig. 6.8 These groups represent the relative amount of aliphatic polycaprolactone
chains introduced by grafting into CA and the methyl groups of the acetate,
respectively, thus offering a measure of grafting. The samples are divided into two
groups again according to the temperature of grafting. At the lower two temperatures
reaction did not take place, free caprolactone having external plasticizing effect was
removed by vacuum and the stiffness of the samples is high. On the other hand,
cellulose acetate chemically modified with caprolactone is less stiff; the modulus of
the samples is much smaller. Moreover, stiffness decreases with increasing degree of
grafting as expected. However, the sudden drop from 2.0 to 1.0 GPa stiffness in the
range of CH2/CH3 values of around 1.3-1.6 is difficult to explain. Obviously the
ratio of the two groups does not describe all the structural changes occurring during
the grafting reaction. Most probably the method of characterization of the degree of
grafting by FTIR also needs further refinement in the future.
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Figure 6.8 Correlation between the degree of grafting (CH2/CH3 ratio) and the
stiffness of modified CA (DS=2.1) samples. Temperature: ({) 120, ( ) 160, (S)
180, (¡) 200, (T) 220 °C; full symbols indicate samples with a large degree of
grafting, while samples marked with empty symbols are plasticized only externally.
The γ relaxation peak was assigned to the active –OH groups of cellulose
acetate, which react with caprolactone in the grafting reaction. The intensity of this
group increased with external and decreased with internal plasticization. We plotted
tensile strength against the intensity of the γ relaxation peak in Fig. 6.9. The
different effect of the two plasticization mechanisms can be followed clearly in the
figure. External plasticization leads to an increase in the value of tgδγ and in a
decrease of tensile strength (open symbols and Â). On the other hand, the smaller
intensity of this relaxation peak indicates higher degree of grafting for samples
modified chemically, a larger extent of internal plasticization, which leads to lower
strength (full symbols). Although the correlation of chemical reactions, physical
interactions, structure and strength of plasticized CA seems to be quite clear here,
we still cannot distinguish between external and internal plasticization, their effect
and efficiency.
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Figure 6.9 Tensile strength of plasticized CA (DS=2.1) samples plotted against the
intensity of the γ relaxation transition. Temperature: ({) 120, ( ) 160, (S) 180,
(¡) 200, (T) 220 °C; full symbols indicate samples with a large degree of grafting,
while samples marked with empty symbols are plasticized only externally; (Â)
samples prepared without catalyst at 180 °C (reference samples for external
plasticization).

6.2.5.

Plasticization

Plasticization, the increase of molecular mobility is a result of the replacement
of hydrogen bridges acting among the chains by the interaction of the plasticizer and
the groups forming those bridges. One would expect dissimilar effect of free and
grafted caprolactone, because of their different chemical structure and mobility.
However, the results presented above did not show any sign of different effect and
efficiency. We arrive to the same conclusion, i.e. that the effect of internal and
external plasticization is the same, when we plot tensile strength against the glass
transition temperature of the samples (Fig. 6.10). As the figure shows, all values fall
on the same correlation. However, the relationship must be treated with some care,
mainly because all grafted samples contained the same amount of caprolatone (45
wt%). CL was either removed by vacuum or built into the cellulose acetate chains,
but the points cover a relatively narrow range both in Tg and in strength.
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In a previous section we showed that the intensity of the β relaxation peak
indicates the breakdown of segment size and an increase in mobility due to
plasticization. Young’s modulus is plotted against the value of tgδβ in Fig. 6.11. We
obtain two different correlations for internal and external plasticization. Samples
which were prepared in the absence of catalyst at low temperature, i.e. which are
externally plasticized, are stiffer than those modified chemically. This indicates that
although external plasticization creates a larger number of small mobile units, it is
less efficient in plasticization than grafted molecules.
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Figure 6.10 Correlation between the Tg and the strength of plasticized cellulose
acetate (DS=2.1) samples. Temperature: ({) 120, ( ) 160, (S) 180, (¡) 200, (T)
220 °C; full symbols indicate samples with a large degree of grafting, while samples
marked with empty symbols are plasticized only externally; (Â) samples prepared
without catalyst at 180 °C (reference samples for external plasticization).
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Figure 6.11 Correlation between the intensity of the β relaxation peak and the
stiffness of plasticized CA (DS=2.1) samples. External and internal plasticization.
Temperature: ({) 120, ( ) 160, (S) 180, (¡) 200, (T) 220 °C; full symbols
indicate samples with a large degree of grafting, while samples marked with empty
symbols are plasticized only externally; (Â) samples prepared without catalyst at
180 °C (reference samples for external plasticization).

The difference in external and internal plasticization is clearly shown by Fig.
6.12 as well, in which tensile strength is plotted against the caprolactone content of
the polymer. For grafted polymers this quantity was calculated from the weight loss
of the samples after extraction. Please, note again that all samples prepared by
reactive processing originally contained 45 wt% caprolactone. We obtain different
correlations for external and internal plasticization again. Several conclusions can be
drawn from the results presented in Fig. 6.12. The different relationships indicate
that external and internal plasticization has dissimilar effect on the mechanical
properties of plasticized cellulose acetate. Besides grafting, other changes may occur
during reactive processing as indicated in a previous section (see Fig. 6.8 the
dependence of stiffness on the amount of grafted polymer). On the other hand,
strength decreases much less with increasing amount of plasticizer when it is grafted
than in the case of external plasticization. Finally, we may hope that the grafted
plasticizer does not migrate to the surface of the product, which leads to permanent
properties and the absence of any health hazard.
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Figure 6.12 Influence of external and internal plasticization on the strength of
modified cellulose acetate (DS=2.1) polymers. Temperature: ({) 120, ( ) 160, (S)
180, (¡) 200, (T) 220 °C; full symbols indicate samples with a large degree of
grafting, while samples marked with empty symbols are plasticized only externally;
(Â) samples prepared without catalyst at 180 °C (reference samples for external
plasticization).

6.3. Conclusions
The dynamic mechanical spectrum of cellulose acetate and also that of other
natural polymers with similar structure exhibits three main relaxation transitions.
These can be assigned to segments (α), to smaller structure units in the main chain,
probably individual glucose rings (β), and to hydroxyl or hydroxymethyl groups (γ).
Plasticization by caprolactone leads to the decrease of the glass transition
temperature of CA, but also to the breakdown of the relatively large segments to the
smaller structural units assigned to the β relaxation peak. Free hydroxyl groups
interact with the plasticizer forming larger associated structural units with higher
transition temperature. Grafting decreases the intensity of the γ transition peak.
Plasticization leads to a considerable decrease in the stiffness and strength of
cellulose acetate. External plasticization creates a larger number of small structural
units, but the external plasticizer is less efficient in the decrease of stiffness than
grafted polycaprolactone chains. Internal plasticization is more advantageous
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because it leads to higher flexibility at larger strength than external plasticization,
and also the migration of the plasticizer is prevented at the same time.
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7.

Identification of grafted polycaprolactone

7.1. Introduction
The thermal behavior and relaxation transitions of the modified samples were
determined by dynamic mechanical analysis and differential scanning calorimetry.
Various relaxation transitions were detected in externally and internally modified
cellulose acetate by DMTA. These were assigned to the glass transition of the main
chain, to the movement of single glucose units and to hydroxymethyl groups. No
transition could be assigned to grafted polycaprolactone (PCL) chains by DMTA.
Contrary to other groups, we could not detect even the transitions of modified CA
by DSC. Only the crystallization of oligomeric PCL homopolymer was observed
mostly when it diffused to the surface of the sample.
The chemically or physically modified natural polymers are often characterized
by thermal analysis [1-21]. Dynamic mechanical analysis (DMTA) or rather
differential scanning calorimetry (DSC) are frequently used for the analysis of their
molecular structure or for the determination of structure-property correlations [1624]. Usually several transitions can be detected on the traces recorded by these
techniques, but the assignment of the transitions to various structural units is
difficult and sometimes controversial. Besides the main chain of the polymer, the
motion of a considerable number of smaller structural units may result in these
transitions. The situation is further complicated by plasticization or chemical
modification. The association of the active –OH groups with plasticizers or water
may result in new structural units and transitions, while long grafted side chains
might have their own relaxation transitions [10,16,23-28]. The assignment of
transitions is made quite difficult by the fact that the detected traces are inconsistent,
reproducibility is poor and both the position and the intensity of the transitions vary
in a wide range. Some peaks appear on the first heating or cooling run in DSC, but
are not detected in subsequent heating cycles [21,28]. The rigidity of the molecules
results in relatively small changes in heat capacity what further complicates
detection and identification. Most probably these difficulties in measurement and
interpretation result in the controversy encountered sometimes in publications
[16,21-29].
The results are reported in several sections. Based on dynamic mechanical
analysis, we made an attempt to assign the main relaxation transitions of the neat
and the externally plasticized cellulose acetate (DS=1.7) first. We compare the
spectra of various plasticized natural polymers to each other to be able to draw
general conclusions about molecular motions in these materials. We compared our
results to those published previously and tried to resolve some of the contradictions
which we encountered during analysis. Although considerable number of techniques
and measurements were used for the complete characterization of the materials
produced, we focus our attention on thermal analysis in this chapter and only these
results will be reported as a consequence. Subsequently we discuss the effect of
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grafting of caprolactone on the detected transitions. The melting and crystallization
characteristics as well as the crystalline structure of polycaprolactone oligomers and
homopolymers (PCL) are presented next, followed by the analysis of the DSC traces
of internally plasticized cellulose acetate (CA-g-PCL).

7.2. Result and discussion
7.2.1.

Relaxation transitions, structure

The DMTA spectrum of cellulose acetate modified with 35 wt% caprolactone is
presented in Fig. 7.1. The sample was prepared by the homogenization of the
components at 180 °C for 20 min without catalyst. We assume that under these
conditions grafting does not take place, only external plasticization occurs. The
temperature dependence of storage and loss moduli, as well as that of loss tangent is
shown in the figure. The three correlations supply the same information thus for the
sake of clarity we present only the loss tangent in subsequent figures. Four peaks can
be detected in the spectrum.
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Figure 7.1 Dynamic mechanical spectra of a cellulose acetate (DS=1.7) sample
plasticized externally with 35 wt% caprolactone
The glass transition temperature, or α transition, indicating the onset of
segmental movement of large units of the stiff CA molecules appears at the highest
temperature, which is about 70 °C in the present case. Another transition, the β
relaxation peak, appears at around -30 °C. The identification of this peak is more
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contradictory, it is assigned to the movement of individual repeat units (glucose
rings) [30,31], or water associated with hydroxymethyl groups [26]. Other
explanations are given in modified CA; the peak is assigned to the movement of
grafted side groups or chains there [16]. According to literature references, the
position of this transition covers a wide range from -50 to about 15 °C [16,23,25,26].
The β relaxation peak was more intensive and appeared at higher temperatures in
cellulose acetate with a degree of substitution of 2.1 [29,30]. Another relatively
small peak or shoulder appears at around +30 °C for this sample. The peak becomes
very weak or even disappears from the spectrum of other samples. Its identification
is difficult, sometimes it is related to groups associated to water or might result from
the interaction of single repeat units and the main chain [32]. We refer to this peak
as β’ transition in the further part of the paper. Finally a small peak is detected at
around -85 °C. This γ transition is usually related to weakly bonded water [25,31] or
methyl groups being present in various materials including, lignin or benyzlated
cellulose [3,10].
Our cellulose acetate contains only a limited number of hydroxymethyl groups,
but the groups of lignin and benzylated cellulose are not present. As a consequence,
the γ relaxation peak cannot be assigned to those groups. We present four spectra in
Fig. 7.2, which might help the identification of the structural unit assigned to the γ
relaxation peak.
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Figure 7.2 Effect of the amount of external plasticizer on the relaxation transitions
of CA (DS=1.7).
The spectra of four CA samples containing varying amounts of caprolactone as
external plasticizer are compared to each other in the figure. We can clearly see that
the intensity of the γ relaxation peak increases with increasing CL content and it also
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shifts towards higher temperatures. We explain these changes by the interaction of
caprolactone with the free –OH group of cellulose acetate [30]. Larger groups of
associated molecules formed by secondary bonds between the plasticizer and the –
OH groups of CA are less mobile than the latter alone. Water interacts with the –OH
groups in the same way, which might explain that this peak is often assigned to
associated water [25-27].
Fig. 7.2 offers additional information about the effect of plasticization. The
position of the α transition decreases considerably with increasing caprolactone
content, which is expected. Besides decreasing Tg, also the intensity of the β
transition varies, which was explained (see Chapter 6), by the breaking down of
large segments to smaller structural units, probably to individual glucose rings [30].
We can also see that the β’ transition is extremely weak in all cases, basically it can
be detected only on the spectrum of CA containing 40 wt% caprolactone. Both the
position and intensity of the β and β’ transitions change with composition, but it is
difficult to detect any clear tendency as a function of caprolactone content.
In order to check the general validity of the assignment of the transitions
presented above, we compared the dynamic mechanical spectrum of four natural
polymers plasticized in different ways and in different extent.
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Figure 7.3 Comparison of the DMTA spectra of various plasticized natural
polymers. a) CA (DS=1.7), 180 °C, 20 min, 35 wt% CL, no catalyst, b) CA
(DS=1.7), 220 °C, 45 min, 45 % CL, c) benzylated cellulose, degree of substitution
1.8, d) starch plasticized with 30 wt% glycerol. The traces have been shifted along
the vertical axis to facilitate comparison.
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Fig. 7.3 presents the spectra recorded on externally plasticized cellulose acetate
produced under conditions when grafting does not take place (180 °C, 20 min, 35
wt% CL, no catalyst) (a), on internally plasticized CA prepared at 180 °C, 20 min
(b), on benzylated cellulose with an estimated degree of substitution of about 1.8 (c)
and on starch plasticized with 30 wt% glycerol (d). The spectra are very similar to
each other, even the glass transition temperatures are in the same range. The β
relaxation peak also appears in all spectra, but its intensity and position varies
according to the nature of the polymer and the extent of plasticization. The β’
transition is very weak in most samples with the exception of the externally
plasticized CA, while the γ peak can be detected unambiguously only in this latter
polymer. The similarity of the spectra proves that the segments of these natural
polymers are very similar. The movement of smaller units becomes possible upon
plasticization. Their size and behavior and thus also the position and intensity of the
related transitions are more sensitive to the type and conditions of modification than
those of the α transition. Segments consist of several repeat units, while the β
relaxation can be assigned to much smaller entities. This structural unit might be a
single glucose ring, which can rotate around the C-O bonds of plasticized CA, when
strong hydrogen bonds do not act among the chains.

7.2.2.

Effect of grafting

The DMTA spectra of three CA samples modified in different extent are
compared to each other in Fig. 7.4. Two visible changes can be observed on the
spectra. The position and intensity of the α relaxation transition decrease with
increasing degree of grafting, while the γ relaxation completely disappears from the
spectra. The disappearance of this peak cannot be explained with the loss of water,
since the spectra of Fig. 7.2 were recorded on samples processed at 180 °C, i.e.
water cannot be present in large quantities in them either. On the other hand,
grafting goes through hydroxyl groups, and more than possibly through
hydroxymethyl groups. As a result of grafting these groups disappear, or at least
their number decreases considerably, indicating that the peak is related to the
movement of free –OH groups. This observation is in line with earlier results
obtained on CA with a degree of substitution of 2.1 [30].
On the other hand, it is rather surprising that the intensity of the β relaxation
peak remains practically the same with increasing degree of grafting. In the previous
stage of study done on cellulose acetate with DS = 2.1, the changes in the position
and intensity of the α relaxation peak were accompanied by a considerable increase
in the intensity of the β peak [30]. We concluded from these changes that large
segments break down to smaller structural units during plasticization. The lack of
such changes in the case of CA with DS = 1.7 needs further investigation.
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Figure 7.4 Effect of internal plasticization on the relaxation transitions of CA
(DS=1.7). a) 220 °C, 45 min, PCL+gPCL = 44.8 wt%, b) 180 °C, 20 min, 40.1 wt%,
c) 160 °C, 20 min, 33.7 wt%.
In view of published information, we find rather strange that new transitions did
not appear in the spectra as an effect of grafting. Polycaprolactone has two
transitions, its Tg around -60 °C and its melting peak around +60 °C [16,33-35].
Transitions in these regions were detected by DSC and DMTA in CA modified by
polycaprolactone [16,19]. As the spectra presented in Fig. 7.4 prove, we could not
detect any transition in the temperature range mentioned above by DMTA. The β’
relaxation might be related to the melting of PCL, but this transition disappears from
the spectrum of extracted samples. Obviously, grafted chains are not long enough
for a separate Tg to appear for PCL and apparently grafted molecules cannot
crystallize in CA. The melting of such side chains is very difficult to detect by
DMTA anyway; we may hope that DSC analysis gives us further information about
the thermal behavior of grafted PCL chains. We might expect to observe a transition
for glucose units grafted with PCL side chains, but the mobility of these grafted
units obviously does not differ from that of the smaller entities which give rise to the
β relaxation transition. Although several authors mention various transitions related
to grafted PCL chains [36-40], we could not reproduce their observations and could
not detect them in our DMTA experiments.

7.2.3.

PCL crystallization and structure

Several groups characterized grafted CA by differential scanning calorimetry.
The glass transition of CA modified with various aliphatic polyesters was analyzed
in detail by Teramoto et al. [19,21]. They found that long alkyl chains are able to
98

Thermal properties
crystallize separately in the grafted polymer. They detected the melting of this
crystalline phase by DSC and proved its presence also by XRD [21]. Our GPC and
MALDI-TOF investigations proved that caprolactone chains of limited length are
attached to CA under our conditions, the average length of PCL chains is maximum
7 repeat units. In order to find transitions by DSC, we must have information about
the structure, as well as melting and crystallization behavior of oligomeric PCL.

endo

The melting and crystallization of PCL with an average length of 7 repeat units
is presented in Fig. 7.5. We can detect two peaks and a shoulder on the melting trace
of the oligomer in the first heating run.
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Figure 7.5 Melting and crystallization of oligomeric PCL with the average chain
length of 7.
The main peak appears at 43 °C (Tm1). The material crystallizes at 15 °C at 10
°C/min cooling rate (Tc) as the crystallization trace presented in the figure shows.
The shape of the trace changes slightly in the second heating run, but its basic
character remains unchanged; i.e. we detect a slight shoulder and two melting peaks
at 33 (Tm2a) and 39 °C (Tm2b). The relatively irregular melting behavior of the
oligomer must be related to the well-known sluggish crystallization of aliphatic
polyesters and recrystallization during melting, or various crystal modifications
might also form. The melting and crystallization behavior of high molecular weight
PCL is very similar, with the difference that both the melting and crystallization
peaks appear at higher temperatures (Tm1 = 52, Tc = 22, Tm2a = 42 and Tm2b = 48 °C).
These results clearly prove that even short PCL chains crystallize under appropriate
conditions, thus we may detect their melting by DSC also in the graft polymer.
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X-ray diffraction is another convenient method for the detection of the presence
of PCL crystals. The XRD trace of the PCL oligomer and a polymer with higher
molecular weight is presented in Fig. 7.6. Sharp, characteristic reflections are
detected at 21.3, 22.0 and 23.8° and molecular weight does not seem to influence
either the position or the relative intensity of the reflections. If the crystalline phase
is present in the CA-g-PCL polymer, we must be able to detect it by XRD. The
results of Teramoto et al. [21] proved, indeed, that if the chains are long enough and
the aliphatic polyester is present in sufficient amounts, it crystallizes in the graft
polymer and the crystals can be detected by XRD.
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Figure 7.6 XRD spectra of CA and PCL. a) PCL homopolymer with large molecular
weight, b) oligomeric PCL, c) cellulose acetate (DS=1.7)
We included also the XRD trace of cellulose acetate in Fig. 7.6 for comparison.
The trace does not exhibit sharp peaks, but two very diffuse reflections at around 10
and 19°. Similar XRD traces were published by Kamide and Saito [28] on CA with a
degree of substitution of 2.92 and the reflections were assigned to the crystal II type
structure of cellulose. We can conclude from the results, though, that the level of
order is very low in CA and we should be able to detect crystalline PCL both by
DSC and XRD, if it is present.

7.2.4.

DSC study of modified CA

Most of the groups studying CA by DSC could detect the glass transition
temperature of the polymer. Hatakeyama et al. [16,24] investigated the relaxation
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transition of CA chemically modified with caprolactone and besides the glass
transition temperature of modified CA they could detect also the Tg and the melting
temperature of the grafted chains. Because of the success of these groups, we made
an attempt to study the thermal behavior of CA and modified CA also with DSC.
Unfortunately this attempt remained unsuccessful, since we could not detect any
transition on the DSC trace of neat CA (not shown). This did not surprise us very
much since the heat capacity change of polymers at Tg is related the increase in
molecular mobility, which is not very large in rigid cellulose acetate. Nevertheless
this result contradicts those published by various groups [16,19-21,24].

exo

endo

DSC measurements were done on all the modified polymers as well. We had
serious difficulties to detect any changes in the traces of these samples too. We
definitely could not detect the Tg of grafted PCL chains or that of modified CA in
the corresponding temperature ranges, at -60 °C and 50-150 °C, respectively. The
only consistent deviation from the baseline was observed at around 40-50 °C, where
crystalline PCL melts (see Fig. 7.5). Even this peak could be detected only at a very
large magnification of the DSC signal. To demonstrate the absence of secondary
relaxation transitions, the DSC traces of CA reacted with caprolactone at 180 °C for
45 minutes is presented in Fig. 7.7. A relatively small peak appears at around 50 °C
on the first heating run, the intensity of which further decreases in the second run.
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Figure 7.7 DSC traces of CA (DS=1.7) reacted with 45 wt% at 180 °C for 45 min in
the presence of 0.1 wt% catalyst. a) first heating, b) cooling, c) second heating.
This phenomenon, i.e. the decrease of the intensity or even disappearance of
transitions in the second run was observed by other groups as well [21]. No peak can
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be detected on the cooling run. We observed that samples containing considerable
amount of PCL homopolymer usually became opalescent after a certain storage
time. We assumed that oligomeric PCL diffuses to the surface of compression
molded plates and crystallized there. As a consequence, we wiped the plate and
repeated the measurement. The trace obtained is compared to that of the original
sample in Fig. 7.8. All traces shown in the figure were recorded in the first heating
run. We can see that the simple wiping of the sample resulted in a considerable
decrease in the intensity of the melting peak of PCL, which completely disappeared
after the extraction of the sample (Fig. 7.8c). These results clearly indicate that
oligomeric PCL homopolymer crystallizes in modified CA, but especially on the
surface of the samples, if sufficient time is allowed for diffusion. On the other hand,
from trace c) we can also conclude that short grafted chains do not crystallize in the
modified CA polymer.
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Figure 7.8 DSC traces recorded in the first heating run on the sample of Fig. 7.7. a)
after storage, b) wiped before measurement, c) extracted (no PCL homopolymer)

In order to check the validity of these conclusions we investigated the same
samples also by XRD analysis. The XRD traces of the original and the wiped
sample are shown in Fig. 7.9. The sharp reflections characteristic for crystalline PCL
(compare to Fig. 7.6) can be clearly seen on the trace of the sample yielding also a
melting peak in DSC (see trace a) in Fig. 7.8). On the other hand, these reflections
are completely absent from the trace measured after the wiping of the surface of the
sample. The observed behavior is very consistent and could be repeated also with
other samples. Accordingly, we can state that origomeric PCL homopolymer
diffuses to the surface of modified CA and crystallizes there. Crystallization is much
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slower even for the homopolymer in modified CA, while short grafted chains cannot
crystallize at all. Other transitions could not be detected because of the limited
length of grafted chains or because of the rigidity of large CA molecules. The
contradiction with the results of Teramoto [19,21] and others [16,18,24] might be
explained by the fact that they had much longer PCL chains in larger amount in their
modified CA than we did.
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Figure 7.9 XRD traces of modified CA (DS=1.7) samples a) after storage, b) wiped
before the measurement

7.3. Conclusions
Various relaxation transitions were detected in externally and internally
modified cellulose acetate by DMTA. These were assigned to the glass transition of
the main chain, to the movement of single glucose units and to hydroxymethyl
groups. The β’ transition could not be identified unambiguously, since both its
position and intensity varied from sample to sample. This transition must belong to
structural units larger than a single glucose ring and their formation must depend on
sample preparation conditions. No transition could be assigned to grafted PCL
chains by DMTA. Contrary to other groups, we could not detect even the transitions
of modified CA by DSC. Only the crystallization of oligomeric PCL homopolymer
was observed mostly when it diffused to the surface of the sample.
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Summary
In recent years we obtained several indications that the interest of both the
public and the scientific community turned much more towards bio-related materials
than before. Projects related to natural polymers were initiated by some companies,
thus we carried and carry out research related to natural fibers, wood flour filled
polymers and plasticized starch. The interest in biodegradable materials and medical
applications increased as well and we had smaller or larger projects on the
mechanical testing of tissues and knee joints, on the regeneration of bones or on the
application of polyurethane for brain surgery. Accumulation and evaluation of all
this information led to the conclusion that we must increase our activity in this field
and initiate projects on our own. As a consequence, the Laboratory of Plastics and
Rubber Technology started research also on the modification of cellulose acetate in
the hope that we can generate practically relevant knowledge and solutions, which
might be interesting for the public. This thesis was dedicated to the investigation of
specific questions related to the modification of cellulose acetate by reactive
processing. We focused attention on chemistry, structure characterization and
structure-property correlations, i.e. on questions which traditionally constitute the
strengths of the Laboratory. Although we summarized the most important results of
the research at the end of each chapter, we briefly repeat them here to give a concise
overview of our achievements. At the end of this chapter we summarize the most
important new findings of this work in a few thesis points.
In the first stage of the research, cellulose acetate with a degree of substitution
of 2.1 was successfully modified with caprolactone in an internal mixer at a wide
range of temperatures and reaction times in the presence of tin-octoate catalyst.
Significant extent of modification did not occur at low temperatures, below 180 °C.
Grafting efficiency increased with increasing temperature and time. The extent of
grafting could be estimated from the amount of material extracted from the samples
by toluene and by FTIR analysis, from the relative intensity of the –CH2– and –CH3
vibrations. The amount of polycaprolactone homopolymer is relative low at the end
of the reaction; the efficiency of grafting is good. Although high temperature and
long reaction time favors grafting, considerable degradation of the product occurs
under these conditions. Quantitative analysis shows that the average length of
grafted oligomeric caprolactone chains is around 3 monomer units.
Subsequently we studied the grafting of polycaprolactone to cellulose acetate
with DS = 1.7 and found that homopolymerization occurs under relatively mild
conditions, while grafting requires higher temperatures and longer times. Grafted
PCL chains are attached mainly to positions 2 and 6 of the glucose ring and their
length increases with increasing reaction time and temperature. However, chain
length is always much shorter than that obtained in solution polymerization.
Changes in the degree of substitution during grafting are small, which, together with
other evidence, indicate that homoplymerization proceeds easier than grafting.
Rather surprisingly grafting seems to be easier in cellulose acetate with larger degree
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of substitution in spite of the smaller number of active –OH groups present. The
flexibility of the chains increase considerably as a result of plasticization shown by
the strong decrease of Tg.
We modified CA with oligomeric polycaprolactone to accelerate modification
and improve the efficiency of grafting. The oligomeric PCL used for modification
contained small and large molecular weight components. The small molecular
weight fraction plasticized cellulose acetate externally and helped the fusion of the
polymer. Although composition and the quantities characterizing structure did not
differ considerably from each other when CL monomer or PCL oligomer was used
for modification, the grafting of a few long chains had considerable effect on some
properties of the product. The large molecular weight chains attached to CA
increased the viscosity of the melt considerably and resulted also in larger
deformability, which might be beneficial in some applications. On the other hand,
oligomeric PCL homopolymer is not miscible with cellulose acetate and migrates to
the surface of the polymer. Exuded PCL oligomers crystallize on the surface of
samples, but can be removed very easily.
We established that the dynamic mechanical spectrum of cellulose acetate and
also that of other natural polymers with similar structure exhibits three main
relaxation transitions. These can be assigned to segments (α), to smaller structure
units in the main chain, probably individual glucose rings (β), and to hydroxyl or
hydroxymethylene groups (γ). Plasticization by caprolactone leads to the decrease of
the glass transition temperature of CA, but also to the breakdown of the relatively
large segments to the smaller structural units assigned to the β relaxation peak. Free
hydroxyl groups interact with the plasticizer forming larger associated structural
units with higher transition temperature. Grafting decreases the intensity of the γ
transition peak. The β’ transition could not be identified unambiguously, since both
its position and intensity varied from sample to sample. This transition must belong
to structural units larger than a single glucose ring and their formation must depend
on sample preparation conditions. No transition could be assigned to grafted PCL
chains by DMTA. Contrary to other groups, we could not detect even the transitions
of modified CA by DSC. Only the crystallization of oligomeric PCL homopolymer
was observed mostly when it diffused to the surface of the sample. Plasticization
leads to a considerable decrease in the stiffness and strength of cellulose acetate.
External plasticization creates a larger number of small structural units, but the
external plasticizer is less efficient in the decrease of stiffness than grafted
polycaprolactone chains. Internal plasticization is more advantageous because it
leads to higher flexibility at larger strength than external plasticization, and also the
migration of the plasticizer is prevented at the same time.
The most important conclusions of this thesis can be briefly summarized in the
following points:
1.
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We successfully grafted polycaprolactone chains to cellulose acetate by
reactive processing. We found that homopolymerization proceeds faster
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than grafting under mild conditions. Efficient grafting requires high
temperature and long time, but considerable degradation of cellulose
acetate takes place under such conditions.
2.

We established for the first time, that contrary to expectations, grafting of
caprolactone to cellulose acetate with larger degree of substitution is easier
than to a polymer with larger number of free –OH groups. The possible
reason of this behavior is that a larger number of free hydroxyls may form
more hydrogen bridges, which can hinder grafting reactions.

3.

We prepared oligomers and grafted them to cellulose acetate with a degree
of substitution of 1.7. We found that a few long chains modified polymer
properties in a large extent, but the relative ratio of chemical reactions
(homopolymerization vs. grafting) and the kinetics of the reactions were
not modified substantially.

4.

We characterized the structure of cellulose acetate modified chemically
with caprolactone by NMR spectroscopy. In accordance with other results
we established that changes in the degree of substitution are relatively
small, only a few caprolactone chains are attached to cellulose acetate.
Chain length increases with reaction temperature and time, but remains
much shorter than the average length of chains attached to CA in solution
polymerization. PLC chains are coupled mostly to positions 2 and 6 of the
glucose ring.

5.

We developed a new technique for the characterization of cellulose acetate
modified with long aliphatic chains. The relative ratio of the absorbance of
the –CH2– and –CH3 groups appearing at 2943 and 1270 cm-1, respectively,
in the FTIR spectra recorded on cast films is in very close correlation with
the amount of grafted polymer chains. The validity of the approach and the
correlation was verified with several methods (NMR, extraction).

6.

By the analysis of the dynamic mechanical spectrum of cellulose acetate
and also that of other natural polymers with similar structure we determined
three main relaxation transitions and assigned them to segments (α), to
smaller structural units in the main chain, probably individual glucose rings
(β), and to hydroxyl or hydroxymethylene groups (γ). Unlike others, we
could not identify the transitions of grafted caprolactone either by DMTA
or DSC.

7.

Similarly to others we found that plasticization leads to a considerable
decrease in the stiffness and strength of cellulose acetate. However, we
called attention for the first time to the fact that external plasticization
creates a larger number of small structural units, but the external plasticizer
is less efficient in the decrease of stiffness than grafted polycaprolactone
chains. Internal plasticization is more advantageous because it leads to
higher flexibility at larger strength than external plasticization.

8.

We established that oligomeric PCL homopolymer is not miscible with
cellulose acetate and migrates to the surface of the polymer. Exuded PCL
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oligomers crystallize on the surface of samples and can be removed very
easily, which is very disadvantageous and must be avoided in practical
applications.
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List of Abbreviations
Abbreviation

Explanation

a. i.

Absolute intensity

1

Nuclear magnetic resonance

H NMR

CA

Cellulose acetate

CA-g-PCL

Internally plasticized cellulose acetate

CL

ε-caprolactone

DMSO

Dimethyl sulfoxide

DMTA

Dynamical mechanical thermal analysis

DS

Degree of substitution

DSC

Differential scanning calorimerty

FTIR

Fourier transforms infrared spectroscopy

GPC

Gel permeation chromatography

gPCL

Grafted polycaprolactone

HMQC

Heteronuclear Multiple Quantum Correlation

MALDI-TOF

Matrix assisted laser desorption ionization – time of
flight

oPCL

Oligomeric polycaprolactone

PCL

Polycaprolactone

PE

Polyethylene

PET

Poly(ethylene terephthalate)

PHA

Polyhydroxyalkanoate

PHB

Poly(3-hydroxybutyrate)

PP

Polypropylene

PS

Polystyrene

PVC

Poly(vinyl chloride)

PVP

Polyvinylpyrrolidone

SEC

Size exclusion chromatography
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Abbreviation

Explanation

Tg

Glass transition temperature

Tm

Melting point

WAXS

Wide angle X-ray scattering

wt(%)

Weight percent

XRD

X-ray diffraction

YI

Yellowness index
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