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One of the hottest topics in today’s polymer
research is the research and development of
biopolymers. Biopolymers can be based on renew-
able resources or synthetic raw materials. The term
biopolymer covers not only biodegradable poly-
mers that degrade in the environment (compost) but
also bioresorbable polymers that are used in med-
ical and pharmaceutical applications where they are
eliminated by the body. Biopolymers used in med-
ical applications are biocompatible and sometimes
even bioactive, promoting cell proliferation on the
polymeric scaffold material.

Increasing crude oil prices have boosted the search
for sustainable material solutions. Important moti-
vation in the search for novel biopolymers is the
need to exploit renewable resources and labor force
locally around the world, not only in the oil-rich
countries.

In the biomedical sector, the polymers may offer
giant leaps in the applications that benefit both
patients and the entire society. Already today poly-
mer/bioactive glass composites are in clinical use.
In future, polymers for tissue engineering enable
not only healing of traumas and tissue defects, but
also cultivation of new tissue based on patients’
own cells or stem cells. In this development the role
of polymer based bioactive scaffolds is of highest
importance.

*Corresponding author, e-mail: jukka.seppala@tkk.fi
© BME-PT and GTE

Polymer based active agent release is another
emerging sector in biomedical field. More precise,
targeted and time-controlled drug or active agent
delivery devices will revolutionize therapies of sev-
eral deseases. First breakthroughs using either
biostable or bioresorbable polymers in these areas
already exist, and more is to come. Although the
first truly bioactive polymers and composites are
already in clinical studies, a new challenge is to
meet all the demands in various sectors of clinical
practices.

The above mentioned are some of the emerging
areas where sphisticated level polymer science and
its’ advances are of key significance.

Polymers are bound to save the world!

Prof. Dr. Jukka Seppild
Member of International Advisory Board
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Abstract. The amalgamation of polymer and pharmaceutical sciences led to the introduction of polymer in the design and
development of drug delivery systems. Polymeric delivery systems are mainly intended to achieve controlled or sustained
drug delivery. Polysaccharides fabricated into hydrophilic matrices remain popular biomaterials for controlled-release
dosage forms and the most abundant naturally occurring biopolymer is cellulose; so hdroxypropylmethyl cellulose, hydrox-
ypropyl cellulose, microcrystalline cellulose and hydroxyethyl cellulose can be used for production of time controlled
delivery systems. Additionally microcrystalline cellulose, sodium carboxymethyl cellulose, hydroxypropylmethyl cellu-
lose, hydroxyethyl cellulose as well as hydroxypropyl cellulose are used to coat tablets. Cellulose acetate phthalate and
hydroxymethyl cellulose phthalate are also used for enteric coating of tablets. Targeting of drugs to the colon following oral
administration has also been accomplished by using polysaccharides such as hdroxypropylmethyl cellulose and hydrox-
ypropyl cellulose in hydrated form; also they act as binders that swell when hydrated by gastric media and delay absorption.
This paper assembles the current knowledge on the structure and chemistry of cellulose, and in the development of innova-
tive cellulose esters and ethers for pharmaceuticals.

Keywords: biopolymers, cellulose derivatives, drug delivery

1. Introduction

For many years pharmacists have been employing
polymers in every aspect of their work; polystyrene
vials, rubber closures, rubber and plastic tubing for
injection sets, and polyvinylchloride flexible bags
to hold blood and intravenous solutions are all
examples of such polymers. The initial use was
often restricted to packaging rather than drug deliv-
ery. Subsequently, the amalgamation of polymer
and pharmaceutical sciences led to the introduction
of polymer in the design and development of drug
delivery systems.

*Corresponding author, e-mail: samirki@yahoo.com
© BME-PT and GTE

1.1. Drug delivery

Drug delivery is highly innovative in terms of
materials to assist delivery, excipients, and technol-
ogy which allow fast or slow release of drugs. For
example analgesics, which often involve as much
as five or six tablets a day, can be reduced to a sin-
gle dose by using appropriate excipients, based on
carbohydrate polymers. Polymers are classified in
several ways; the simplest classification used for
pharmaceutical purposes is into natural and syn-
thetic polymers.

Polysaccharides, natural polymers, fabricated into
hydrophilic matrices remain popular biomaterials
for controlled-release dosage forms and uses of a
hydrophilic polymer matrix is one of the most pop-
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ular approaches in formulating an extended-release

dosage forms [1-3]. This is due to the fact that

these formulations are relatively flexible and a well
designed system usually gives reproducible release
profiles.

Since drug release is the process by which a drug

leaves a drug product and is subjected to absorp-

tion, distribution, metabolism, and excretion

(ADME), eventually becoming available for phar-

macologic action, hence drug release is described

in several ways as follows:

a) Immediate release refers to the instantaneous
availability of drug for absorption or pharmaco-
logic action in which drug products allow drugs
to dissolve with no intention of delaying or pro-
longing dissolution or absorption of the drug.

b) Modified-release dosage forms include both
delayed and extended-release drug products.
Delayed release is defined as the release of a
drug at a time other than immediately following
administration, while extended release products
are formulated to make the drug available over
an extended period after administration.

¢) Controlled release includes extended-release
and pulsatile-release products. Pulsatile release
involves the release of finite amounts (or pulses)
of drug at distinct intervals that are programmed
into the drug product.

One of the most commonly used methods of modu-

lating tablet drug release is to include it in a matrix

system. The classification of matrix systems is
based on matrix structure, release kinetics, con-
trolled release properties (diffusion, erosion,
swelling), and the chemical nature and properties of
employed materials. Matrix systems are usually
classified in three main groups: hydrophilic, inert,
and lipidic [4]. In addition, the drug release is a
function of many factors, including the chemical
nature of the membrane, geometry and its thick-
ness, and the particle surface area of the drug
device, the physico-chemical nature of the active
substance and the interaction between the mem-
brane and the permeating fluids are also important

[5-7]. In fact, the mechanism probably varies from

membrane to membrane, depending on the mem-

brane structure as well as on the nature of the per-
meating solution. It is believed that several differ-
ent mechanisms are involved in the drug release

through a non-disintegrating polymer coat [8]:

a) Permeation through water-filled pores; in this
mechanistic model, the release of the drug
involves transfer of the dissolved molecule
through water-filled pores. The coating mem-
brane is not homogeneous. The pores can be
created by the incorporation of leachable com-
ponents, such as sugars or incompatible water-
soluble polymers into the original coating
material [9] or can be produced by an appropri-
ate production process.

b) Permeation through membrane material; in this
mechanism, the release process involves the
consecutive process of drug partition between
the core formulation and the membrane. The
drug molecules are dissolved in the membrane
at the inner face of the coat, representing equi-
librium between a saturated drug solution and
the membrane material. The transport of drug
across the coat is then driven by the concentra-
tion gradient in the membrane. Outside the
membrane, the drug is dissolved in an aqueous
environment.

¢) Osmotic pumping; this release mechanism is
driven by a difference in osmotic pressure
between the drug solution and the environment
outside the formulation.

In addition to the above, controlled release of drug

from the matrix is dependent on particle size and

type of the polymer wetting, polymer hydration,

polymer dissolution, and drug: polymer ratio [10-

13]. The hydration rate depends on the nature of the

constituents, such as the molecular structure and

the degree of substitution. The viscosity of the
aqueous solution can be increased by increasing the
average molecular weight of the polymer, the con-
centration of the polymer or decreasing the temper-
ature of the solution [1, 14]. So, the factors associ-
ated with polymers, such as molecular weight type
(nominal viscosity), concentration, degree of sub-
stitution, and particle size [15-22]; have been
shown to have a significant influence on drug
release. For example, in tablet formulations con-
taining hydrophilic polymers like HPMC, the
release of active drug is controlled by the rate of
formation of a partially hydrated gel layer of the
tablet surface formed upon contact with aqueous
gastric media following ingestion and the continu-
ous formation of additional gel layers. In addition
to this, process variables like method of granula-
tion, amount of binder added during granulation,
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use of high or low shear mixer, granule size distri-
bution, compression force during tableting, etc., are
also important for extended-release [23-33].

1.2. Cellulose and cellulosics

Cellulose is the most abundant naturally occurring
biopolymer [34, 35]. Various natural fibers such as
cotton and higher plants have cellulose as their
main constituent [36, 37]. It consists of long chains
of anhydro-D-glucopyranose units (AGU) with
each cellulose molecule having three hydroxyl
groups per AGU, with the exception of the terminal
ends (Figure 1). Cellulose is insoluble in water and
most common solvents [35]; the poor solubility is
attributed primarily to the strong intramolecular
and intermolecular hydrogen bonding between the
individual chains [34]. In spite of its poor solubility
characteristics, cellulose is used in a wide range of
applications including composites, netting, uphol-
stery, coatings, packing, paper, etc. Chemical mod-
ification of cellulose is performed to improve
process ability and to produce cellulose derivatives
(cellulosics) which can be tailored for specific
industrial applications [38]. Cellulosics are in gen-
eral strong, reproducible, recyclable and biocom-
patible [39], being used in various biomedical
applications such as blood purification membranes
and the like. Thus, through derivatization, cellu-

6
HO OH HOH,C
HO, 4 o
5 2 \
HOH,C o HO—% N
OH

losics have opened a window of opportunity and
have broadened the use of cellulosics.

As shown in the molecular structure represented in
Figure 1, the hydroxy groups of 3-1,4-glucan cellu-
lose are placed at positions C; and C3 (secondary,
equatorial) as well as Ce (primary). The CH,OH
side group is arranged in a trans-gauche (#;) posi-
tion relative to the Os—Cs and C4—Cs bonds. As a
result of the supramolecular structure of cellulose,
the solid state is represented by areas of both high
order (crystalline) and low order (amorphous). The
degree of crystallinity (DP) of cellulose (usually in
the range of 40 to 60%) covers a wide range and
depends on the origin and pretreatment of the sam-
ple (Table 1). The morphology of cellulose has a
profound effect on its reactivity, the hydroxyl
groups located in the amorphous regions are highly
accessible and react readily, whereas those in crys-
talline regions with close packing and strong inter-
chain bonding can be completely inaccessible [40].
Cellulose that is produced by plants is referred to as
native cellulose, which is found in two crystalline
forms, cellulose I and cellulose II [41]. Cellu-
lose 11, generally occurring in marine algae, is a
crystalline form that is formed when cellulose I is
treated with aqueous sodium hydroxide [42-44].
Among the four different crystalline polymorphs
cellulose I, II, III, and IV, cellulose I is thermody-
namically less stable while cellulose II is the most

Non-reducing Anhydroglucose unit, AGU Reducing
end group (n = value of DP) end group
Figure 1. Molecular structure of cellulose
Cellulose |,
NH, N:icm
NaOH NH
Cellulose IV MCE"UM&‘Q I —%x— | — Cellulose I 2o Cellulose Il
NaOH
r\k NaOH
Cellulose | glycerol
6 e
250°C Cellulose IV

Figure 2. Transformation of cellulose into its various polymorphs

Table 1. Average DP of cellulose obtained from different sources. (Reprinted from reference [39].)

Source Wood Valonia Cotton

Acetobacter xylinum

Cotton linters Flax Pulp Kapok Ramie

8-9 25-27 8-15 2-6

“DPy, (103)

1-5 7-8 2.1 9.5 9-11

“DP,, weight average DP determined by viscometric methods
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stable structure. A liquid ammonia treatment of cel-
lulose I and cellulose II gives crystalline cellu-
lose III form [45-47], and the heating of cellu-
lose III generates cellulose IV crystalline form
[48]. Figure 2 shows the transformation of cellu-
lose into its various polymorphs [49].

2. Chemical modification of cellulose

The typical modifications of cellulose are esterifi-
cations and etherifications at the hydroxyl groups
of cellulose. Most water-soluble and organic sol-
vent-soluble cellulose derivatives are prepared by
these substitution reactions, and drastic changes in
the original properties of cellulose can usually be
achieved by these chemical modifications. Others
are ionic and radical grafting, acetalation, deoxy-
halogenation, and oxidation. Figure 3 shows
schematic representation of position in cellulose
structure for chemical modifications [38].

2.1. Oxidation

Oxidized celluloses (or oxycelluloses) are water
insoluble materials produced by reacting cellulose

Subtitucion reaction Esterification
Eetherification
Deoxyhalogenation
Acetalation
Oxidation To carboxylic acid
To aldehyde
CH,OH
OH
OH

OH

with an oxidant such as gaseous chlorine, hydrogen
peroxide, peracetic acid, chlorine dioxide, nitrogen
dioxide (dinitrogen tetraoxide), persulfates, per-
manganate, dichromate-sulfuric acid, hypochlorous
acid, hypohalites or periodates. These oxidized cel-
luloses may contain carboxylic, aldehyde, and/or
ketone functionalities, in addition to the hydroxyl
groups, depending on the nature of the oxidant and
the reaction conditions used in their preparation
[50].

It is well known that primary alcohol groups of cel-
lulose are partly converted to carboxyl ones by oxi-
dation with N>Oy4 in chloroform. Recently a new
water-soluble reagent, 2,2,6,6-tetramethylpiperi-
dine-1-oxyl radical (TEMP) can oxidize primary
alcohol groups of water soluble polysaccharides
such as starch to carboxyl ones with good yields
and selectivity in the presences of an oxidizing
agent at pH 9-11 [51]. The TEMPO-NaBr-NaCIO
system was first applied to native cellulose by
Chang and Robyt [52] but did not give water-solu-
ble cello-uronic acid. By oxidation of cellulose
under various condition and using regenerated and
mercerized celluloses as starting materials, small
amounts of carboxyl groups were introduced into

Acid hydrolysis
Oxidative cleavage
Oxidation to carboxylic acid

Raduction to alcohol

:" Oxidative cleavage
i | of C—C4 glycol

Formation of radical

' by abstraction of H
1 1
Subtitucion reaction Esterification
Eetherification
Deoxyhalogenation
Acetalation
Oxidation To ketone

Reaction at minor groups Carboxyl group  Esterification
Amidation
Reduction to alcohol
Aldehyde group Oxidation to carboxylic acid

Reduction to alcohol

Figure 3. Position in cellulose structure for chemical modifications
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cellulose by this oxidation and water soluble cello-
urionic acid sodium salts were obtained [53]. On
the other hand, the periodate oxidation is used to
prepare dialdehyde cellulose at laboratory levels
which proceeded homogeneously in the aqueous
solution, and almost completely oxidized dialde-
hyde cellulose was obtained within 20 h [54]. This
dialdehyde cellulose can be oxidized to the corre-
sponding dicarboxyl cellulose with sodium chlo-
rite, or reduced to the corresponding dialcohol
cellulose with sodium borohydride [55, 56].

2.2. Microcrystallization

Purified microcrystalline cellulose is partially
depolymerized cellulose prepared by treating o-cel-
lulose, obtained as a pulp from fibrous plant mate-
rial, with mineral acids. The degree of polymeriza-
tion is typically less than 400. Traditionally, MCC
has been prepared from bamboo [57, 58], wood
pulp [59], viscose rayon [60] and cotton [61].
Attempts have also been made to produce MCC
from other sources such as newsprint waste [62],
hosiery waste [63], and corncobs [64], as well as
from fast-growing plants including sesbania ses-
ban, sroxburghii, crotalaria juncea [65], bagasse,
rice straw, as well as cotton stalks bleached pulps
[66]. When cellulose reacts with acid, the B(1-4)
glycoside bond is attacked and the acetal linkage is
broken resulting in the hydrolysis of the chain, thus
the degree of polymerization decreases [67]. On the
other hand, oxidizing agents have an impacting
effect on the cellulose chain and the hydroxyl
groups react to form carbonyl and carboxyl groups.
So, the oxidation reaction of cellulose shortens the
average length of the cellulose chain and using of
HNO3 or N2O4, each of which transfer cellulose
into MCC with carboxyl groups [68].

2.3. Etherification

The presence of hydroxyl groups readily suggested
to chemists that cellulose might be converted to
useful derivatives by etherification. This reaction is
expressed by the Equation (1):

ROR + R'C1 — ROKR’
alkylchloride

+ HCI (1)

alcohol ether hydrogen cloride

where R’ is an organic radical such as the methyl
(CH3-), ethyl (CoHs-), or a more complex struc-
ture. The alcohol, ROH, represents one of the three
OH groups in an AGU. Cellulose ethers can be pre-
pared by treating alkali cellulose with a number of
various reagents including alkyl or aryl halides (or
sulfates), alkene oxides, and unsaturated com-
pounds activated by electron-attracting groups. For
example methyl and ethylcellulose ethers can be
prepared by the action of methyl and ethyl chlo-
rides or methyl and ethyl sulfates, respectively, on
cellulose that has been treated with alkali. Purifica-
tion is accomplished by washing the reaction prod-
uct with hot water. The degree of methylation or
ethylation can be controlled to yield products that
vary in their viscosities when they are in solution. If
mixed ether such as ethylhydroxyethyl cellulose is
to be produced, the two reagents, ethyl chloride and
ethylene oxide, can be added either consecutively
or as a mixture. The nature of the resultant product
is dependent upon the molar ratio of the two etheri-
fying agents (the ratio of the number of molecules
of one to the other) and on the method of their addi-
tion. Table 2 provides a list of some typical
reagents, co-products, and by-products.

On the other hand, cellulose ethers of moderate to
high molecular weight are insoluble in water. As a
rule, as the DS increases, the polymers gradually
pass through a stage of solubility in dilute alkali

Table 2. Etherifying agents, co-products, and by-products from the production of cellulose ethers

Cellulose ether Etherifying agent Co-product Name By-product Formula
Methyl (MC) methy! chloride NaCl $it1}§1?;11 sther ggzggm
Ethyl (EC) ethyl chloride NaCl Ztl};:‘}?yoll ther Eiﬁiggms
Hydroxyethyl (HEC) ethylene oxide none egloyllye;‘z ilflf;’rleiﬁd CH,OHCH,OH
Hydroxypropyl (HPC) propylene oxide none P ;Oorl)})/]:rfzfsi}:rz:)?nd CH3CH2OHCH>OH
Carboxymethyl (CMC) chloroacetic acid NaCl glycolic acid HO-CH,-COOH
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Table 3. Solubility of cellulose ether (organic solvent is a mixture of chloroform or methylene chloride and methanol

or ethanol)

Cellulose ether DS Solubility
0.1-1.1 soluble in 6-8% NaOH
MC 1.4-2.0 soluble in H20
24-2.8 soluble in organic solvents
0.8-1.7 soluble in H,O
EC 24-28 soluble in organic solvents
NaCMC 0.1-3.0 soluble in H20
CMC 0.05-0.25 soluble in 6-8% NaOH
HEC 0.11-0.31 soluble in 6-8% NaOH
0.66-1.66 soluble in H20
HPC 0.15-0.35 soluble in 6-8% NaOH
3.54.5 soluble in H,O
0.68 (ethyl) and 0.87 (hydroxyethyl) soluble in H2O
EHEC [70] 1.9-2.2 (ethyl) and 0.35-0.65 (hydroxyethyl) soluble in organic solvents
1.33 (ethyl) and 0.51 (hydroxyethyl) soluble in both H>O and organic solvents

(those with a DS of up to about 1.0), then through a
water soluble stage (about DS 1.0-2.3), and finally
attain an organic-solvent-soluble stage (DS 2.3-3.0)
such DS ranges are, of course, only approximate.
Also, the trend toward organic solvent solubility is
gradual and differs for individual ethers. The ionic
character of CMC, for example, makes its behavior
exceptional. Moreover, the uniformity of substitu-
tion along the cellulose chain can have a major
influence on solubility [69]. Solubility of some typ-
ical cellulose ether is summarized in Table 3. The
ranges of DS cited in these examples are only
approximate because solubility is influenced by the
distribution of molecular weights of various frac-
tions in a given product and by the extent and uni-
formity of substitution within particular products or
molecular weight fractions. The water-soluble cel-
lulose ethers should not be regarded simply as
water-soluble forms of cellulose. The ethers are
derivatives of cellulose, containing only a fraction
of the original cellulose structure in their molecular
make-up [70].

2.4. Esterification

The esterification can be considered as a typical
equilibrium reaction in which an alcohol and acid
react to form ester and water. Cellulose is esterified
with certain acids such as acetic acid, nitric acid,
sulfuric acid, and phosphoric acid. A prerequisite is
that the acid used can bring about a strong swelling
thus penetrating throughout the cellulose structure.
Esterification of cellulose to give cellulose trini-
trate was discovered by Schonbein in 1846 using a

mixture of sulfuric and nitric acids. The resultant
compound was so flammable that its first use was
as smokeless gunpowder. By the end of the nine-
teenth century, cellulose nitrates had been prepared
with a lower DS, and they could safely be used for
other purposes. All cellulose nitrates are prepared
by Schonbein’s method, in which aqueous slurry of
cellulose is reacted with nitric acid in the presence
of sulfuric acid. The reaction is in equilibrium and
thus the removal of water during the reaction forces
the reaction to completion and the relative concen-
trations of the reacting species determine the ulti-
mate DS [71].

The discovery that cellulose esters could be pre-
pared with organic substituents led to the develop-
ment of cellulose derivatives that had decreased
flammability compared to that of cellulose nitrate.
The most important organic ester is cellulose
acetate which prepared by the reaction of acetic
anhydride with cellulose in the presence of sulfuric
acid. Acetic acid is used as the solvent and the reac-
tion is carried out for about 8 h to yield the triester
(defined as having a DS greater than 2.75). The
derivatives with lower DS values are obtained by
the hydrolysis of the triester by hydrochloric acid to
yield the desired substitution.

3. Pharmaceutical uses of cellulose and
cellulose derivatives

3.1. Oxycellulose

Oxidized cellulose (oxycellulose) is cellulose in
which some of the terminal primary alcohol groups
of the glucose residues have been converted to car-
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boxyl groups. Therefore, the product is possibly a
synthetic polyanhydrocellobiuronide and that con-
tain 25% carboxyl groups are too brittle (friable)
and too readily soluble to be of use. Those products
that have lower carboxyl contents are the most
desirable.

The oxidized cellulose fabric, such as gauze or cot-
ton, resembles the parent substance; it is insoluble
in water and acids but soluble in dilute alkalis. In
weakly alkaline solutions, it swells and becomes
translucent and gelatinous. When wet with blood, it
becomes slightly sticky and swells, forming a dark
brown gelatinous mass. So, it is used in various sur-
gical procedures, by direct application to the oozing
surface except when used for homeostasis, it is not
recommended as a surface dressing for open
wounds [72].

The oxidized cellulose product readily disperses in
water and forms thixotropic dispersions. Such sus-
pensions/dispersions, which may be optionally
combined with other pharmaceutical and cosmetic
adjuvants, can be used for producing novel film-
forming systems. A wide variety of solid (crys-
talline or amorphous) and liquid (volatile or
non-volatile) acidic, neutral, and basic bioactive
compounds can be entrapped/loaded in such sys-
tems, thereby producing substantive controlled
and/or sustained release formulations, having
unique applications in the development of variety
of cosmetic, pharmaceutical, agricultural, and con-
sumer products. Topical formulations (cream,
lotion, or spray) prepared using the oxidized cellu-
lose material, are bioadhesive, can be applied on
the human skin or hair, can be included in cosmet-
ics [73]. Oxidized cellulose dispersion uses in anti-
acne cream, anti-acne lotion, sunscreen spray,
anti-fungal cream also.

For using oxidized cellulose as a direct compres-
sion excipient Banker and Kumar grounded it and
prepared tablets by mixing the ingredients by ratio
of 20, 79 and 1% for oxidized cellulose, lactose NF
(Fast-Flo), magnesium stearate respectively, each
tablet weighed 500 + 10 mg. The hardness, the dis-
integration times and water penetration rate were
5.17 kg, 30 sec and 10.49 mg/sec respectively [73].

3.2. Microcrystalline cellulose

Since its introduction in the 1960s, MCC has
offered great advantages in the formulation of solid

dosage forms, but some characteristics have limited
its application, such as relatively low bulk density,
moderate flowability, loss of compactibility after
wet granulation, and sensitivity to lubricants. Silici-
fication of MCC improves the functionality of
MCC with such properties as enhanced density,
low moisture content, flowability, lubricity, larger
particle size, compactibility and compressibility.
Silicified MCC (SMCC) is manufactured by co-
drying a suspension of MCC particles and colloidal
silicon dioxide such that the dried finished product
contains 2% colloidal silicon dioxide [74]. Silicon
dioxide simply adheres to the surface of MCC and
occurs mainly on the surface of MCC particles;
only a small amount was detected in the internal
regions of the particles. So, SMCC shows higher
bulk density than the common types of MCC [75].
Also, tensile strength of compacts of SMCC is
greater than that of the respective MCC [76] and it
is most probably a consequence of intersurface
interactions of silicon dioxide and MCC [77].
Tableting studies have suggested that SMCC has
enhanced compactibility, even after wet granula-
tion, and reduced lubricant sensitivity, compared to
the regular grade of MCC.

For example, Sherwood and Becker [78] have com-
pared the direct-compression tableting performance
of SMCC 90 with a regular grade of MCC (Avicel
PH102) that has similar particle size and density.
They found that, SMCC 90 was 10-40% more
compactable than regular MCC in the absence of
drug. The SMCC 90 also showed a lower lubricant
sensitivity and retained, two to three times the com-
pactibility in tableting of the comparable MCC
grade in a blending time study. Also, Guo and
Augsburger compared SMCC’s performance to
that of other excipients commonly used in hard gel-
atin capsule direct-fill formulations such as anhy-
drous lactose (direct tableting grade), pregela-
tinized starch (PGS), and MCC. The study revealed
that SMCC exhibited relatively higher compactibil-
ity under the low compression force of a donator
capsule filling than either PGS or lactose. Products
formulated with the SMCC materials exhibited
faster dissolution rates than those formulated with
PGS and anhydrous lactose when loaded with 5%
piroxicam, 30 and 50% acetaminophen. Such
higher compactibility and fast dissolution rates sug-
gest that SMCC could be a suitable alternative
excipient for direct- fill formulations for hard shell
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capsules [79]. In another study, comparison of the
compaction force versus tablet tensile strength
showed that SMCC was approximately 20% more
compactible than regular MCC. Stronger tablets
manufactured from SMCC were easier to coat fur-
ther also, the size and weight of individual tablets
were decreased, which increases patients’ compli-
ance [80]. SMCC possesses further advantages,
decreasing the hygroscopicity of the active ingredi-
ent (increased stability of tablets). Due to a
decreased size, higher compressibility, and better
flow properties (lower sensitivity to the rate of
tableting); a larger number of tablets in one batch
can be achieved, which makes their manufacture
substantially cheaper [81].

In contrast to routinely used SMCC, the high-den-
sity degree showed further improvement in flow
properties and lesser sensitivity to the rate of tablet-
ing. Muzikovd and Novakovd compare the tensile
strength and disintegration time of compacts from
two types of SMCC, Prosolv. SMCC 90, and
Proslov HD 90 high density SMCC [82]. The used
lubricants were magnesium stearate and sodium
stearyl fumarate in a concentration of 0.5%, while
ascorbic acid and acetylsalicylic acid in a concen-
tration of 50% were used as active ingredients.
They found that; SMCC proved to be better com-
patible than high density SMCC; the compacts
were of higher strength, which was markedly
increased with increasing compression force. High
density SMCC was more sensitive to additions of
lubricants, and a greater decrease in strength was
recorded due to the influence of sodium stearyl
fumarate. The disintegration time of compacts from
high density SMCC without as well as with lubri-
cants was shorter than that of those from SMCC
and was increasing with increasing compression
force.

Table 4. Applications for NaCMC

3.3. Cellulose ether

Cellulose ethers are widely used as important
excipients for designing matrix tablets. On contact
with water, the cellulose ethers start to swell and
the hydrogel layer starts to grow around the dry
core of the tablet. The hydrogel presents a diffu-
sional barrier for water molecules penetrating into
the polymer matrix and the drug molecules being
released [83-87].

3.3.1. Sodium carboxymethyl cellulose

It is a low-cost commercial soluble and polyanionic
polysaccharide derivative of cellulose that has been
employed in medicine, as an emulsifying agent in
pharmaceuticals, and in cosmetics [88]. The many
important functions provided by this polymer make
it a preferred thickener, suspending aid, stabilizer,
binder, and film-former in a wide variety of uses. A
representative listing of the many applications for
NaCMC is given below in Table 4 [89].

In biomedicine it has been employed for preventing
postsurgical soft tissue and epidural scar adhesions.
Sanino et al. have proposed the use of CMC and
HEC-based gels as water absorbents in treating
edemas [90]. It can also be used for the therapeutic
application of the superoxide dismutase enzyme
(SOD), presented as hydrogels of CMC carrying
the enzyme for its controlled release [91]. Thera-
peutic use of SOD enzyme is limited by its fast
clearance from the bloodstream and inactivation by
its own reaction product, i.e. hydrogen peroxide.
The SOD enzyme was adsorbed into the hydrogel
for its controlled release, rendering two formula-
tions: SOD-CMC conjugates and SOD-CMC
hydrogels [92]. Both formulations were chemically
and biologically characterized, the resulting showed
that up to 50% of the SOD was released from the

Specific applications

Properties utilized

Ointments, creams, lotions

emulsion, stabilizer, thickener, film-former

Jellies, salves

thickener, gelling agent, protective colloid, film-former

Tablet binder, granulation aid

high-strength binder

Sustained release

thickener, diffusion barrier

Tablet coating

film-former

Bulk laxatives

physiologically inert, high water-binding capacity

Syrups, suspensions

thickener, suspending aid

Toothpaste

thickener, flavor stabilizer, suspending aid, binder

Shampoos, foamed products

suspending aid, thickener, foam stabilizer, high water-binding capacity

Denture adhesives

wet tack, long-lasting adhesion
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SOD-CMC hydrogel after 72 h, indicating a con-
trolled release kinetic [93].

In a double-blind trial in patients suffering from
Sjogren’s syndrome, a CMC-containing substitute
and a glycerine mouthwash used as a control were
tested. Nocturnal oral discomfort was the only
symptom which was relieved more by the CMC-
containing substitute [94]. And in comparing the
lubricating properties of two saliva substitutes, one
containing mucin and the other CMC both showed
almost the same objective effects, with changed
friction values of about 15 min which was more
than twice as long as for water. Both water and the
two saliva substitutes relieved the symptoms of dry
mouth to some extent but they did not have a suffi-
ciently long lasting effect [95].

Also, NaCMC can be used in preparation of semi-
interpenetrating polymer network microspheres by
using glutaraldehyde as a crosslinker. Ketorolac
tromethamine, an anti-inflammatory and analgesic
agent, was successfully encapsulated into these
microspheres and drug encapsulation of up to 67%
was achieved. The diffusion coefficients decreased
with increasing crosslinking as well as increasing
content of NaCMC in the matrix and in vitro
release studies indicated a dependence of release
rate on both the extent of crosslinking and the
amount of NaCMC used to produce microspheres
[96]. Another nonsteroidal anti-inflammatory agent
indomethacin, has a short biological half-life of
2.6-11.2 h [97], the usual oral dosage for adults is
25 or 50 mg, 2 to 3 times a day. Controlled release
preparations of this drug are to increase patient
compliance and to reduce adverse effects, fluctua-
tion in plasma concentration and dosing frequency.
Waree and Garnpimol prepared a complex of chi-
tosan and CMC and crosslinked by glutaraldehyde
to control the release of indomethacin from micro-
capsule [98]. The membrane of microcapsules was
formed by electrostatic interaction between posi-
tive charged amine on the chitosan chain and the
negative charged hydroxyl group on the CMC
chain, the concentration of CMC affect on the
formability of chitosan-CMC microcapsules [99].
Glutaraldehyde reacted with hydroxyl group in
CMC chain to form acetal and reacted with amino
group in chitosan to form Schiff base. The
crosslinking provided dense and rigid surface of
microcapsule and reduced the degree of swelling
and the rate of drug release microcapsule. In the

drug release study, the mechanism of drug release
was prominently diffusion controlled through wall
membrane and pore. The release of drug from
microcapsule could be governed by optimizing the
pH of chitosan solution, the hardening time and the
glutaraldehyde content [100-103].

Esterification of NaCMC with acryloyl chloride
improves the swelling properties such as the degree
of swelling of the esterified product changes as the
pH is varied. At pH 9.4 the swelling % is quite high
compared to that at pH 1.4 and 5.4 so; it can be
used as a pH responsive polymer for various bio-
medical applications. Since this polymer swells at
high pH and collapses at low pH values so; this
polymer can be used in oral delivery, in which the
polymer will retard drug release at low pH values in
the stomach while releasing the same at high pH
values in the small intestine [104]. Hence this poly-
mer can be used for pH-sensitive drug delivery sys-
tem like asprin, indomethacin, diclofenac etc. in the
intestine and as a wound dressing material [105].

3.3.2. Methylcellulose

MC resembles cotton in appearance and is neutral,
odorless, tasteless, and inert. It swells in water and
reproduces a clear to opalescent, viscous, colloidal
solution and it is insoluble in most of the common
organic solvents. However, aqueous solutions of
MC can be diluted with ethanol. MC solutions are
stable over a wide range of pH (2 to 12) with no
apparent change in viscosity. They can be used as
bulk laxatives, so it can be used to treat constipa-
tion, and in nose drops, ophthalmic preparations,
burn preparations ointments, and like preparations.
Although MC when used as a bulk laxative takes up
water quite uniformly, tablets of MC have caused
fecal impaction and intestinal obstruction [72]. As
we mention before; it dissolves in cold water but
higher DS-values result in lower solubility, because
the polar hydroxyl groups are masked so; the
expected questions are, how drug works and how it
is given? MC absorbs water, which expands in the
intestines, when eaten MC is not absorbed by the
intestines but passes through the digestive tract
undisturbed. It attracts large amounts of water into
the colon, producing a softer and bulkier stool so; it
is used to treat constipation, diverticulosis, hemor-
rhoids and irritable bowel syndrome. It should be
taken with sufficient amounts of fluid to prevent
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dehydration. The commons side effect is nausea
and the less common side effects are vomiting and
cramp [106].

On the other hand, solid dispersion, in which com-
pounds are dispersed into water-soluble carriers,
has been generally used to improve the dissolution
properties and the bioavailability of drugs that are
poorly soluble in water [107-111]. MC has the
hydroxyl group in a structure and is interactive with
the carboxylic acid of carboxyvinyl polymer (CP),
as well as poly(ethylene oxide) (PEO). Ozeki et al.
examined the controlled release of antipyretic
phenacetin (PHE) from solid dispersion by the for-
mation of an interpolymer complex between MC
and CP. They found that, the rate of PHE release
from the solid dispersion granules was lower than
from the PHE powder. The PHE release profiles
from the solid dispersion granules varied depend-
ing on the MC/CP ratio, and the rate of release was
the lowest at a MC/CP ratio of 50:50. Also the rate
of PHE release decreased as the molecular weight
of MC increased. By studying the effect of the
molecular weight of MC on the time required to
release half of PHE (Ts0). The Tso of the MC-CP
solid dispersion increased as the molecular weight
of the MC increased, and it essentially leveled off
when the molecular weight of MC was 180 000
(Figure 4). So, from this study it is feasible to con-
trol the release of PHE from MC-CP polymer solid
dispersion granules by modulating complex forma-
tion between MC and CP, which can be accom-
plished by altering the MC/CP ratio and the
molecular weight of MC [112].
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Figure 4. Tso for PHE release from MC-CP solid disper-
sion using various molecular weights of MC

3.3.3. Ethylcellulose

It is the non-ionic, pH insensitive cellulose ether

and insoluble in water but soluble in many polar

organic solvents. It is used as;

— A non-swellable, insoluble component in matrix
or coating systems.

— When water-soluble binders cannot be used in
dosage processing because of water sensitivity of
the active ingredient, EC is often chosen.

— It can be used to coat one or more active ingredi-
ents of a tablet to prevent them from reacting
with other materials or with one another.

— It can prevent discoloration of easily oxidizable
substances such as ascorbic acid.

— Allowing granulations for easily compressed
tablets and other dosage forms.

— It can also be used on its own or in combination
with water-soluble polymers to prepare sustained
release film coatings that are frequently used for
the coating of micro-particles, pellets and tablets.

In addition to EC, HEC is also non-ionic water-sol-

uble cellulose ether, easily dispersed in cold or hot

water to give solutions of varying viscosities and
desired properties, yet it is insoluble in organic sol-
vents. It is used as a modified release tablet matrix,

a film former and a thickener, stabilizer and sus-

pending agent for oral and topical applications

when a non-ionic material is desired. Many
researchers like Mura et al. [113] Friedman and

Golomb [114] Soskolne et al. [115] have demon-

strated the ability of EC to sustain the release of

drugs.

3.3.4. Hydroxypropyl cellulose

It is non-ionic water-soluble and pH insensitive cel-
lulose ether. It can be used as thickening agent,
tablet binding, modified release and film coating.
By using solid dispersions containing a polymer
blend, such as HPC and EC, it is possible to pre-
cisely control the rate of release of an extremely
water soluble drug, such as oxprenolol hydrochlo-
ride [116-120] In this case, the water-soluble HPC
swells in water and is trapped in the water-insolu-
ble EC so that the release of the drug is slowed.
These studies have shown that there is a linear rela-
tionship between the rate of release of the water
insoluble drug and its interaction with the polymer
[121-123]. On the other hand, Buccal delivery for-
mulations containing HPC and polyacrylic acid
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Figure 5. Treatment of a 12-year-old male patient with the bioadhesive tablet. (a) 7 mm diameter aphthous lesion on the
mucosal membrane. (b) 15 minutes after placement of tablet onto the canker sore. (c) After 36 h.

have been in use for many years [124-128], with
various ratios of the two polymers. Whereas
mucoadhesive delivery systems have been reported
for several different drugs [129-131], there have
been only a few reports about their use in the treat-
ment of oral mucosal disorders such as canker
sores. Adhesive tablets were prepared by compres-
sion molding of mixed powders of crosslinked
polyacrylic acid and HPC, absorbed with citrus oil
and magnesium salt. Tablets adhere well to the
mucosal tissue and gradually erode for 8 h releas-
ing the citrus oil whereas the magnesium is released
during a period of 2 h. Both experimental and plain
tablets were effective in reducing pain and decreas-
ing healing time without adverse side effects, and
the tablets loaded with active agents were more
effective [132]. Figure 5 shows a male who had
recurrent aphthous stomatitis, with a 7 mm diame-
ter canker sore in the left lip before, during, and
after treatment with the mucoadhesive tablet.

To obtain a new biocompatible polymeric materials
of high molecular weight with a range of hydro-
philic and swelling properties, as well as chemical
and mechanical ones [133] hydroxypropyl
methacrylate was grafted onto hydroxypropyl
starch and HPC by Ce(IV) redox initiation method
and crosslinked by different amounts of ethyleneg-
lycol dimethacrylate. The graft copolymers can be
considered of great interest as direct compression
excipients due to their different chemical structure
and composition; they showed differences in vis-
coelastic properties that revealed an interesting
range of possibilities for use in drug delivery for-

mulations [134]. Although no crosslinked polymer
was suitable as a direct compression excipient, rhe-
ological studies suggested that the use of this kind
of graft copolymer in a formulation could improve
the controlled release properties. Furthermore, non-
crosslinked graft copolymers of hydroxypropyl
methacrylate on both hydroxypropyl starch and
HPC offer interesting characteristics as controlled
release matrices. Gon et al. observed that when
excipients were added, performance (compres-
sional and tablet parameters and dissolution tests)
of the tablets was negatively affected. Therefore,
graft copolymers can stand alone as an effective
matrix for tablets designed for drug delivery sys-
tems [135].

3.3.5. Hydroxypropyl methyl cellulose

HPMC is water soluble cellulose ether and it can be
used as hydrophilic polymer for the preparation of
controlled release tablets. Water penetrates the
matrix and hydrating the polymer chains which
eventually disentangle from the matrix. Since it is
generally recognized that drug release from HPMC
matrices follows two mechanisms, drug diffusion
through the swelling gel layer and release by matrix
erosion of the swollen layer [136-139], therefore,
quantifying the percent contribution of diffusion
and erosion to the overall drug release is important.
Several authors [140-142] have attempted to model
the erosion mechanism of swellable polymeric
matrices. Reynolds et al. found that; drug release
resulting from polymer erosion was linear versus
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time and was found to be a function of the number
average molecular weight of the polymer (HPMC).
In contrast, by comparing the diffusional release
rates of HPMC of different molecular weight, they
found that, they were independent of number aver-
age molecular weight of the polymers studied. The
erosion study indicated that polymer diffusion of
the HPMC polymer chains through the aqueous dif-
fusion layer was the rate-limiting step for polymer
erosion and in general polymer erosion was found
to be inversely related to the polymer number aver-
age molecular weight [143]. In addition, surface
area/volume is one of the key variables in control-
ling drug release from HPMC matrix tablets. It can
be utilized to duplicate drug release profiles for
tablets having different sizes, shapes, and dose lev-
els. Tablets having the same surface area but differ-
ent surface area/volume values did not result in
similar drug release; tablets with larger surface
area/volume values had faster release profiles
[144].

Another variable in controlling drug release is the
viscosity of HPMC. Ifat Katzhendler et al. studied
the effect of molecular weight of HPMC on the
mechanism of drug release of naproxen sodium
(NS) and naproxen (N) [145]. The study showed
that matrices composed of various viscosity grades
of HPMC are characterized by similar microviscos-
ity values in spite of the difference in their molecu-
lar weight. pH measurements revealed that incorpo-
ration of N to HPMC matrix led to lower internal
pH value inside the hydrated tablet compared with
NS. This behavior led to lower solubility of N
which dictates its surface erosion mechanism, com-
pared with NS matrix that was characterized by
higher internal pH value and higher drug solubility.
These properties of HPMC/NS increased chain
hydration and stability, and led to drug release by
the diffusion mechanism.

Also there have been many studies demonstrating
that the drug release profile from a hydrophilic
matrix tablet is influenced by the viscosity of the
gel layer formed due to its polymer hydration [146,
147]. However, little work has been done to study
the influence of lot-to-lot apparent viscosity differ-
ence on in vitro dissolution. Also, not much has
been done to compare the effect of using a single
grade of HPMC versus a mixture of two different
grades of HPMC on drug release [148]. The current
apparent viscosity range specification for HPMC

given by the manufacturer is 11,250-21,000 cps
[149] and two lots of this polymer may differ
widely from each other in terms of apparent viscos-
ity. Khanvilkar et al. studied the effects of a mix-
ture of two different grades of HPMC and apparent
viscosity on drug release profiles of extended-
release matrix tablets. The study showed that lower
and higher viscosity grades of HPMC can be mixed
uniformly in definite proportions to get the desired
apparent viscosity. Incorporating a low viscosity
grade of HPMC in the formulation would lead to a
significantly shorter 44 (lag time, the time taken by
the matrix tablet edges to get hydrated and achieve
a state of quasi equilibrium before erosion and the
advance of solvent front through the matrix occur)
however, it imposes minimal impact on the overall
dissolution profile. Also the drug release from an
HPMC matrix tablet prepared by dry blend and
direct compression approach is independent of
tablet hardness, is diffusion-controlled, and depends
mostly on the viscosity of the gel layer formed
[150]. Moreover by studying the distribution of
HPMC within the tablet matrix Ye et al. found that
manufacturing process has a significant impact in
determining the dissolution characteristics of
HPMC matrix tablets. When HPMC matrix tablets
were prepared by wet-granulation approach, the
tablet hardness, distribution of HPMC within the
tablet (intergranular and intragranular), and the
amount of water added in the wet granulation step
all have a significant impact on dissolution. By
incorporating partial amount of HPMC intergranu-
larly in the dry-blend step, drug-release profiles
could be made much less sensitive to the manufac-
turing process [151]. Liu ef al. used alginate as the
gelling agent in combination with HPMC which
acted as a viscosity-enhancing agent in release of
gatifloxacin. The rheological behaviors were not
affected by the incorporation of gatifloxacin. Both
in vitro release and in vivo pre-corneal retention
studies indicated that the alginate/HPMC solution
retained the drug better than the alginate or HPMC
solutions alone. These results demonstrate that the
alginate/HPMC mixture can be used as an in situ
gelling vehicle to enhance ocular bioavailability
and patient compliance [152].

Owing to the hydration and gel forming properties
of HPMC, it can be used to prolong the release of
active compound like yahom, yahom is a well-
known traditional remedy/medicine for treatment

769



Kamel et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 758-778

of nausea, vomiting, flatulent and unconscious in
Thailand [153]. The yahom buccal tablet had
antimicrobial activities that could be able to cure
the oral microbial infection and aid the wound heal-
ing but the addition of polyvinyl pyrrolidone (PVP)
combined with HPMC could promote the bioadhe-
sive of yahom tablet [154]. Chantana et al. found
that, the disintegration time of tablet was longer as
the amount of polymer was increased or the higher
amount of HPMC was enhanced, while the water
sorption and erosion of tablet containing yahom:
polymer mixture 50:50, which the polymer mixture
containing PVP: HPMC 1:2 was lower than that of
tablet containing these polymers at ratio of 1:1 and
2:1 respectively. This indicated that PVP had the
higher water sorption and erosion, whereas HPMC
could prolong the erosion of tablet. So, the tablet
containing yahom 50%, that had the polymer mix-
ture of PVP: HPMC 1:2 was suitable to use as the
buccal tablet since it had the low water sorption and
erosion [155]. On the other hand, the combination
of two or more excipients is frequently used in drug
formulation to improve the tableting and release
properties of the materials. In addition to the cellu-
lose derivatives, crosslinked high amylose starch
(CLA), has been successfully used as a controlled
release excipient for the preparation of solid dosage
forms [156]. Rahmouni et al. characterized the gel
matrix properties of binary mixtures of CLA/
HPMC, and evaluated the effect of incorporated
HPMC on the release kinetics of three model drugs
of different solubilities such as pseudoephedrine
sulfate (very soluble), sodium diclofenac (sparingly
soluble), and prednisone (very slightly soluble)
[157]. Swelling characteristics and erosion of gran-
ulated crosslinked high amylose starch (CLAgr)/
HPMC tablets were found to increase with HPMC
concentration and incubation time. The equilibrium
swelling and weight loss of CLAgr tablets were
reached after 6 h, whereas HPMC tablets continued
to swell and erode even after 24 h. HPMC is known
to hydrate more rapidly than CLA, and forms a gel
layer upon contact with aqueous medium. When
the gel layer is sufficiently hydrated, the polymeric
network begins to disintegrate and dissolve in the
medium, resulting in matrix weight loss. Since
CLA is a natural polysaccharide derivative, which
does not much differ from HPMC, the same mech-
anism of hydration and erosion is expected for

CLA matrices. However, in this case, extensive
swelling is restrained by the physical crosslinks,
which limit tablet expansion and disintegration, the
limited erosion observed with CLA tablets is prob-
ably related to the release of non-crosslinked amy-
lose chains. The drug release experiments revealed
that, in the absence of o-amylase, both pseu-
doephedrine and sodium diclofenac were released
more rapidly from CLAgr, CLAgr/HPMC and
granulated CLA/HPMC tablets than HPMC matri-
ces. Release of pseudoephedrine and sodium
diclofenac was completed in approximately 12 and
22 h, respectively, whereas only 30-35% pred-
nisone was released after 24 h and all three drugs
were probably released mainly by diffusion. The
addition of a-amylase to the dissolution medium
increased substantially the release rate. It has been
demonstrated that o-amylase degrades CLA tablets
into water-soluble degradation products, resulting
in surface tablet erosion which enhances the release
kinetics of poorly water soluble drugs [158, 159].
Introducing HPMC into CLA tablets at a concen-
tration of 10% may reduce the enzymatic hydroly-
sis by slowing down the diffusion of the enzyme in
the substrate. However, this decrease in release rate
was less significant for highly water soluble drugs,
such as pseudoephedrine, which rapidly diffuses
out of the matrix. So, swelling and erosion of the
matrices increased with HPMC content and incuba-
tion time. In addition CLA formed stronger gels
than HPMC or CLA/HPMC mixture and the pres-
ence of HPMC in CLA tablets at concentration
10% protected CLA against oi-amylase hydrolysis
and reduced the release rate of poorly and moder-
ately water-soluble drugs. The release of the highly
water soluble model drug was rapid both in the
presence or absence of HPMC, and occurred
mainly by diffusion.

In another study the effect of the concentration of
HPMC on naproxen release rate was studied, the
dissolution results showed that an increased
amount of HPMC resulted in reduced drug release.
The inclusion of buffers to increase the dissolution
and to decrease the gastric irritation of weak acid
drugs, such as naproxen in the HPMC matrix
tablets enhanced naproxen release. Naproxen is a
weak acid, so it is more soluble in alkaline media.
The inclusion of sodium bicarbonate and calcium
carbonate in the HPMC matrix improved the
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naproxen dissolution; however, including sodium
citrate did not produce any effect on naproxen dis-
solution [160].

The drug release for extended duration, particularly
for highly water-soluble drugs, using a hydrophilic
matrix system is restricted due to rapid diffusion of
the dissolved drug through the hydrophilic gel net-
work. For such drugs with high water solubility,
hydrophobic polymers (waxes) are suitable as
matrix forming agents for developing sustained-
release dosage forms [161]. Hydrophobic polymers
provide several advantages, ranging from good sta-
bility at varying pH values and moisture levels to
well-established safe applications. Tramadol, which
is a synthetic opioid of the aminocyclohexanol
group, is freely soluble in water and hence judi-
cious selection of release retarding excipients is
necessary to achieve a constant in vivo input rate of
the drug [162]. Sandip et al. studied the effect of
concentration of hydrophilic (HPMC) and hydro-
phobic polymers (hydrogenated castor oil [HCO]
and EC) on the release rate of tramadol [163]. The
results showed that hydrophobic matrix tablets
resulted in sustained in vitro drug release (>20 h) as
compared with hydrophilic matrix tablets (<14 h).
Figure 6 depicts the effect of HPMC on the tra-
madol release from hydrophilic matrices. Increas-
ing the concentration of HPMC in the matrix did
not alter the drug release profile significantly. Fig-
ure 7 shows the effect of EC on tramadol release
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Figure 6. Effect of HPMC on tramadol release from
hydrophilic matrix system prepared by wet gran-
ulation as per Table 5

Table 5. Tramadol HCI 200 mg tablet formulations
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Figure 7. Effect of EC on tramadol release from
hydrophilic matrix system prepared by wet gran-
ulation as per Table 5

from hydrophilic matrix system. The tablets formu-
lations as in Table 5.

In another study the release kinetic profiles of
naproxen (NP) from microcapsule compressed as
well as matrix tablets using a combination of water
insoluble materials (like bees wax (BW), cetyl alco-
hol (CA) and stearic acid (SA)) with hydrophilic
polymers was investigated. The EC/HPMC combi-
nations, contributing an increase in hydrophilic part
of blend system rationally increased the release
rate, kinetic constant and diffusion co-efficient
thereby whereas HPMC/BW, HPMC/CA and
HPMC/SA combinations, contributing an increase
in hydrophobic part of the blend system caused a
substantial reduction of release [164].

Also, Vueba et al. studied the influence of cellulose
ether derivatives on ibuprofen release from matrix
tablets formulations containing mixtures of poly-
mers with both low and high viscosity grades MC
or HPC, and HPMC, respectively were prepared by
a direct compression method using 20, 25, and 30%
of either MC or HPC [165]. The results obtained in
this study illustrated that both low and high viscos-
ity grade cellulose ether polymers can be mixed
uniformly, in different proportions, in order to pro-
duce matrices with modulated drug release proper-
ties. On the other hand, the swelling experiments
showed that the water uptake increases until the

.. mg/Tablet
Excipients I 1 11 v VI VII VIII X
Hydrogenated castor oil 0 0 0 0 200 200 200 200
Ethylcellulose 0 0 10 20 0 5 10 20
HPMC K100 150 200 110 110 0 0 0 0
PVP K 90 10 10 10 10 0 0 0 0
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low viscosity polymer content reaches 25%. At
higher concentrations, the swelling behavior
changes drastically, suggesting a gradual degrada-
tion of the matrices and the dissolution of ibuprofen
from mixtures of MC/HPMC or HPC/HPMC
matrices was found to be more effective when
either the MC or HPC content was increased.

3.4. Cellulose esters

Cellulose acetate phthalate is a partial acetate ester
of cellulose that has been reacted with phthalic
anhydride. One carboxyl of the phthalic acid is
esterified with the cellulose acetate. The finished
product contains about 20% acetyl groups and
about 35% phthalyl groups. In the acid form, it is
soluble in organic solvents and insoluble in water.
The salt formed is readily soluble in water. This
combination of properties makes it useful in enteric
coating of tablets because it is resistant to the acid
condition of the stomach but soluble in the more
alkaline environment of the intestinal tract [72].

4. Conclusions

Chemical modification of cellulose is performed to
produce cellulose derivatives (cellulosics) which
are in general strong, low cost, reproducible, recy-
clable and biocompatible, so they can be tailored
for pharmaceutical applications.

Cellulose derivatives are often used to modify the
release of drugs in tablet and capsule formulations
and also as tablet binding, thickening and rheology
control agents, for film formation, water retention,
improving adhesive strength, for suspending and
emulsifying.

MCC is used as diluent and disintegrating agent for
release oral solid dosage. HEC and HPC are used in
hydrophilic matrix systems, while EC can be used
in hydrophobic matrix system. Also, liquid and
semi-solid pharmaceutical dosage forms are impor-
tant physicochemical systems for medical treat-
ment which require rheological control and
stabilizing excipients as essential additives, CMC
can be used to adjust the viscosity of syrups.
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Abstract. Radical photo-grafting polymerization constitutes a promising technique for introducing functional groups onto
surfaces of polypropylene films. According to their final use, surface grafting should be done without affecting overall
mechanical properties. In this work the tensile drawing, fracture and biaxial impact response of biaxially oriented
polypropylene commercial films grafted with poly(acrylic acid) (PAA) were investigated in terms of film orientation and
surface modification. The variations of surface roughness, elastic modulus, hardness and resistance to permanent deforma-
tion induced by the chemical treatment were assessed by depth sensing indentation. As a consequence of chemical modifi-
cation the optical, transport and wettability properties of the films were successfully varied. The introduced chains
generated a PAA-grafted layer, which is stiffer and harder than the neat polypropylene surface. Regardless of the surface
changes, it was proven that this kind of grafting procedure does not detriment bulk mechanical properties of the PP film.

Keywords: mechanical properties, depth sensing indentation, surface photo-grafting, polypropylene, films

1. Introduction

Owing to its useful properties, easy workability and
low manufacturing costs, polypropylene (PP) is
widely used for the preparation of films, fibers,
plates, injection-molded as well as blow molded
parts [1]. Often, insufficient surface properties pre-
clude its use in an application to which bulk
mechanical properties may be well-suited. For
example dyeability, printability, paintability, adhe-
sion, biocompatibility, antifogging, and gas perme-
ability of PP parts can be improved by surface
modification [2-9].

Efforts have been made to develop polymer modifi-
cations processes which allow the surface proper-
ties to be tailored to meet a specific requirement
while retaining beneficial mechanical properties.
Surface modification can be accomplished by

“Corresponding author, e-mail: pmfronti @fi.mdp.edu.ar
© BME-PT and GTE

increasing the polarity introducing special chemical
functionalities like carboxylic groups, or by coating
the surfaces with polar thin films, for example,
poly(acrylic acid) (PAA). Surface grafting tech-
niques including photo-initiated grafting [10-14],
living radical grafting [15], ceric ion induced graft-
ing [16], layer-by-layer ionic grafting [17] and
plasma polymerization [18, 19] have proven to be
effective to graft poly-functional monomers or
polymers onto PP surfaces.

Among the methods to modify polymers, radical
photo-grafting polymerisation appears as an attrac-
tive method to impart a variety of functional groups
to a polymer [20, 21]. The advantages of photo-
grafting over other available methods are: i) easy
and controllable introduction of chains, ii) high
density and exact localization of chains onto the
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surface, iii) covalent attachment of chains which
avoids delamination and assures long-term chemi-
cal stability of introduced chains, in contrast to
physically attached layers [1].

Low energy radiation, such as UV light, is fre-
quently used to initiate surface modification. The
ability of graft co-polymerization to quickly change
the surface properties in a tunable fashion allows
for the development of a product that can be
adapted on-demand to a particular application.
Modification of PP films through grafting at rela-
tively low amounts were previously demonstrated
to be an effective approach to functionalize PP pro-
viding a defined, stable, organic foundation for
subsequent surface modification of various types
[22]. Costamagna et al. were able to modify exclu-
sively the surface of bi-oriented PP films by graft-
ing reaction of poly(acrylic acid) (PAA) [23]. They
showed that values of the permeability coefficient
of oxygen, nitrogen, carbon dioxide, carbon
monoxide, argon, methane, ethane, ethylene, and
propane across the grafted films undergo a marked
drop. Their morphology investigations by Atomic
Force Microscopy (AFM) suggested the initial for-
mation of PAA brushes attached to the PP surface
at short time of reaction followed by the generation
of a network by cross reaction between grafted
growing chains, brushes entanglements and strong
hydrogen bonds [24]. The improvement in barrier
properties was attributed to the formation of such a
rigid PAA layer onto the PP surface [24].

Despite it has been claimed that surface grafting
theoretically occurs without detriment of the bulk
mechanical properties of the polymer [25], undesir-
able changes in the mechanical performance of dif-
ferent polymeric films modified by photo-grafting
techniques have been reported (see for example in
[22, 26-28]). To a large extent, the tendency and
level of concomitant changes in the material prop-
erties depend on whether crosslinking or degrada-
tion dominates during the irradiation of the
polymer [29, 30]. UV irradiation may induce the
formation of free radicals, which promotes
crosslinking. This in turn minimizes the anisotropic
character of the polymer leading to an increased
degree of molecular disorder. If this occurs, bulk
mechanical properties of a polymeric film would be
impaired since they are highly dependent on molec-
ular orientation.

The present paper is focused on determining the
mechanical properties of a bi-oriented PP film
before and after surface photo-grafting with PAA
chains. To this aim the bulk mechanical behavior
was characterized by evaluating uniaxial tensile
deformation, quasi-static fracture and dart impact
properties. In addition depth sensing indentation
experiments [31-36] were carried out in order to
gain a deeper insight into differences in surface
mechanical characteristics of PAA-grafted and neat
films.

2. Experimental section
2.1. Film grafting procedure

A commercial polypropylene film (PP) (Conver-
flex S.A., Buenos Aires, Argentina), was surface
modified by radical grafting polymerisation initi-
ated by UV light. The appropriate reaction condi-
tions were previously investigated [23]. The
procedure was as follows: Acrylic acid was used as
grafting co-monomer. The initiator benzophenone
(Fluka AG, Buchs, Switzerland) was dissolved in
the acrylic acid (BASF, New Jersey, USA) and dis-
tilled water was added. The solution in contact with
the PP film was enclosed into a photo-reactor and
irradiated with UV light (medium pressure UV
lamp Engenlhard-Hanovia, Slough, England) under
nitrogen atmosphere at room temperature for
10 min. The grafted film was extensively washed
with a NaOH solution (pH = 8) in order to remove
traces of un-reacted monomer and formed
homopolymer as well as to extract rests of the ini-
tiator.

Before characterization, surface modified films
were left in a pH 8 solution for 24 h in order to dis-
rupt the hydrogen bonds.

The thickness (7) of the neat PP film determined
with a micrometer was 34+1 um. The difference
between the thickness values of the neat and the
PA-grafted films was determined with a Mitutoyo
coordinate measuring machine. Measurements
made on at least ten different locations for each
sample yielded an averaged value of 4.5 um for the
PAA layer.

Hereafter, unmodified films and surface modified
films are designated as PP and smPP films, respec-
tively.
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2.2. Physical and chemical characterization
2.2.1. Chemical structure

Fourier transform infrared spectroscopy (FTIR)
measurements of the surface modified films were
obtained from a Nicolet 5 SXC FTIR spectropho-
tometer operating in the transmission mode in order
to characterize the chemical modification. Each
spectrum was collected by cumulating 32 scans at a
resolution of 8 cm-1.

Gravimetric measurements of films before and
after grafting reactions were carried out to deter-
mine the grafting percentage by means of the Equa-
tion (1) [37, 38]:

%Grafting=
weight of smPP sample—weight of PP sample

100-
weight of PP sample

(1)

The weight of grafted layer was also estimated by
volumetric titration of the COOH groups grafted
onto the PP surface with a 0.01 M NaOH solution.

2.2.2. Surface feature, topography and
roughness

Scanning electron microscopy (SEM) observations
were made by using a Jeol JSM-6460LV scanning
electron microscope operating at an accelerated
voltage of 15 kV. Sample surfaces were coated
with a thin layer of gold.

Scanning probe microscopy (SPM) analyses were
made using the SPM module of the Triboindenter
Hysitron. Sample surfaces were explored with an
imaging type tip at a scan rate of 0.5 Hz and a set-
point force of 1 uUN. The arithmetic mean surface
roughness (R,) was calculated from the SPM
images as the average of the absolute values of the
surface height deviations measured from the mean
plane within a box of 400 wm?.

2.2.3. Wettability

Static contact angle measurements were performed
by the sessile drop method at room temperature.
The ‘NIH’ image software was used with a MV-50
camera and a magnification of 6x. The contact
angles of water droplets on PP and surface modi-
fied PP surfaces were used to determine the change
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in hydrophilicity of the film surface. Five measure-
ments were recorded and an average contact angle
was calculated for each material [39].

2.2.4. Transparency

Light transmittance measurements were carried out
by using a Leica DMLB microscope incorporating
a photo-detector in its optical path. The light trans-
mittance signal (/7) measured for PP and smPP
samples were used to estimate the loss of film
transparency according to the following definition
(Equation (2)):

I (smPP)~17(PP) |
1;(PP)

Loss of transparency =

2)

2.2.5. Microstructure and orientation

The main factors that determine the mechanical
properties are the molecular orientation and the
crystalline level.

The anisotropy developed during the planar defor-
mation that films underwent during blowing was
not identifiable from the simple naked eye inspec-
tion. The main film orientation directions were
identified from the birefringence using polarizing
microscopy. Machine (MD) and transverse (TD)
directions of biaxially oriented films coincide with
the two orthogonal axes defined by the four posi-
tions in which light extinguishes when the film is
rotated under cross polarizers [40].

The crystalline fraction (X.) was determine using
thermal analysis. DSC measurements were per-
formed in a Perkin Elmer Pyris 1 equipment at
10°C/min. For the sake of simplicity, samples were
directly put in the DSC capsules. In X, calculations,
the enthalpy of fusion of 100% crystalline PP was
taken as 209 J/g [41].

2.3. Near Surface mechanical properties

Near surface mechanical properties of the films
were investigated up to the micron scale using a
Hysitron Triboindenter® testing system [http://
www.hysitron.com]. While a diamond indenter
drives into the film surface, the system is able to
collect the applied force and displacement data.
Samples were indented with a conospherical dia-
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mond tip of nominal radius of curvature equal to
1 um. Indentations were performed using trape-
zoidal loading curves in order to minimize the
‘nose effect’ caused by the viscoelastic nature of
polymers [33]. Maximum applied loads were var-
ied between 4000 and 9000 uN at a constant load-
ing rate of 250 uN/s. The holding time between
loading and unloading stages was 20 s. Indenta-
tions were load-controlled and repeated at least
20 times for every load on different locations of the
films surfaces.

The Oliver-Pharr method [42], which proposes the
estimation of the slope of the unloading curve by
first fitting the entire unloading data, was employed
to determine reduced elastic modulus (E;) and the
hardness (H) of the materials. The reduced elastic
modulus is related to the elastic modulus of the
sample (E) and the contact stiffness (S) by Equa-
tions (3) and (4):

-1
1-v? 1-v;
E,= + 3)
E E
| 2
E=|-T[s )
2 Amax

where v is the Poisson’s ratio and subscript i
denotes the indenter material. Amax is the surface
contact area at the maximum displacement. The
contact stiffness (S) is the slope of the unloading
curve taken as the first derivative in the maximum
depth of a fitted power law function of the unload-
ing segment of the curve.

The material hardness (H) is defined as the maxi-
mum load, Pmax, divided by the projected area of
the indentation under this load, see Equation (5):

H= max (5)

The surface contact area versus contact depth func-
tion of the tip A(h.) was empirically determined by
performing multiple indentations on a polycarbon-
ate block of known E, as suggested in [33]. The
obtained calibrated area function was used in the
computation of E, and H values (Equations (3) and

).

2.4. Bulk mechanical properties

Both PP and surface modified PP films were tested
along with (MD) and transversely to the machine
direction (TD) at room temperature. Experiments
were carried out in an Instron 4467 universal test-
ing machine at a crosshead speed of 10 mm/min.
Uniaxial tensile tests were performed on dumbbell-
shaped specimens, which were die-cut from the
films. Longitudinal strain was measured with the
aid of a video extensometer in which the deforma-
tion of the material is assessed from the current dis-
tortion of a close array of two ink dots printed onto
the samples prior to deformation [43]. Yield stress
(oy) was determined as the stress where two tan-
gents to the initial and final parts of the load-elon-
gation curve intersect [44]. Elastic modulus was
calculated from the stress—strain curves. Properties
were averaged from at least five tests.

Fracture experiments were performed using Deeply
double edge-notched samples (DENT, Mode I) pre-
pared by cutting the sheets into rectangular
coupons of total length Z; 80 mm (with a length
between the grips of Z=60 mm) and a width W =
40 mm. A special device was used to perform the
two notches, allowing them to be perfectly aligned.
Notches were then sharpened by pushing through
the material a fresh razor blade into the tip to a
depth of 1 mm. The length of each notch a was
10 mm.

Fracture toughness was determined by using the
J-integral approachl, as defined by Equation (6):

Jc — n UIDI (6)
B(W—-a)

with U, the overall fracture energy i.e. the total
area under the load-deflection curve, B the thick-
ness of tested specimens, and 1 a geometry factor
expressed as Equation (7) [45]:

2 3
n=-0.06+5.99 = |-7.42| £ | 43200 L | (7
W W W

In order to complete the bulk characterization, dart
impact experiments were carried out since it has
been shown that such tests are very sensitive to sur-
face modifications in polymeric systems [46]. Dart
impact experiments were conducted on a Fractovis
Ceast falling weight type machine at room temper-
ature at 3 m/s, using an instrumented high-speed
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dart with hemispherical end onto disk specimens of
80 mm of diameter. The modified surface was
placed opposite to the impact tip in order to induce
tension loads on the modified surface. The thick-
ness related energy (U/t) was determined by
numerical integration of the experimental load-dis-
placement data. Disc maximum strength (G4) was
computed from the recorded traces through the fol-
lowing relationship (see Equation (8)) [47]:

I;mx
(O} :25—2 (8)

t

3. Results and discussion

3.1. Surface modification

FTIR spectra of the films are shown in Figure 1, in
which an intense —C=0 absorption (1718 cm-1)
characteristic of polyacrylic acid is seen in the
curve of the surface modified PP film.

The grafting percentage obtained by both tech-
niques (gravimetric measurements and volumetric
titration) was 12.9% (Equation (1)).

PP and surface modified PP films displayed melt-
ing endotherms of very similar shape: besides the
main melting peak at 168°C a small peak appeared
at about 160°C (Figure 2). During heating, the dis-
orientation process that occurs in crystalline ori-
ented polymers is often accompanied by dimen-
sional shrinkage. For isotactic polypropylene, Sun
and Magill [48] demonstrated that shrinkage and
melting take place concomitantly producing multi-
ple melting peaks. Since any slight difference in X,
values of PP and surface modified PP samples is
within experimental error, PP crystalline fraction,
X., is about 40%. Based on the DSC results, it
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70 - ' i |

\
| | A
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Figure 1. FTIR spectra of PP and surface modified PP
films
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signal [mW/mg]
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T T
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Figure 2. DSC thermograms showing the melting behav-
ior of PP and surface modified PP films

appears that the grafting process did not affect
supramolecular structure of the neat PP film.

SEM and SPM images of both films surfaces are
shown in Figures 3 and 4, respectively. It is clear

b)

Figure 3. SEM microgrpahs showing the topography of
PP (a) and surface modified PP (b) films
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Figure 4. Typical SPM images of PP (a) and surface mod-
ified PP (b) film surfaces used in roughness
measurements

that the surface topography of PP and grafted PP
films is significantly different. The PP film exhibits
a smooth surface pattern free of defects and a sur-
face roughness, R,, equal to 21 nm. On the con-
trary, the surface of modified film is rougher (R, =
357 nm) showing a pin-hole free, textured dense
pattern, composed of a number of clusters distrib-
uted along the substrate in a ‘patchy’ fashion. The
patches join together to form a continuous struc-
ture.

The transmitted light intensity measured through
the surface modified PP film was 16% lower than
the one measured through the neat PP film. The
additional scattering arises from the enlarged sur-
face roughness displayed by grafted films since
crystalline fraction was not altered.

Figure 5 shows images of a water droplet on the
surface of PP and grafted PP films. The liquid con-
tact angles on both films were markedly different:
79.7+1.1° for the PP film surface and 18.6+3.5° for
the PAA grafted surface. The smaller contact angle
of water droplet on the surface grafted film indi-
cates a stronger hydrophilicity nature on the surface
given for grafting modification. This increase in the
hydrophilicity and wettability is due to the presence
of a hydrophilic grafted chain of the PAA and it is
markedly increased by the electrostatic repulsion

1 mm

b)

Figure 5. Pictures of typical sessile droplets found in con-
tact angle experiments for PP (a) and surface
modified PP (b) films

between the negatively charged carboxylic groups
(—=COQ") present in the grafted chains.

3.2. Near surface mechanical properties

Depth sensing indentation experiments have been
performed to characterize the mechanical proper-
ties of the near surface layer of the neat and grafted
PP films. Typical curves are shown in Figure 6
while parameters obtained from indentation tests
are shown in Figure 7 as a function of maximum
applied load. The measured load-depth curves for
the grafted films appeared widely scattered (Fig-
ure 6b) in contrast to the neat film traces. Reduced
elastic modulus (Figure 7a) as well as hardness
(Figure 7b) of PP and surface modified PP films are
not dependent on penetration depth, which actually
increased as the maximum load applied increased
(Figure 7c¢).

The values of nanomechanical parameters of neat
PP films are in coincidence with the ones reported
in literature for other PP grades [49-51].

E, and H values of the modified film correspond to
the PAA grafted layer since the indentation depths
achieved during the experiments were lower than
the thickness of the grafted layer (Figures 7a to 7c).
These values appeared widely scattered, but they
were always larger than their homologues corre-
sponding to neat films. The scattering arises from
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Figure 7. Reduced elastic modulus (a), universal hardness (b), contact depth (¢) and P/S? (d) parameters arisen from

nanoindentation experiments

the large surface roughness of the PAA layer,
which was a consequence of the grafting process
(see section 3.1.). It is well known that if the sur-
face roughness is too large the actual penetration
depth of the indenter may be smaller than the

sensed depth [52]. This yields large errors in the
calculated contact area values (Amax), Which gener-
ates a wide scattering in the parameters calculated
through Equations (3) and (4) from multiple
indents in a material. Note that as H is proportional
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to 1/A,, and E, is proportional to 1/Amax’?, scatter-

ing in hardness values is wider than in elastic mod-
ulus values.

Joslin and Oliver [52] proposed an alternative
method to analyze nanoindentation data for sam-
ples that are less than ideal surfaces. By combining
Equations (4) and (5), it emerges that, according to
Equation (9):

P

max

g )
The ratio of the maximum load to the stiffness
squared parameter, Pmax/S2, is a mechanical prop-
erty that describes material’s resistance to plastic
deformation. When the indenter is forced a certain
distance beyond the initial contact point, the inter-
ference between the indenter and the specimen is
accommodated in two ways: elastic deformation
and plastic (or permanent) deformation. For a given
hardness, the lower the modulus, the greater the
elastic accommodation and the smaller the perma-
nent damage to the specimen when the indenter is
removed. On the contrary, for a given modulus, if
the hardness is increased, the plastic strain is
reduced. The Pmax/S? ratio is a directly measurable
experimental parameter that is independent of the
contact area provided the hardness and elastic mod-
ulus do not vary with depth.

Indentation data were re-analyzed following Equa-
tion (9) and plotted in Figure 7d. The scattering in
the Pmax/S? parameter is now negligible, confirming
that the sole source of scattering is the large surface
roughness of the surface modified PP film.

H/E/? data determined for materials displaying dif-
ferent mechanical characteristics are plotted
together versus the Pmax/S? parameter in Figure 8.
Note that the resistance to plastic deformation of
the PAA layer falls close to the values displayed by
amorphous glassy polymers, specially polymethyl-
methacrylate (PMMA). This result is consistent
with the chemical similarity between PAA and
PMMA and the extra stiffness usually shown by
polymer brushes subjected to neighboring chains
confinement [53].

From depth sensing indentation experiments it
emerges that the graft amorphous PAA layer is
stiffer, harder and more resistant to mechanical
compression and indentation than the neat surface
thanks to its glassy nature.

0.10

@ H/E? data from nanoindentation test
linear fitting of data

0.084

0.064.

H/E? [GPa™"]
UHMWPE *

0.024

Fused quartz Aluminium
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Figure 8. H/E? parameter for several materials tested by
depth sensing indentation: Al (aluminum), Qz
(fused Quartz), PC (polycarbonate), PMMA
(polymethymethacrylate), UHMWPE (ultra high
molecular weight polyethylene)

3.3. Bulk mechanical properties and fracture
behavior

Typical uniaxial tensile stress-strain curves are
shown in Figure 9 while the derived uniaxial tensile
parameters are listed in Table 1. PP and surface
modified PP films showed the same behavior under
uniaxial tensile deformation. In each curve the
stress increases continuously with strain, showing
only a change of slope near the yield point. As
expected, films show themselves to be highly
anisotropic displaying large differences in Young’s
modulus and yield point between TD and MD
directions. The recognition that molecular orienta-
tion produces important variations in the mechani-
cal properties of polymers has long been estab-
lished [54].

200
— PP
MD smPP
150

T
o
= 1001
=]

50 ™

G T T T T

0.0 0.5 1.0 15 2.0

e (Allly)

Figure 9. Typical stress-strain curves of PP and surface
modified PP samples under uniaxial drawing
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Table 1. Summary of bulk mechanical properties

Test Uniaxial tensile Fracture mechanics Dart impact
Parameter E [GPa] Oy [MPa] Je [N/mm] U/t [J/mm] 0a [GPa]
MD 3.6+0.8 35,6 £0.7 409 1.1
PP 2.1+64 115.6 £ 17.
™D 1102 24207 20319 3216 5:6+17.9
MD 37+0.2 343+1.7 41.7+£2.8
smPP D 1203 26+26 22.6+2.0 306x4.8 113.9%23.9
60
——FPP
504 smPP
© MD
Z 40,
g
= 30
= D
T
o 204
o
S
104
0 T T L}
0.0 02 0.4 0.6 0.8
d [mm]

Figure 10. SEM micrograph of uniaxial tensile deformed
PP (a) and surface modified PP (b) samples.
Red arrows indicate drawing direction.

SEM inspection of stretched surface modified PP
samples (Figure 10) revealed that during deforma-
tion disruption of the clustered structure of the
PAA-grafted layer occurred without transferring
cracks to the substrate suggesting weak interactions
between chains.

Typical load-displacement traces displayed by
DENT samples are shown in Figure 11. Again, the
feature of the curves depended on stretching direc-
tion but not on surface modification. All samples
exhibited initially stable crack propagation fol-
lowed by sudden unstable crack growth up to final
fracture. The feature of the fracture surfaces in the
stable propagation regime is illustrated in Fig-
ure 12. No striking differences are evidenced in

Figure 11. Typical normalized load vs. displacement
curves of PP (a) and surface modified PP
(b) DENT samples

10um -

Figure 12. SEM micrographs of fracture surfaces of PP (a)
and surface modified PP (b) DENT samples
tested in MD
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both fracture surfaces. Fracture toughness parame-
ters, J¢, reported in Table 1, show that the resist-
ance to unstable propagation is twice when the
crack propagates passing through the machine ori-
entation direction (MD) than when it propagates
along with it. The observed fracture behavior

250
PP
——— smPP
200
. 150
=
o
100
50
0 1 T T T s T I
0 5 10 15 20 25 30

d [mm]

Figure 13. Typical load-displacement curves of PP (a) and
surface modified PP (b) samples under biaxial
impact deformation

b)

Figure 14. Failure feature of PP (a) and surface modified
PP (b) falling dart impacted specimens

reflects the imbalanced properties between the
machine direction and the comparatively weak
transverse direction.

Typical dart impact load-displacement curves are
shown in Figure 13 while the derived dart impact
properties are reported in Table 1. TOM images of
the dart impacted region of PP and smPP speci-
mens are shown in Figure 14. Both films behave in
the same way exhibiting a semi-brittle fracture pat-
tern as judged from the load deflection records
characteristic (Figure 13) and the feature of the bro-
ken samples (Figure 14). Load—displacement curves
dropped to zero instantaneously upon reaching the
maximum load. A punch-like fractured surface
with a punch-out-cap still attached to the specimen
and two radial main cracks responsible for the final
failure of the specimen are observed in the broken
samples.

Both the fracture patterns and the derived parame-
ters point out that the surface modification has not
influenced the biaxial impact response of the neat
PP film.

4. Conclusions

Through this paper a complete investigation of the

mechanical response of surface modified polypropy-

lene films by photo-grafting with acrylic acid was
carried out. The principal findings are:

— the degree of grafting induced in the films was
high enough to alter the topographical pattern
and physico-chemical properties of the surface,
such as roughness, wettability, hidrophilicity and
transparency of PP films. Besides, the presence
of specific functional groups offers the opportu-
nity to use them as anchorage sites for further
derivatization. They could be used to bond cova-
lently specific organic molecules (dye, antimi-
crobial or antifungal drugs, etc.)

— the near surface indentation behaviour displayed
by the grafted surface indicate that a glassy layer
of PAA, which can be viewed as a sort of lami-
nate was formed onto the PP surface.

— uniaxial deformation properties, fracture behav-
ior and biaxial impact performance of the neat
films were retained after chemical modification.
It is evident that the mechanical response of sur-
face modified film is governed only by PP resist-
ance to deformation, thus, confirming the
hypothesis that the PAA chains which were
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strongly attached to the PP film, only interact
among each other through the formation of phys-
ical entanglements and secondary bonds without
constraining the PP surface.

the beneficial original degree of molecular orien-
tation of neat films was not altered after photo-
grafting. This means that the UV-irradiation
involved in the grafting procedure induces negli-
gible cross-linking and degradation in the neat
PP.
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Abstract. The long term mechanical behavior of oil extended thermoplastic vulcanizates (TPV) based on polypropylene
(PP) and acrylonitrile-butadiene rubber (NBR) has been characterized by means of stress relaxation experiments. The mor-
phology of TPV and the phase specific oil distribution which depend on the content and type of o0il as well as on the mixing
regime have been characterized by means of Atomic Force Microscopy (AFM), Dynamic Mechanical Thermal Analysis
(DMTA) and Differential Scanning Calorimetrie (DSC). The discussion of the stress relaxation behavior was carried out
using the two-component model, which allows splitting the initial stress into two components: a thermal activated stress
component and an athermal one. A master curve was created by shifting the relaxation curves vertically and horizontally
towards the reference curve. The vertical shift factor br is a function of the temperature dependence of the athermal stress
components. It was found that the oil distribution strongly affects the athermal stress component which is related to the con-
tribution of the structural changes, e.g. crystallinity of the PP phase and the average molecular weight between the cross-
links of the NBR phase. From the temperature dependence of the horizontal shift factor ar the main viscoelastic relaxation
process was determined as the a-relaxation process of the crystalline PP phase. It is not dependent on the polarity and con-
tent of the oil as well as the mixing regime.

Keywords: polymer blends and alloys, thermoplastic vulcanizates, stress relaxation, extender oil

1. Introduction

Thermoplastic vulcanizates (TPV) are produced by
melt mixing of an elastomer with a thermoplastic
component and simultaneously but selective cross-
linking of the elastomer phase during melt mixing.
The resulting blend comprises a thermoplastic resin
filled with a high concentration of dispersed rubber
particles [1-3]. In order to improve the processabil-
ity, reduce the material cost and enhance the per-
formance of the end-use products, oil often has
been added into thermoplastic vulcanizates. The
addition of extender oil alters the viscoelastic prop-
erties of these heterogeneous thermoplastic vulcan-
izates significantly. Although the viscoelastic behav-
ior of heterogeneous thermoplastic-rubber systems

was already investigated [4—7], the influence of the
extender oil on the relaxation behavior of such sys-
tems was not sufficiently investigated so far.

In the present work the two-component model
[8-10] was used to characterize the effect of exten-
der oils on the stress relaxation behavior of TPV by
correlating the structural features and the effect of
oil content, polarity and distribution on it.

2. Experimental
2.1. Materials
NBR (Perbunan NT 3465, Bayer, Germany) with

acrylonitrile content of 33% and iPP (Stamylan
P14, Sabic, Germany) were used as elastomeric and

*Corresponding author, e-mail: hans-joachim.radusch@iw.uni-halle.de
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Table 1. Formulation of TPV-oil mixtures

Sample name TPV content [wt%] QOil content [wt%] Oil type QOil addition
TPV 100 0 - -

A-N-10 90 10

A-N-20 80 20 Non-polar |Oil added after dynamic vulcanization process
A-N-30 70 30

A-P-10 90 10

A-P-20 80 20 Polar Oil added after dynamic vulcanization process
A-P-30 70 30

B-P-10 90 10 . . . .
B-P-20 80 20 Polar Oil .premeed into rubber phase before dynamic vul-

canization process
B-P-30 70 30

thermoplastic components, respectively. The ratio
of NBR to PP was kept 65 to 35. Phenolic resin
(Vulkaresen PA 510, Vianova Resins, Germany)
acted as cross-linking agent. Compatibilizer used
was separately prepared by mixing 75 wt% maleic
anhydride functionalized PP (Exxelor PO 1020,
Exxon, Germany) and 25 wt% amine terminated
NBR (Hycar ATNB 1300 X16, Goodrich, Ger-
many). A polar oil (Enerdex 65, BP/Tudalen-65,
H & R Group, Germany) having a freezing temper-
ature of —37°C and polar bonds of 8 wt% and a
non-polar oil (Enerpar 1927, BP/Tudalen-1927,
H & R Group, Germany) having a freezing temper-
ature of —63°C and polar bonds of 1.2 wt% were
used, respectively. The formulations of polymer-oil
mixtures are shown in Table 1.

2.2. Mixing regime and sample preparation

Thermoplastic vulcanizates were prepared using a
double-rotor lab mixer (Plasticoder PL-2100,
Brabender, Germany) with rotor speed of 65 rpm at
a starting temperature of 180°C. The mixing regime
is given in Table 2 and Table 3 for different mix-

Table 2. Mixing regime for A-N and A-P samples

Mixing time [min] Ingredients
0 PP + Compatibilizer
2 NBR
4 Cross-linking agent
6 Non-polar oil (A-N samples)
Polar oil (A-P samples)
12 Stop

Table 3. Mixing regime for B-P samples

Mixing time [min] Ingredients
0 NBR
2 Polar oil
4 PP + Compatibilizer
7 Cross-linking agent
12 Stop

tures. After discharge from the mixer, all samples
were compression molded at a temperature of
200°C and pressure of 70 bar to produce sheets of
0.3 mm thickness for stress relaxation experiments
and 1 mm specimens for the other test methods.

2.3. Morphology characterization, thermal
and mechanical testing

The phase morphology was investigated using an
Atomic Force Microscope (Q-Scope 250, Quesant)
under intermittendent mode. The cantilever stiff-
ness is 40 N/m and the resonance frequency nearly
170 kHz. Samples were cryo-cutted by means of a
microtome (HM 360/CM 30, Microm) at —110°C
with a diamond knife in order to get a smooth sur-
face of the sample.

A heat flux calorimeter (DSC 820, Mettler Toledo)
equipped with a liquid nitrogen cooling assembly
was used to investigate the thermal behavior of the
blends. Temperature range selected was from
—80 to 180°C with a heating and cooling rate of
10 K/min.

Dynamic mechanical behavior was characterized
using a dynamic mechanical analyzer (Qualimeter
Eplexor 500 N, Gabo) in tensile mode at a fre-
quency of 1 Hz at different temperatures (—135°C <
T < 170°C) with a heating rate of 1 K/min.

Tensile tests of all the blends were carried out
according to EN ISO 527 using a universal testing
machine (Zwick 1425, Zwick/Roell) at room tem-
perature. Dumbbell-shaped specimens were used
with an initial length of 20 mm; the clamp distance
was 50 mm. A crosshead speed of 50 mm/min was
applied. Minimum five samples were tested.

For the determination of the residual strain after a
hysteresis run, dumbbell-shaped specimens were
used with the initial length of 20 mm. Samples
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were strained with a crosshead speed of 50 mm/min
to an elongation of 100%. For release, the same rate
was used. The residual strain is a measure for the
elastic behaviour.

Stress relaxation experiments were performed
using a dynamic mechanical analyzer (DMTA
Mark 3E, Rheometric Scientific) in tensile mode.
The instrument was equipped with a temperature
chamber enabling a long-term constancy of the
temperature (deviation < 0.1 K). Relaxation curves
for all the samples were recorded at a draw ratio of
A=1.5 (¢ =50%) within the temperature range
from 30 to 120°C over a period of 30 minutes to
15 hours depending on test temperature and oil
content. The two-component model used in the

Figure 1. AFM images of different TPV: A-N-10, A-N-20 and A-N-30 (a), A-P-10, A-P-20 and A-P-30 (b), B-P-10,

B-P-20 and B-P-30 (c), image size 20 umx20 um

present study has been described in a previous
work [4]. No steady state stress value was observed
even after 15 hours. Therefore, an extrapolation
method proposed by Li [11] was used to determine
the athermal stress component Ge..

3. Results

3.1. Morphology characterization of oil
extended TPV

The blend morphology and the phase specific oil
distribution in TPV have been characterized using
the AFM images and the DMTA results presented
in Figure 1 and Figure 2. Figures la and 1b show

793



Le et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 791-799

< e - Y e ., " P

s S 8 i

0.14 0.1 e TPV
. —o— A-P-10 —°= B-P-10
—a— A-P-20 —— B-P-20
ot —+— A-P-30 —- B-P30
60 40 20 0 20 40  -60 —40 20 0 20 40 60 -40 20 0 20 40
a) Temperature [°C] b) Temperature [°C] c) Temperature [°C]
o
1 ;;“.th:d_

tand
o g

0.1
& -"—NBR, neat

s -*=PP, neat

-'-4-1(-;'.'5’ -2=NBR, extended o -o= PP, extended
,_.ﬂ_u’/ with 10% polar oil 0.01 with 10% polar oil
60 —40 -20 0 20 40 60 40 20 0 20 40 60 80
d) Temperature [*C] e) Temperature [°C]

Figure 2. Temperature dependence of the loss factor tand for A-N (a), A-P (b), B-P (c), NBR (d) and PP (e)

contents added after the dynamic vulcanization
process. Both in series A-N and A-P the size of the
rubber domains is enlarged with increasing oil con-
tent. The added oil first accumulates in the PP
matrix and then migrates into the rubber domains
during the mixing process. It is worth to note that
the NBR phase was cross-linked before oil addi-
tion, thus the cross-linking density of the NBR
phase is not influenced by the oil immigration. At
higher oil content of 30 wt% a bright phase is
observed in the AFM micrographs which is related
to a neat oil phase. This can be proved by taking
into account the DMTA results. The temperature
dependence of the loss factor tand of the series A-N
and A-P is presented in Figures 2a and 2b. The neat
TPV shows the characteristic NBR «a-peak at
—18°C and a shoulder for the B-relaxation of PP at
about 8°C. Additionally, the oil extended TPVs
show each a shoulder at lower temperatures of
about —37 to =50 °C. These shoulders are related to
the oil phase. The magnitude of the loss factor in
this region increases with rising oil content. It is
observed, that the peak of the rubber phase slightly
shifts to higher temperatures with enhanced oil
content. That can be explained as follows: The oil
present in the rubber domains actually does not
influence the position of the rubber peak as shown
in Figure 2d, but the oil present in the PP matrix
shifts the B-peak of PP toward lower temperatures
(Figure 2e). This peak overlaps the peak of the rub-

ber phase. As a result the rubber peak seems to shift
towards higher temperatures.

When the oil is pre-mixed with rubber before the
dynamic vulcanization process takes place, the rub-
ber domains are comparatively large as seen in Fig-
ure 1c. The reason for this is the presence of oil in
the rubber phase. The oil can hinder the vulcaniza-
tion reaction and reduce the crosslink density [12]
and thus the development of a fine dispersed rubber
phase. At oil contents of 20 and 30 wt% a co-con-
tinuous phase morphology is observed, and no sep-
arate oil phase is visible in the AFM images (Fig-
ure 1c). Looking at the curve of the loss factor
presented in Figure 2c, it is obvious that the peak of
the oil is disappeared. Although the oil was pre-
mixed only in the rubber phase, it is interesting to
see that there is an effect caused by the oil-modified
PP phase. The relaxation peak of rubber in the sys-
tem B-P shifts to higher temperatures due to the
overlapping with the B-PP peak. It can be con-
cluded, that the oil pre-mixed in the rubber phase
diffused partly into the amorphous PP phase during
the compounding process.

As shown in our previous work [4], the stress relax-
ation behavior is strongly determined by the crys-
talline phase of TPV. Using DSC the crystallization
temperature 7., melting temperature 7, and degree
of crystallinity X. of the PP phase in TPV were
investigated and the results are summarized in
Table 4. T, and T,, of PP in TPV decrease with

794



Le et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 791-799

Table 4. Degree of crystallinity and thermal parameters of

TPV investigated
Sample name Xc [%] Tc[°C] Tm [°C]

TPV 17.8 124 163
A-N-10 15.9 117 158
A-N-20 13.4 114 155
A-N-30 12.8 112 152
A-P-10 14.9 117 157
A-P-20 14.1 113 155
A-P-30 13.2 110 152
B-P-10 16.6 117 161
B-P-20 15.0 108 158
B-P-30 14.6 104 157

gradual incorporation of oil. Oil polarity, content
and distribution in TPV affect the extent to which
the 7% and T}, of PP drop down. Crystallinity is also
diminished with the increasing amount of oil. The
presence of oil and rubber domains affects the crys-
tallinity of these vulcanizates by influencing the
perfection of the growing iPP crystals. Similar find-
ings were reported by other researchers [13].

3.2. Short term mechanical behavior

Figure 3a shows a comparison between the stress-
strain behavior of TPV containing different types
and contents of oil added after the dynamic vulcan-
ization process. The presence of oil in the rubber
and/or matrix phase significantly affects the
mechanical properties [14]. The values of both
stress and strain at break are reduced with increas-
ing oil content as compared to neat TPV. Both A-N
and A-P samples show a comparable behavior due
to the presence of similar crystalline thermoplastic
and cross-linked rubber phases.

For B-P samples in which oil was pre-mixed in the
rubber phase the slope of the stress-strain curves in
the range of larger deformations is strongly
reduced. This feature is typical for the TPV with a
low cross-linking density of the elastomer phase
[15]. As discussed above, the decrease of the cross-
linking density is caused by the presence of oil in
the NBR phase (Figure 3b).

The residual strain as a measure for the elastic
behavior of the TPVs investigated was character-
ized by hysteresis tests. As shown in Figure 4, a
good strain recovery was observed for the A-N and
A-P samples with increasing oil content due to the
reduced crystallinity of the TPV. In contrast, the
residual strain of B-P samples increases with rising
oil content mainly due to the decreased crosslink
density.
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Figure 3. Stress-strain behavior of neat and oil extended
TPV, A-P compared with A-N (a), A-P com-
pared with B-P (b)
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ments

3.3. Stress relaxation behavior
3.3.1. Stress relaxation behavior of neat TPV

In our previous work the stress relaxation behavior
of neat TPV has already been studied using the

795



Le et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 791-799

two-component model [4]. To evaluate the relax-
ation curve, the applied stress G is separated into
two components, a relaxing stress component AG
and a non-relaxing stress component G.. according
to Equation (1) [8-10]:

o(t)=Ao(t)+o,, (1)

According to Seeger [8] the relaxing stress compo-
nent Ac(¢) is called thermal stress component,
because it acts on short-range obstacles, which can
be overcome by stress aided thermal activation. It
depends on the plastic deformation rate € and the
temperature 7 according to Eyring’s rate theory [9].
In contrast to the relaxing stress component, the
non-relaxing stress component O. is called ather-
mal stress component. G.. is originated from long-
range stress fields, which cannot be overcome by
thermal activation.

Figure 5a shows the stress relaxation behavior of
neat TPV measured at different temperatures. With
increasing temperature the relaxation curves shift
horizontally to shorter times and vertically to lower

64
. 30°C =
L]
4 50°C o *
E . L
=) 70°C A e m_
=] 3 .". ) .. “m .
o A e L
N 100°C ot e
o .
120°C o, T AL,
L S
14 e
G T T T T T T T
-2 -1 0 1 2 4 5 6
a) log t/s
6
T~30°C
5 .
..
4 BN
@ LN
o .
= "
o 34 ‘-‘
5 b \"h.‘
’ *24%ae A
ar
14
D T T T T T T T T
b) -2 -1 0 1 2 3 4 5 6 7

log a/s

Figure 5. Stress relaxation curves of neat TPV measured
at different temperatures (a) and master curve
created by vertical and horizontal shift proce-
dure (b)

stress. The horizontal shift is caused by a reduction
of the thermal stress component Ac and the vertical
shift of the relaxation curves originates from a lin-
ear decrease of the athermal stress component
G- [16].

The procedure for creation of a master curve as
described in our previous work [4] consists of a
vertical and a horizontal shift of the curves to the
reference curve measured at the reference tempera-
ture 7g = 30°C. The vertical shift factor br is deter-
mined by the temperature dependence of the
athermal stress component as shown in Equa-
tion (2):

by =6.,(Tg)—06.(T) 2)

The master curve for a reference temperature of
30°C determined from the experimental results is
shown in Figure 5b. A very good fit is observed for
the experimental data.

In Figure 6 the temperature dependence of the hori-
zontal and vertical shift factor of the neat TPV is
presented. The temperature dependence of the hori-
zontal shift factors ar follows the Arrhenius
approach corresponding to Equation (3):

0.43E,
RT

loga, =A+ 3)
The Arrhenius diagram (Figure 6a) shows a straight
line at temperatures between 30 and 120°C that
means that only one relaxation process takes place
in the investigated temperature range. From the
slope of the line an activation energy of E4 =
90 kJ/mol was calculated. This activation energy is
close to the activation energy of the o-relaxation
process of the crystalline PP phase measured in this
temperature range determined in our previous work
(E4 =110 kJ/mol) [4, 16] and to the corresponding
results in the literature (107-150 kJ/mol) [17].

In Figure 6b the temperature dependence of the
vertical shift factor b7 determined by the athermal
stress component is presented as a straight line. The
larger the slope, the more strongly the relaxation
curve shifts vertically to lower stresses at increas-
ing temperature. It is obvious that the athermal
stress component G.. consists of two contributions,
namely, 627 and 62BR. As discussed in [4, 16, 18,
19], the decrease of the athermal stress component
of? of the PP phase with increasing temperature
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Figure 6. Temperature dependence of the horizontal shift
factor ar (a) and athermal stress component G
of neat TPV (NBR/PP = 65/35) (b)

relates to the temperature dependent structural
changes of the crystalline network of the PP phase.
The shape of network points created by the PP
lamella changes due to the slippage process of the
PP lamella which is accelerated at higher tempera-
tures. The athermal stress contribution of the crys-
talline PP phase oL decreases linearly and
becomes zero at 120°C. Thus, the value of the ather-
mal stress component G.. at this temperature is
determined only by the contribution of the rubber
phase. The athermal stress component 6Y2% of the
NBR phase is caused by the deformation of the
chemical network made by the cross-link points. It
increases with increasing temperature according to
the entropy elasticity theory described in Equa-
tion (4) [20]:

3pkT

NBR _( _ =2 NBR _ 5 42y
6. =(A-N7)E=(A-\ )MIC\IBR

“)

In Equation (4) the rubber elastic modulus EYBR is
calculated from the athermal stress component
oYBR and the draw ratio A. It depends also on the
density p, the Boltzmann constant k, the absolute
temperature 7 and the average molecular weight
between the crosslinks MY, In comparison to the
big change of .. the temperature dependent change
of 6B can be considered as insignificant.

3.3.2. Stress relaxation behavior of oil extended
TPV

The oil effect on the stress relaxation behavior of
TPV can be discussed structurally by two quanti-
ties: the activation energy E4 and the athermal
stress component G... They characterize two differ-
ent temperature-dependent processes, i.e. the vis-
coelastic processes and the temperature dependent
structural changes.

The temperature dependence of the horizontal shift
factor ar of all oil extended TPV can be described
only by one straight line as shown in Figure 7.
From the slope of the straight line an activation
energy of 87 kJ/mol was calculated, which displays
the o-relaxation process of the crystalline PP phase
as the main viscoelastic deformation process taking
place during the relaxation experiment and it does
not depend on the oil content, its polarity and distri-
bution in TPV.

The effect of oil addition on the athermal stress
component for all systems is presented in Figure 8
at two test temperatures 30 and 120°C. As dis-
cussed in our previous works [4, 16] at high tem-
peratures, e.g. 120°C, 6£F becomes zero, thus, only

o4 o
e o e i
Do RDRELL

LRebILR:

log a;/s

26 28 3.0 3.2 34
10%T K

Figure 7. Temperature dependence of the horizontal shift
factor ar of oil extended TPV
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temperatures

the cross-linked rubber phase contributes to the
athermal stress component. As a result, we can dis-
tinguish the contribution of the PP phase and NBR
phase in dependence on the oil content as shown in
Figures 8a, 8b and 8c for three systems. It is obvi-
ous that in all systems both athermal stress compo-
nents 62 and 62BR decrease differently with the oil
addition. Because the athermal stress component is
directly determined by the cross-link state, an
attempt has been done in order to determine the
average molecular weight between two crosslinks
P and M{YBR for both phases according to Equa-
t10n (4). The calculated MEF and MYBR in depend-
ence on the oil content for three systems are pre-
sented in Figure 9.
For the PP phase, the average molecular weight
between two crosslinks (lamellae) MEP of the three
systems increased with increasing oil content. Due
to the oil immigration process in all systems oil was
always present in the PP phase regardless of the dif-
ferent mixing regime. Oil existent in PP swells the
PP phase to a larger volume on the one hand, and

and
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Figure 9. Average molecular weight between two cross-
links ME? and MYER of the PP and NBR phase,
respectively, in dependence on the oil content

on the other hand oil causes a slight decrease of the
crystallinity Xc (Table 4). The decrease of Xc leads
to a reduction of crystalline cross-links (lamellae)
in the PP phase that also contributes to the increase
of MEP. Only a minor difference between MEP of
the three systems is observed. That means the quan-
tity of oil in the PP phase seems to be the same.

In the systems A-N and A-P the oil addition does
not affect the dynamic vulcanization process and
thus the average molecular weight between two
chemical cross-links MYBR of the NBR phase.
However, the calculated MR of the three systems
increases with increasing oil content in different
manner (Figure 9). Thus is worth to note that the
calculated M¥BR is not a true value but only an
apparent one. That is related to the fact that the oil
is homogenously and finely dispersed in the rubber
domains and thus the oil extended rubber domains
are considered as a uniform phase having a larger
volume compared to the non-extended rubber
phase. For an oil extended rubber compound a true
Mc can be determined by use of the extraction
experiment when oil is extracted from the com-
pound [21]. Using Equation (4) only an apparent
M is calculated and it often differs from the true
value [22]. In Figure 9 the similar increase of MYBR
in these systems is related to the swelling effect of
the oil present in the NBR phase. A strong increase
of MYBR in the system B-P was observed at an oil
content of more than 10%. Beside the swelling
effect of the added oil the ineffective cross-link
reaction of the NBR phase in presence of the oil is
the main reason for the high value of M¥BR, That
leads accordingly to the diminishment of the ather-
mal stress component 65 in the system B-P (Fig-
ure 8c¢).
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4. Conclusions

In the present work the stress relaxation behavior of
the oil extended thermoplastic vulcanizates (TPV)
has been characterized by means of the two-com-
ponent model which allows splitting the initial
stress into two components: a thermal activated
stress component and an athermal one. It was found
that the oil distribution strongly affects the ather-
mal stress component which is related to the contri-
bution of the structural changes, e.g. crystallinity of
the PP phase and the average molecular weight
between two cross-links of the NBR phase. A mas-
ter curve was created by shifting the relaxation
curves vertically and horizontally towards the ref-
erence curve. The vertical shift factor br is deter-
mined from the temperature dependence of the
athermal stress component. From the temperature
dependence of the horizontal shift factor ar the
main viscoelastic relaxation process was deter-
mined as the a-relaxation process of the crystalline
PP phase, which is not dependent on the polarity
and content of the oil as well as the mixing regime.
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Abstract. The dielectric dispersion behaviour of montmorillonite (MMT) clay nanoparticles colloidal suspension in
poly(vinyl pyrrolidone)-ethylene glycol (PVP-EG) blends were investigated over the frequency range 20 Hz to 1 MHz at
30°C. The 0, 1, 2, 3, 5 and 10 wt% MMT clay concentration of the weight of total solute (MMT+PVP) were prepared in
PVP-EG blends using EG as solvent. The complex relative dielectric function, alternating current (ac) electrical conductiv-
ity, electric modulus and impedance spectra of these materials show the relaxation processes corresponding to the micro-
Brownian motion of PVP chain, ion conduction and electrode polarization phenomena. The real part of ac conductivity
spectra of these materials obeys Jonscher power law 6'(®) = Gac+ A®" in upper frequency end of the measurement,
whereas dispersion in lower frequency end confirms the presence of electrode polarization effect. It was observed that the
increase of clay concentration in the PVP-EG blends significantly increases the ac conductivity values, and simultaneously
reduces the ionic conductivity relaxation time and electric double layer relaxation time, which suggests that PVP segmen-
tal dynamics and ionic motion are strongly coupled. The intercalation of EG structures in clay galleries and exfoliation of
clay sheets by adsorption of PVP-EG structures on clay surfaces are discussed by considering the hydrogen bonding inter-
actions between the hydroxyl group (-OH) of EG molecules, carbonyl group (C=0) of PVP monomer units, and the
hydroxylated aluminate surfaces of the MMT clay particles. Results suggest that the colloidal suspension of MMT clay
nano particles in the PVP-EG blends provide a convenient way to obtain an electrolyte solution with tailored electrical con-
duction properties.

Keywords: nanocomposites, PVP-EG blend, MMT clay colloidal suspension, dielectric spectroscopy, electrical conductivity

1. Introduction structures in the PVP-EG blends. The pressure-sen-

Miscibility of PVP with EG solvent is related to the
formation of hydrogen bonds (H-bond) between
carbonyl groups (C=0) of the repeating units of the
PVP chain and hydroxyl groups (-OH) of the EG
molecules. The PVP-EG complexation results the
breaking of some of the H-bonded self-associated
EG structures. It was confirmed that no more than
27 EG molecules bearing 54 hydroxyl groups
involve themselves in complex formation per 100
monomer units of PVP molecules [1], which shows
the presence of uncomplexed H-bonded pure EG

“Corresponding author, e-mail: rjsengwa@rediffmail.com
© BME-PT and GTE

sitive adhesive properties of PVP-EG blends find
its extensive use as a reservoir vehicle controlling
the rate of drug delivery [2, 3]. Besides the other
parameters, in general, the rate of drug release in
polymeric blend matrix depends on the polymer
chain dynamics [3] and ionic conduction process
[4]. The loading of MMT clay in hydrophilic poly-
mer matrix enhances its potential application in
medicine and pharmacy [5] and also in electrolytes
[6-9].
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The polymeric grade MMT clay is 2:1 phyllosili-
cate, which is also called inorganic polymer, and
chemically it is a metal silicate [10]. The dispersion
of small amount of MMT clay in a suitable poly-
meric solvent has swelling properties. Swelling of
the clay is mainly due to solvent intercalation
(absorption) in the clay galleries, and also because
of the adsorption of solvent molecules on the
hydroxylated aluminate clay surfaces through
H-bond interactions, which results the clay exfolia-
tion. The intercalated and exfoliated clay sheets in
polymeric solvent results the organic-inorganic
nanocomposites of highly complicated structures,
which is responsible for the improved thermal,
mechanical, gas barrier and electrical properties of
the polymer-clay nanocomposites (PCNs) [6—18].
The investigation of broadband dielectric spec-
troscopy (BDS) of the materials covers nowadays
the extraordinary spectral range from 10-¢ to
1012Hz [19]. The BDS frequency ranges from 10-!
to 10-3 Hz and 10-* to 10-6 Hz are denoted by very
low and ultra low (quasi-dc) spectrums respec-
tively, whereas ~100-104 Hz, ~105-107 Hz and
~108-1012 Hz are known as low frequency, middle
frequency and high frequency spectrums, respec-
tively. The BDS characterization of the dielectric
materials provide the confirmative information on
the intra- and intermolecular dynamics, the degree
of intermolecular H-bond interactions, cooperativ-
ity between guest and host molecules, and ionic and
electrode polarization processes related to the
molecular structures [19, 20]. The BDS study of
PVP-EG blends over the frequency range 20 Hz to
20 GHz are described by the sum of three relax-
ation processes with the contribution of dc conduc-
tivity [21]. The low frequency process (I-process)
for PVP-EG blends is caused by electrode polariza-
tion and ionic conduction phenomena [21-24]. The
middle frequency process (m-process) is observed
corresponding to the micro-Brownian motion (local
chain motion) of the PVP chain, whose time is of
the order of about 10-0 s [21, 22]. The repeat unit of
PVP has a bulky pyrrolidone ring as side group that
the local chain motion need a large free volume and
has large hindrance to its motion. The high fre-
quency process (h-process) of the PVP-EG blends
in the microwave frequency region occurs due to
reorientation of EG molecules, which takes the
duration of approximately 10-9 s [21, 25-27].
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In this paper, we study the dielectric spectroscopy
over the frequency range 20 Hz to 1 MHz of mont-
morillonite (MMT) clay colloidal suspension in the
PVP-EG blend. The objective of present paper is to
confirm the effect of clay concentration on the PVP
micro-Brownian motion, and ionic conductivity
and electrode polarization relaxation processes in
the MMT clay loaded PVP-EG blends. All the
intensive quantities, namely, complex relative
dielectric function £*(w), electrical modulus M*(®)
and electrical conductivity 6*(), and extensive
quantity i.e., complex impedance Z*(®), which is
inverse of complex admittance Y*(w) were used to
explore the low frequency processes contributed in
the electrical/dielectric properties of the coexisting
phases of colloidal suspension of the MMT clay
(inorganic polymer) in the PVP-EG blend (organic
polymer solvent).

2. Experimental
2.1. Materials

Laboratory grade poly(vinyl pyrrolidone) (PVP) of
weight average molecular weight (M,,) 24000 g/mol
was obtained from S.D. Fine-Chem, India. Ethyl-
ene glycol (EG) of laboratory grade was obtained
from E. Merck, India. Polymer grade hydrophilic
montmorillonite (MMT) clay (Nanoclay, PGV), a
product of Nanocor®, was purchased from Sigma-
Aldrich, USA. The Na*-MMT clay is white in
colour, and have 145 meq/100 g cation exchange
capacity (CEC), ~1 nm thickness sheets (platelets),
150-200 aspect ratio (length/width), 2.6 g/cc spe-
cific gravity, and 9—10 pH value on 5% dispersion.

2.2, Preparation of MMT clay colloidal
suspension in PVP-EG blends

For preparation of the MMT clay nanoparticles col-
loidal suspension, 10 wt% (weight fraction) of total
solute (MMT clay + PVP) (1.5 g) was added in the
EG solvent (13.5 g) in two steps procedure. Firstly,
the PVP-EG blends of varying concentration were
prepared by dissolving the required amounts of the
PVP solute (1.5, 1.485, 1.47, 1.455, 1.425, and
1.35 g) in EG solvent. Afterwards, the respective
amounts of 0, 1, 2, 3, 5 and 10 wt% MMT clay con-
centration (0.00, 0.015, 0.03, 0.045, 0.075 and
0.15 g) of the total weight of the solute (1.5 g) were
added in the respective prepared PVP-EG blends



Sengwa et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 800-809

for the preparation of varying clay concentration
colloidal suspension in PVP-EG blends. The pres-
ence of hydrated Na+ cations makes the hydrophilic
behaviour of MMT clay galleries so that polar
hydrophilic PVP-EG blends can mix without the
need of organic modification of the clay sheets. The
MMT clay nanoparticles (also called nano-
platelets) colloidal dispersion (intercalation, exfoli-
ation and tactoids) at room temperature were
achieved by vigorous magnetic stirring of the sam-
ples for 2 hrs at 50°C, and immediately after this
process, the colloidal samples were used for their
dielectric characterization.

2.3. Dielectric measurements

Agilent 4284A precision LCR meter and Agilent
16452A liquid dielectric test fixture with a four ter-
minals nickel-plated cobal (an alloy of 17% cobalt
+ 29% nickel + 54% iron) electrodes of diameter
40 mm and spacing 0.5 mm, were used for the
capacitance and resistance measurement in the fre-
quency range 20 Hz to 1 MHz. The capacitances Co
and Cp without and with sample, respectively and
equivalent parallel resistance R, with sample, were
measured for the determination of all the dielec-
tric/electrical function of the prepared materials.
The short circuit compensation of the cell and its
correction coefficient were considered to eliminate
the effect of stray capacitance during the evaluation
of the frequency dependent values of complex
dielectric function. All measurements were made at
30°C and the temperature was controlled by
Thermo-Haake DC10 controller.

The complex dielectric function €*(w) of the mate-
rials is determined from the Equation (1) [28]:

* ’ .” C . 1
e (w)=¢'—je"=0| L —j——— (1)
Cy OCyRp

where ® = 2ntfis the angular frequency and o is the
correction coefficient of the cell.

Figure 1 shows the frequency dependent spectra of
the real part of the relative dielectric function €,
dielectric loss €”, and loss tangent tand = €”/¢” with
varying MMT clay concentration colloidal suspen-
sion in the PVP-EG blend, at 30°C . The tand spec-
tra has the peak value corresponding to the elec-
trode polarization (EP) relaxation frequency fzp,
which is used to evaluate the EP relaxation time

10’ 10° 10° 10* 10° 10°
Frequency [Hz]

Figure 1. Frequency dependence of real part of dielectric
function €’ and loss €”, and loss tangent tand of
MMT clay nanoparticles colloidal suspension in
PVP-EG blends at varying clay concentration.
Inset shows that the gradual shift in €” dispersion
of the m-process corresponds to the local chain
motion of PVP towards higher frequencies with
increase of the clay concentration in the
PVP-EG blends.

Tep = (2mfep)! [22-24, 29-33]. The correct value
of fgp of these materials were determined by tand(f)
data fit using the Origin® non-linear curve fitting
tool.

The frequency dependent real part " and the imag-
inary part 6” of the alternating current (ac) complex
conductivity 6*(®) of the samples were obtained
from the Equation (2) [20, 34]:

6 (0)=0"+j0"=joe e (m)=we e+ joe,e’  (2)

where €9 (8.854-10-12 F-m!) is free space dielectric
constant. Figure 2 shows the ¢” spectra of the
investigated MMT clay colloidal suspension in the
PVP-EG blends.

Considering the charges as the independent vari-
able, conductivity relaxation effects can be suitably
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Figure 2. Frequency dependence of real part of electric
modulus M and loss M”, and real part of ac
conductivity 64 of MMT clay nanoparticles col-
loidal suspension in PVP-EG blends at varying
clay concentration. The continuous solid line in
o’ spectra represents the fit of experimental data
to the power law 6"(®) = G4 + A®".

analyzed within the modulus formalism in terms of
a dimensionless quantity, called electric modulus
M*(®w). The frequency dependent values of M*(®)
is obtained from the Equation (3) [8, 29, 30, 35]:

. € .
_—M,+_]M”_— +J
5
( ) ) ”2 2 ”2

M (w)=

3)

The main advantage of this formulation is that, the
space charge effects often do not mask the features
of the spectra, owing to suppression of high capaci-
tance phenomena in M”(f) plots. The spectra of the
evaluated values of the real part M” and the imagi-
nary part M” of the electric modulus of varying
MMT clay concentration colloidal suspension in
the PVP-EG blend is also shown in Figure 2, along-
with the conductivity spectra. The M”(f) spectra of
these materials have peaks, and the frequency fs

corresponding to these peaks is related to the most
probable ionic conductivity relaxation time Ts [29].
The exact values of fs were determined from the fit
of M”(f) data to the Origin® non-linear curve fitting
tool. The T values were obtained directly from the
values of f5 by the relation T6 = (27f5)~! [29].

The complex impedance plane plots (Z” vs. Z’) are
commonly used to separate the bulk material and
the electrode surface polarization phenomena [7, 8,
22-24, 30, 31, 36]. A common feature of dielectrics
with dc conductivity is a discontinuity at elec-
trode/dielectric interface, which has different polar-
ization properties with the bulk dielectric material.
The frequency dependent values of the real part Z’
and reactive part Z” of the complex impedance
Z*(m) of the materials were evaluated by the Equa-
tion (4) [30, 31]:

Z*(O))Z - :Z/_jZ”:
Y (o)
Ry . oCpR;
>/ 2 (4)
14+(wCpRp)*  1+(OCpR,)

Figure 3 shows the Z” vs. Z’ plots of the varying
MMT clay concentration colloidal suspension in
PVP-EG blends. Figure 4 shows the ‘master curves
representation’ [22, 23, 29, 32, 33] of the real and
imaginary parts of all the intensive quantities
alongwith tand values of 1 wt% MMT clay concen-
tration of the solute in PVP-EG blend. It is noticed
that the intersection of all the real and imaginary
parts of intensive quantities occurs at the same fre-
quency fs, and below it direct current (dc) conduc-
tion dominates.

3. Results and discussion

3.1. Complex dielectric function spectra

The increase of clay concentration in the PVP-EG
blend gradually increases the €” and €” values over
the entire frequency spectra (Figure 1). The loading
of hydrophilic MMT clay in the PVP-EG blend
results the intercalation and exfoliation of the clay
sheets. As compared to the intercalation of PVP-EG
complex structures, there is larger probability of the
intercalation of uncomplexed EG structures in the
hydrophilic clay galleries, because EG molecules
have smaller size as compared to the PVP monomer
units which has a bulky pyrrolidone ring as side
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Figure 3. Complex plane plots (Z” vs. Z') of MMT clay nanoparticles colloidal suspension in PVP-EG blends at varying
clay concentration. Inset shows the complex plane plot of pure EG.

group. The adsorption of the PVP-EG complex
structures on the clay sheets through H-bond inter-
actions between the hydroxylated aluminate sur-
faces of the MMT clay and the C=0 and —OH
groups of PVP-EG blends results the clay exfolia-
tion. The intercalation and exfoliation of MMT clay
result both dipolar and free charge in the nanocom-
posite material, and hence there is increase in the
complex dielectric function values [8, 9]. Further,
the significant increase in € and €” values of these
materials with increase of clay concentration may
also be related to the formation of a percolation
structure of the nanoparticles, which is confirmed
by dielectric investigation on nanocomposites [37].
Pure EG, PVP-EG blends and MMT clay loaded
PVP-EG blends have a large increase in the € val-
ues in the lower frequency side of the spectra (Fig-
ure 1), which is mainly due to the contribution of
the electrode polarization (EP) [8, 21-24] and
Maxwell-Wanger (MW) interfacial polarization
[38, 39]. Further, the € values of the MMT clay
loaded PVP-EG blends monotonously increases
with the increase of clay concentration, which sug-
gests the enhancement in number of free Na+
cations and their mobility in the increased spacing
of intercalated clay galleries.

The EP phenomena occurs due to formation of
electric double layer (EDL) capacitances by the
free charges build up at the interface between the
electrolyte and the electrode surfaces in plane
geometry [32, 40]. Whereas in case of MW phe-
nomena, the free charges build up at the interfacing
boundaries of various components of different
dielectric constant in the composite dielectric mate-
rial, which results the nanocapacitors of spherical
geometry [38—41]. In EP region, the logarithmic
slope of frequency dependent € values of the
dielectric materials closer to —1 indicate leakiness
of the EDL capacitances (blocking layers) to mov-
ing charges, whereas value close to 0 suggest a
complete block of charge movement through the
layers [20, 30, 42, 43]. The slope of the €'(f) spectra
(Figure 1) of the investigated materials closer to —1
suggest the leakiness behaviour of the EDL capaci-
tances formed in the EP region. In general the peak
in tand spectra (Figure 1), which corresponds to
electrode polarization (EP) relaxation frequency
(fep) is used to separate the bulk material and EP
phenomenas [29-32]. In the measurements, lower
frequency range up to fzp, EP polarization domi-
nates the MW polarization.

The Tep involves charging and discharging time of
EDL capacitance, which is associated with the
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Figure 4. Simultaneous superpositions of the real and
imaginary parts of the complex relative dielec-
tric function €7, the electric modulus M*, the
complex conductivity ¢*, and loss tangent tand
for MMT clay nanoparticles colloidal suspen-
sion in PVP-EG blends with 1 wt% clay concen-
tration

overall dynamics of the adsorbed ions on the elec-
trode surfaces in the alternating electric field
[29-33, 42]. The calculated tzp values of the clay
loaded PVP-EG blend is plotted against MMT clay
concentration [wt%] in Figure 5. In case of PVP-
EG blend, the addition of 10 wt% PVP in EG sol-
vent largely reduces the Tep value, which further
decreases on loading of MMT clay in PVP-EG
blends. The decrease of Tep values with increasing
clay concentration suggests the faster dynamics of
the EDL ions with the variation in the applied alter-
nating electric field.

Inset of Figure 1 shows the € dispersion in the
upper frequency region of the measurements of the
clay loaded PVP-EG blends, which is correspon-
ding to m-process of the PVP chain [21]. The com-
parative shapes of the m-process in the inset shows
that the colloidal suspension of MMT clay
nanoparticles in PVP-EG blends significantly influ-
ences the PVP local chain motion. Due to limita-
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Figure 5. MMT clay concentration dependence of the dc
conductivity ogc, the electrode polarization
relaxation time Tep and ionic conduction relax-
ation time Ts of MMT clay nanoparticles col-
loidal suspension in PVP-EG blends

tions of experimental upper frequency range, the
relaxation time of m-process could not be evaluated
because the inset spectra cover only the starting
shoulder of the m-process dispersion.

3.2. AC conductivity spectra

The ¢ spectra of the MMT clay loaded PVP-EG
blends have frequency independent plateau (Fig-
ure 2), which corresponds to ionic or dc electrical
conductivity 64c and exhibits dispersion at higher
frequencies. This behaviour obeys Jonscher [34]
power law ¢’(®) = 64 + A0, where A is the pre-
exponential factor and n is the fractional exponent
ranging between 0 and 1 for the electrolyte. The
solid line in the ¢’ spectra denotes the fit of experi-
mental data to the power law expression and the fit
values of G4, A and n obtained by Origin® non-lin-
ear curve fitting software are recorded in Table 1.
The evaluated G4 values of these materials are also
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Table 1. Parameters obtained from fit to the experimental
data to 6'(®) = G4 + A®" of various clay concen-
tration MMT clay-(PVP-EG) blends

MMT clay [wt%] Gdc:103 [S/m] A-107 n
EG 0.12 3.77 0.77
0 0.60 3.40 0.84
1 0.97 343 0.84
2 1.27 3.27 0.85
3 1.52 3.35 0.85
5 1.96 3.14 0.86
10 2.97 3.59 0.87

plotted against clay concentration [wt%] in Fig-
ure 5. The small deviation from G4 (plateau region)
value in lower frequency side of the conductivity
spectra is evidence of EP effect for these materials,
whereas the small dispersion in higher frequency
end of the ¢ spectra is owing to the contribution of
PVP segmental motion. The n values of these mate-
rials are found in the range 0.77 to 0.87 (Table 1).
For electrolyte n value can be between 1 and 0.5
indicating the ideal long-range pathways and diffu-
sion limited hopping (tortuous pathway), respec-
tively [44].

It is known that in an electrolyte the electrical con-
ductivity ¢ is given by the relation ¢ = Zn;W;q;,
where n;, W; and g; refer to charge carrier density,
ionic mobility, and ionic charge of it ion respec-
tively [40]. The increase of ionic conductivity of a
complex system is due to the increment of the num-
ber of mobile charge carriers introduced/produced
in the material with the change in concentration of
the constituent. In the polymer-clay nanocomposite
materials, there is existence of three H-bond
phases, namely organic polymer phase, inorganic
polymer phase (some tactoids of agglomerated clay
nanocomposites) and organic and inorganic com-
ponents phase [45]. The structural properties and
dynamical behaviour of these phases governs the
electrical conductivity of the organic-inorganic
nanocomposite [45].

The PEO-clay and PEG-clay nanocomposites are
extensively attempted to make potential electrolyte
material for rechargeable batteries [8, 9, 46-52].
Different spectroscopy investigation on poly(ethyl-
ene oxide) PEO-clay nanocomposites [46] con-
firmed that the intercalated PEO molecules between
silicate galleries impede the polymer crystalliza-
tion, which results in higher electrolyte conductiv-
ity compared to the system without clay. In regard
to the structural behaviour of the PEO-MMT clay

nanocomposites, it was postulated that the PEO
chains exist in helical structure in the intercalated
state, forming some kind of tunnel that increases
the mobility of the cations, and hence also the elec-
trical conductivity [47]. The XRD study of these
materials confirmed that the intercalated oxyethyl-
ene units are arranged in flattened monolayer
arrangements with 4 A interlayer expansions [5]. It
is supported by trans conformation to at least a por-
tion of (O—CH>—CH»-0) groups of the PEG chain
[48]. Furthermore, the main driving force for the
intercalation reaction results from orientation of the
polymer chains such that they form hydrogen bond
with the hydroxylated aluminate surfaces of the
clay. For the maximum hydrogen bonding interac-
tion, the PEG polymer adopts a conformation such
that its oxygen matches up with the surface
hydroxyl groups of the clay. For this the distances
between oxygens in the polymer chain is roughly
comparable to the distances between hydroxyl
groups in clay sheets.

For clay, interhydroxyl distance is ~2.8 A, and the
oxyethylene group repeat every 2.8 A all facing
towards the surface of clay would be particularly
favourable [48]. In case of MMT clay colloidal sus-
pension in PVP-EG blends, the intercalated EG
structures can be assumed like the intercalated PEG
and PEO structures, because the EG molecules
have repeat units of PEG and PEO molecules. The
investigation on PVP-MMT clay confirmed that the
H-bonding interaction between C=0 groups of
PVP chain and —OH on the silicate surfaces result
the large clay exfoliation in PVP-clay nanocompos-
ites, which enhances the nanocomposite thermal
property [53]. Considering all the above said facts,
in the present investigation, the large enhance in
G4c values of the MMT clay loaded PVP-EG blends
confirms that besides the increase of charge carriers
density, there is significant enhance of structural
symmetry which results the easy ionic conduction
path. Such path in complex system facilitates the
ions mobility and hence their large increase in Gy
values of these materials with the increase of clay
concentration (Figure 5).

3.3. Electric modulus spectra

The M’ spectra of the clay loaded PVP-EG blend,
which are free from space charge effect shows a
large dispersion in the ionic conduction region

806



Sengwa et al. — eXPRESS Polymer Letters Vol.2, No.11 (2008) 800-809

(above fgp) (Figure 2), whereas M” spectra shows
the relaxation peaks for the conductivity relaxation
processes. This suggests that ionic motion and PVP
segmental motion are strongly coupled manifesting
peak in the M” spectra with no corresponding fea-
ture in dielectric spectra (Figure 1). Figure 4 shows
the ‘master-curves representation’ of the intensive
quantities of 1 wt% clay colloidal suspension in
PVP-EG blend as one of the representative plot.
Such plots are frequently used to find out the com-
mon intersection frequency fs of the real and imag-
inary parts of all intensive quantities in the ion
conduction region [22-24, 29], which is correspon-
ding to Maxwell-Wagner or ionic conductivity
relaxation processes. In the conductivity spectra, fs
value separates the change in ions from dc to ac
transport. Figure 5 shows the 15 values [T = (27/5)']
of these materials which decrease with increase of
clay concentration.

Bur et al. [54] applied the fs (also known as fyw)
values for real-time measuring the extent of clay
exfoliation during the polymer-clay nanocompos-
ites process. They observed that fs value has the
dependence upon the amount of the clay aggregate,
intercalated or exfoliated state or any combination
thereof. As exfoliation proceeds, nanosize silicate
flakes present an ever expanding polymer/clay
interface area that increases the internal capaci-
tance of the composite where conducting ions can
accumulate. Silicate flakes act as nanocapacitors in
the melt polymer. In general, the MW relaxation
time Ts (Tmw) can be viewed as an electrical RC
time constant where R is the resistance of the poly-
mer matrix and C is the capacitance of the silicate
particle. The decrease of Ts value with increase of
clay concentration in PVP-EG blends suggest that
the dynamics of the colloid suspension charges
increases, which may be due to the extent of clay
exfoliation in dynamic equilibrium. The H-bond
interfacial bridging of exfoliated clay platelets with
C=0 groups and —OH groups of PVP-EG blend
results the faster dynamics.

3.4. Complex impedance spectra

The frequency value of the experimental points
increases on going from right to left side on the arcs
of the complex impedance plane plot (Z” vs. Z’) of
the MMT clay colloidal suspension in PVP-EG
blend (Figure 3). All these plots have two separate

arcs, which are corresponding to the bulk material
effect (the upper frequency arc) and the electrode
surface polarization (the lower frequency arc) [7, 8,
22-24, 36, 55]. Pure EG also have similar type of
arcs with comparatively large values of Z” and Z’,
and it is shown in the inset of Figure 3. The fre-
quency values correspond to Z” minimum value in
the plots separates the bulk material and electrode
polarization phenomena. These values are also
marked in the same Figure. These values are
exactly equal to the tand peak frequency fzp. In
complex impedance plane plots the extrapolated
intercept on the real axis Z” of the common part of
two arcs gives the value of dc bulk resistance Ry,
of the dielectric material [7, 8, 55]. It is observed
that the R4c value of these materials decreases with
the increase of MMT clay concentration, and hence
the 6,4 values increases.

4. Conclusions

The dielectric dispersion behaviour and relaxation
processes of MMT clay nanoparticles colloidal sus-
pension in PVP-EG blends were investigated in the
20 Hz to 1 MHz frequency range. Two relaxation
processes corresponding to ionic conduction and
electrode polarization phenomena and the starting
shoulder of PVP segmental motion were observed.
The comparative analysis of the various dielectric/
electrical quantities spectra confirms that the
behaviour of ionic conduction and EDL dynamics
is governed by the MMT clay concentration in
these colloidal materials. The type of H-bonding
interactions between the MMT clay and the PVP-
EG blends and clay intercalation and exfoliation
were recognized by comparative study of the inten-
sive dielectric quantities. The dc conductivity of
these materials can be tailored in the predicted
manner with the change in MMT clay concentra-
tion, for their potential use as electrolyte material
and other technological applications.
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Abstract. Environmental problems caused by extensive use of polymeric materials arise mainly due to lack of landfill
space and depletion of finite natural resources of fossil raw materials, such as petroleum or natural gas. The substitution of
synthetic petroleum-based resins with natural biodegradable resins appears to be one appropriate measure to remedy the
above-mentioned situation. This study presents the development of a composite that uses environmentally degradable
starch-based resin as matrix and basalt fibre plain fabric as reinforcement. Prepreg sheets were manufactured by means of
a modified doctor blade system and a hot power press. The sheets were used to manufacture bidirectional-reinforced spec-
imens with fibre volume contents ranging from 33 to 61%. Specimens were tested for tensile and flexural strength, and
exhibited values of up to 373 and 122 MPa, respectively. Through application of silane coupling agents to the reinforce-
ment fibres, the flexural composite properties were subsequently improved by as much as 38%. Finally, in order to enhance
the fire retardancy and hence the applicability of the composite, fire retardants were applied to the resin, and their effective-

ness was tested by means of flame rating (according to UL 94) and thermogravimetric analysis (TGA), respectively.

Keywords: biodegradable polymers, starch resin, basalt fibres, silane coupling agents, fire retardants

1. Introduction

The primary field of application for fibre reinforced
polymer composites is the aerospace industry. For
several years, however, composite materials have
been increasingly used for various other technical
tasks, where it is beneficial to apply lightweight
construction materials which have high strength
and stiffness characteristics. The favourable spe-
cific properties of fibre reinforced polymer com-
posites are based on the low density of the matrix
resins used, and the high strength of the embedded
fibres.

Regarding utilisation after service life, conven-
tional fibre reinforced composites are problematic.
The combination of miscellaneous, often highly
durable components complicates the recycling

“Corresponding author, e-mail: wittek @mate.shonan-it.ac.jp
© BME-PT and GTE

process considerably, and landfill disposal or incin-
eration are becoming increasingly difficult due to
environmental concerns and legal requirements. An
additional problem resulting from the use of poly-
mer resins as matrix material, is the depletion of
finite natural petrochemical resources increasingly
accompanied by a rise in costs.

A possible solution to these issues may result from
the use of natural fibre reinforced polymers based
on renewable resources, or ‘green’ composites. By
embedding natural fibres into matrices based on
biopolymers, fibre reinforced polymers are obtained
which integrate more readily into the natural
biodegradation cycles, for example by CO;-neutral
incineration, which includes recovery of energy, or
by composting. Advantages of biodegradable com-

810



Wittek and Tanimoto — eXPRESS Polymer Letters Vol.2, No.11 (2008) 810-822

posites include: biological degradation, reduction
in the volume of waste, preservation of fossil-based
raw materials, and protection of climate through
reduction of carbon dioxide emission.

Although research into ‘green’ composites has
been conducted worldwide since at least the mid-
1990s, practical application of these composites is
still in the early stages. Most fibres that are cur-
rently used for manufacturing of ‘green’ compos-
ites are cellulose-based plant fibres. Although
cellulose-based fibres possess several advantages,
including low cost, low density, high specific
mechanical properties and biodegradability, they
exhibit some severe drawbacks. These include
moisture absorption leading to fibre swelling, low
thermal resistance, anisotropic fibre properties, low
compressive and transverse strength, local or sea-
sonal variations in quality and poor compatibility
between the hydrophilic fibres and hydrophobic
polymer matrices [1, 2].

The main aims of our research are twofold: to con-
tribute to the enhancement of the application possi-
bilities of ‘green’ composites by exploring natural
mineral basalt fibres as reinforcement in biodegrad-
able polymeric resins, and to develop a composite
material that has mechanical properties similar to
those of conventional glass fibre reinforced poly-
meric composites based on petrochemical resources,
while exhibiting a lower degree of environmental
impact.

Due to processability considerations and in order to
achieve high fibre content, it was decided to use a
resin emulsion based on thermoplastic starch and
polycaprolactone (PCL) in combination with the
basalt fibres. PCL is applied because it provides
good mechanical properties, such as favourable
tensile strength and elongation, and shows good
compatibility with many types of polymers. On the
other hand, starch helps to lower the cost of the
final product and to improve several physical prop-
erties. In order to obtain thermoplastic properties,
but also to overcome the poor miscibility between
starch and PCL, denaturation of starch is one possi-
ble method. Other methods to overcome this misci-
bility issue, which have been reported recently,
include acylation of starch in anhydride solutions
[3], grafting of PCL by acrylic acid [4], addition of
a compatibiliser constituted by modified PCL or
the addition of a silane coupling agent [5].

811

The only ingredient used in the manufacture of
basalt fibres is solidified volcanic lava in which
Si0; accounts for the main part, followed by Al>O3,
then Fe>O3, FeO, CaO and MgO [6-8]. Basalt rocks
are classified according to the SiO content as alka-
line (up to 42% SiO,), mildly acidic (43 to 46%
Si07) and acidic basalts (over 46% Si0O3). Only
acidic type basalts satisfy the conditions for fibre
preparation [9]. Basalt fibres are extruded from
basalt rock through a melting process without the
application of additives. The fibres are cost-effec-
tive and possess several excellent properties, such
as outstanding sound and thermal insulation, non-
flammability and good mechanical strength [7, 10,
11]. The mechanical properties of basalt fibre are
similar or superior to those of plant fibre and glass
fibre. Also, basalt fibre is environmentally and eco-
logically harmless, and free of carcinogens and
other health hazards [12].

Noteworthy recent research on basalt fibre compos-
ites includes the development of a new method for
the production of short basalt fibres and related
extensive results on the properties of basalt fibre
reinforced hybrid thermoplastic and thermoset
composites [11, 13-16].

Recent reports on polymer resin matrices rein-
forced with continuous basalt fibres include unidi-
rectional basalt fibres and cross-ply in epoxy and
phenolic resin [17], basalt twill weave reinforced
epoxy and vinyl resin for applications in transporta-
tion [18, 19], and unidirectional basalt yarn as rein-
forcement in wheat gluten [20].

The initial steps of our research, as previously
reported in [21], were to select an appropriate man-
ufacturing method and to identify the processing
parameters by manufacturing unidirectional basalt
fibre reinforced ‘green’ composites and testing their
mechanical properties, such as tensile strength,
flexural strength and interlaminar shear strength. In
this paper, we are focusing on the manufacturing
and characterization of bidirectional basalt fibre
reinforced composites, with the intent of increasing
the applicability of these materials and turning
them into functioning engineering composites. We
also analysed the effectiveness of several additives
with the aim of improving the composites mechan-
ical properties and fire retardancy. The research on
flame retardancy of biodegradable composites in
particular is a subject which was hardly studied
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until recently. The work of Matké et al., where the
use of ammonium polyphosphate in different bio-
composites was reported [22], is worth mentioning
as the pioneering study in this field.

2. Experimental
2.1. Materials
2.1.1. Polymer matrix

The resin used during this study, termed Landy CP-
300 and provided by Miyoshi Yushi Inc., is an
emulsion with approximately 40% solid content,
where particles with an average diameter of 4.2 um
are dispersed in water. CP-300 is a blend of Corn-
pol and polycaprolactone. Cornpol is a starch based
biodegradable plastic, produced by Nihon Starch
Ltd., Japan, by denaturating cornstarch with natural
fats into an aliphatic ester [23]. The properties of
CP-300 are summarized in Table 1.

2.1.2. Reinforcement fibres

We have chosen basalt plain weave fabric (BT-8)
purchased from Sudaglass Fiber Technology Inc.,
Russia, as the reinforcement material for our
research. BT-8 has an area density of 210 g/m2, a
thickness of 0.18 mm, and warp and weft densities
of 10 and 8 yarns/cm, respectively. The properties
of the single fibres are shown in Table 1.

Table 1. Properties of base materials

CP-300 resin Basalt fibres
Density [g/cm?3] 1.17 2.7
Diameter [[m] - 13.1
Tensile strength [MPa] 8.3 1540
Elastic modulus [GPa] 0.3 86
Elongation at break [%] 16.8 2.6
Flexural strength [MPa] 10.2 -
Flexural modulus [GPa] 0.5 -

Burn-off tests indicated that the basalt woven cloth
used in this study was furnished with about 1.4 wt%
of proprietary sizing applied by the manufacturer.
Although no information could be obtained about
the nature of this sizing, initial tests were carried
out with the fibre material in the state it was
received.

2.1.3. Coupling agents

As initial tests suggested that the proprietary sizing
applied by the manufacturer was not compatible
with thermoplastic resins, two types of silane sur-
face treating agents were selected for further use in
this study. The coupling agents used were 3-amino-
propyl triethoxysilane (APTS), produced by Shin-
Etsu Chemical Co., Ltd., Japan, and 3-(triethoxysi-
lyl)propyl isocyanate (TSPI), produced by Tokyo
Chemical Industry Co., Ltd, Japan. The chemical
structures and descriptions of these agents are listed
in Table 2.

Both silane coupling agents were selected due to
their known compatibility with thermoplastic resins
and solubility in water. APTS is a well-studied
monomeric silane which has been successfully
applied with basalt fibres in several resin systems
[24-26] and has shown its compatibility to differ-
ent thermoplastic matrices, such as polycarbonate/
silicon carbide [27] and PCL/starch/pine leaf [5].

2.1.4. Fire retardants

In order to preserve the environmentally friendly
character of the ‘green’ composites when using fire
retardants, it was decided to use a phosphorus-
based system (Novared 120, provided by Rinka-
gaku Kogyo Ltd., Japan) and a metallic hydroxide
system based on magnesium hydroxide (Magnifin
H-7, provided by Albemarle Corporation, USA),

Table 2. Chemical structures and descriptions of silane coupling agents

Chemical structure and name Manufacturer

Product number | Designation | Molecular weight

OCH,CH3

|
HoN—(CHb»)3 —-Si—~OCH,CH3

|

OCH,CH3
3-aminopropyl triethoxysilane

Shin-Etsu Chemical Co., Ltd.

LS-3150 APTS 221.4

OCH,CH3

|
0=C=N-(CH2)3-Si—~OCH,CH3

|

OCH>CH3
3-(triethoxysilyl)propyl isocyanate

Tokyo Chemical Industry Co., Ltd.

10556 TSPI 247.4
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Table 3. Chemical structures and descriptions of fire retardants

Chemical structure Manufacturer Product Designation Spe.c1fic Consistency
and name name weight
Py . Phosphor: 86%
Red phosphor Rinkagaku Kogyo Co.,Ltd. |Novared 120 RP 2.34 Coating: 14%
Mg(OH
Mi;fl)esi)lzlm hydroxide Albemarle Corporation Magnifin H-7 MH 2.40 Mg(OH)2: 99.8%

instead of widely used, but rather toxic fire retar-
dant additives such as halogens. Novared 120 is a
red powder with a sublimation temperature of
416°C, while Magnifin H-7 is a white powder with
a median particle size of 0.8—1.1 um. Other proper-
ties and descriptions are displayed in Table 3.

2.2. Methods
2.2.1. Sample preparation

Samples were manufactured using the doctor
blade-assisted prepreg sheet method, developed in
accordance to [28]. Initially, pre-form sheets were
manufactured by impregnating as-received basalt
fibre plain weave using the doctor blade system
(DP-150, Tsugawa Seiki Seisakusho Ltd., Japan),
then drying the sheets overnight and cutting them
to size. The pre-form sheets were then subjected to
an initial pressure and heat application process
using a hot power press (WF-37, Shinto Co.,
Japan), which converted them into prepreg sheets
(prepreg moulding). After putting the sheets onto
the lower plunger of the hot press, the heating
device was engaged and the sheets heated until they
reached a processing temperature of 150°C. Mar-
ginal pressure was then applied for 30 minutes to
enable trapped air to escape and facilitate the
impregnation of the matrix between the fibres. The
pressure was subsequently increased to 4.9 MPa,
while the heating device was switched off, allowing
the sample to cool to room temperature at a rate of
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Figure 1. Process chart for prepreg and sample moulding
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Figure 2. Composite manufacturing process

approximately 0.5°C/min, as detailed in the process
chart (Figure 1). Afterwards, several layers of
prepreg sheets were stacked and subjected again to
a pressure and heat application process (sample
moulding), applying the same equipment and
parameters as in the previous manufacturing stage.
Spacers were used during sample moulding to
achieve a predefined sample thickness. The manu-
facturing process is depicted in Figure 2.

In order to determine the influence of the volume
fibre fraction on the mechanical properties, textile
composite samples were produced with varying
numbers of prepreg-sheets. The number of prepreg-
sheet layers used to manufacture tensile test speci-
mens ranged from 4 to 7, while 6 to 12 layers of
prepreg-sheets were used to manufacture flexural
test specimens. The number of layers corresponded
to fibre volume ranges of 32 to 61 vol% and 24 to
51 vol%, respectively.

2.2.2. Application of coupling agents

Before application of the silane coupling agent, the
proprietary sizing with which the basalt fibres were
coated by the manufacturer was burned off in a fur-
nace at 350°C for 30 minutes. The coupling agents
were then applied by first dissolving them in dis-
tilled water to form an aqueous solution. An impor-
tant prerequisite in the preparation of the aqueous
silane solution, and thus in the selection of the cou-
pling agents, was the desire to keep the solution as
plain as possible without the addition of chemical
products other than the silanes. This was done with
the intention of keeping the preparation process
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itself as simple as possible and to avoid further
components with potential negative environmental
impact. Hence two water-soluble silane coupling
agents, as described in 2.1.3, were chosen for appli-
cation.

Although there are other parameters, such as treat-
ment time, temperature and solvent composition,
one of the principal experimental parameters for
the optimised silane treatment on the fibre surface
is concentration of the aqueous solution. As was
previously shown in [29], the effectiveness of the
silane treatment is more dependent on the silane
concentration than on the dipping time. Therefore,
aqueous solutions with 1, 2 and 3 wt% were pre-
pared to evaluate the optimum concentration, while
the dipping time was kept constant at 2 hours.
After applying the aqueous silane solution to the
fibres, the fibres were removed and allowed to air
dry for approximately 20 hours. A small sample of
the dry, treated basalt fibre cloth was weighed and
placed in a furnace at 350°C for 2 hours to remove
any chemicals from the surface. After removal
from the furnace, the samples were again weighed
to determine the amount of silane coupling agent
that had been burned off in the furnace. The results
of this burn off indicated that the silane treated
basalt fibre cloth had about 0.5 wt% silane cou-
pling agent on the surface, which complies with the
practical experience that only a very small propor-
tion of silane at the interface is sufficient to provide
marked improvement in composite properties [30].
Subsequently, the basalt fibres in combination with
CP-300 resin were subject to the manufacturing
procedure described in chapter 2.2.1.

To evaluate the effect of the silane coupling agent,
laminate samples with 8 layers of basalt woven
cloth, a fibre volume content of approximately
34 vol%, untreated and treated in APTS and TSPI
solutions with different concentrations were tested
for flexural strength.

2.2.3. Application of fire retardants

Composite samples with fire retardants were tested
for flammability using horizontal and vertical burn-
ing tests, as well as being tested for flexural
strength. Samples were prepared utilizing the doc-
tor blade assisted prepreg sheet method as
described in 2.2.1. The basalt fibres were burned at
350°C for 30 minutes to remove the sizing applied

by the manufacturer and treated in 1%-APTS solu-
tion. The fire retardant additives were mixed by
hand directly into the liquid resin before impregna-
tion of the fibre. The uniform distribution of the
retardants in the resin was visible by the uniform
change of the resin colour.

When handling red phosphorus it is important to
notice that by prolonged contact with water, or con-
tact with water under elevated temperature, slow
decomposition occurs. This decomposition can
cause traces of hydrogen phosphide, a toxic and
flammable gas, to be formed in time. As shown by
the results of the retardancy test, described in 3.3,
the contact with the water content of the liquid resin
was not prolonged enough to decrease the function-
ality of the red phosphorus noticeably.

Laminate flexural samples with a thickness of
2 mm and 8 layers of basalt woven cloth, and com-
bustion performance samples with a thickness of
1 mm and 4 layers of woven cloth, corresponding
to a volume fibre fraction of approximately 34%
and a weight fraction of approximately 55% were
manufactured. Fire retarded composite samples
were prepared with fire retardant additive amounts
of 9 and 4.5 wt%.

2.3. Tests
2.3.1. Tensile strength

An Instron universal material-testing machine,
model 4200, was used for the tension tests. The
tests were carried out according to [31] with a dis-
placement rate of 1.0 mm/min. All samples had a
length of 200 mm, a width of 10 mm and a thick-
ness of 1 mm. End tabs with chamfered edges and
manufactured of cross-plied glass fibre reinforced
epoxy resin were attached to the specimens using
an appropriate adhesive to avoid untimely failure at
the load transmission points. During the tests the
initiated load was recorded by an attached com-
puter system, while the tensile strain was quantified
by means of strain gauges.

2.3.2. Flexural strength

A Shimadzu AGS-1000B universal material-testing
machine was used for the flexural tests. The tests
were carried out according to [32] as 3-point-bend-
ing tests, with a displacement rate of 1.0 mm/min.
Samples had a length of 60 mm, a width of 15 mm
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and a thickness of 2 mm. During the tests the initi-
ated load was recorded by an attached computer
system; the flexural strain was quantified by means
of strain gauges.

2.3.3. Combustion performance

Flammability was characterised by UL 94 tests,
according to [33]. The UL 94 method classifies the
materials with horizontal and vertical burning tests.
In the horizontal burning test, specimens with a
length of 127 mm, width of 12.7 mm and thickness
of 1 mm are held horizontally and tilted at a 45°
angle. A flame fuelled by natural gas is applied to
the freestanding end of the specimens for 30 sec-
onds. The time for the flame to reach from the first
reference mark at 25.4 mm from the ignited end to
the second reference mark at 101.6 mm is meas-
ured. Three specimens are tested for each sample.
When the burning rate is lower than 76.2 mm/min
or the specimens stop burning before the second
mark, they are rated with the lowest fire retardancy
rating, HB. The most flammable polymers, which
cannot be classified according to this method, are
marked with a code NR (no rating).

For vertical testing, a specimen with the same
dimensions as those used in the horizontal case, is
supported in a vertical position and the flame
applied to the bottom of the specimen. The flame is
applied for ten seconds and then removed until
flaming stops at which time the flame is reapplied
for another ten seconds and then removed. Two sets
of five specimens, which were prepared under dif-
ferent conditions, are tested per sample. One set of

specimens was kept under room temperature for
2 days; the other set was kept for 7 days in a hot air
kiln at 60°C and afterwards for 4 hours in a desic-
cator. If the specimens do not burn with flaming or
glowing combustion up to the specimen holding
clamp, they receive a vertical flame rating. VO rep-
resents an exceptionally flame retardant material,
while V2 and V1 indicate flame retardancy levels
between VO and HB.

2.3.4. Thermal analysis

Thermogravimetric analysis (TGA) measurements
were performed with a TG1180 thermal analyzer,
produced by Rigaku Corporation, Japan, using
20 mg samples at a heating rate of 10°C/min up to
500°C in air.

2.3.5. Morphology observation

The surfaces of the specimens obtained after the
UL94 burning tests, as well as the tensile and flex-
ural samples, were observed with a DSC-T70 digi-
tal camera, produced by Sony Corp., Japan.

3. Results and discussion

3.1. Mechanical properties as a function of
fibre volume fraction

Using as-received basalt fibre plain weave in com-
bination with CP-300, ‘green’ composites with a
tensile strength of more than 370 MPa and a flex-
ural strength of about 120 MPa have been manufac-

Table 4. Effect of fibre volume content on tensile properties; CP: CP-300 resin; BaF: basalt fibres; AR: as received

Sample designation Fibre volume fraction Tensile strength Elastic modulus Fracture strain
[%] [MPa] [GPa] [%]
Cp 0 83+0.7 0.3+0.1 16.75 +5.75
CP/BaF(AR)32 32 2809+ 15.2 11.8+0.2 3.30+0.12
CP/BaF(AR)37 37 301.4 £43.8 134 +1.7 3.01 £0.11
CP/BaF(AR)50 50 365.8 +31.8 17.3+0.5 3.13+0.25
CP/BaF(AR)61 61 3733+ 14.7 158 +04 3.74 +0.12

Table 5. Effect of fibre volume content on flexural properties; CP: CP-300 resin, BaF: basalt fibres, AR: as received

Sample designation Fibre volume fraction [ %] Flexural strength [MPa] Flexural modulus [GPa]
CP 0 10.2+0.3 0.5+0.1
CP/BaF(AR)24 24 72.8 £3.0 9.7+0.8
CP/BaF(AR)34 34 99.0 £ 10.0 152+25
CP/BaF(AR)37 37 100.6 = 13.9 152+34
CP/BaF(AR)42 42 1142 +5.5 17.4+£0.3
CP/BaF(AR)51 51 1223 £13.4 19.7 £0.9
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Figure 3. Effect of fibre volume fraction on tensile
strength (a), elastic modulus (b) and fracture
strain (c)

tured. The composites’ tensile and flexural property
values are shown in Tables 4 and 5, respectively.
Figure 3 presents the tensile strength and the elastic
modulus of the plain weave reinforced composite
against the fibre volume content. The tensile
strength of the composite achieves a value of
281 MPa with a volume fibre content of 32%. An
increase in the fibre volume fraction of up to 50%
leads to an increase in tensile strength to 366 MPa,
but once the fibre volume content exceeds 50% and
continues through to a fibre volume content of 61%
the tensile strength value remains almost constant
at 373 MPa.

These tensile properties of samples with high fibre
loading can be explained by non-sufficient fibre
wetting, which increases at higher volume frac-
tions. Comparing the fracture behaviour of a 33%-

6 mm

Figure 4. Fracture behaviour of composite specimens; left:
Vr=50%, right: Vr=33%

sample and a 50%-sample, it is evident that the for-
mer shows an almost linear fracture surface, while
the latter exhibits a rather brush-like appearance,
which suggests
(Figure 4).

The behaviour of the elastic modulus in tension
against the change of the fibre volume content is
similar to the behaviour of the tensile strength. The
elastic modulus value of 11.8 GPa, which was
achieved with a fibre volume fraction of 32%, ini-
tially went up as expected with the increase in the
fibre volume fraction to 17.3 GPa at 50%. The
modulus value, however, dropped to 15.8 GPa with
an increase in the fibre volume fraction to 61%.
The slightly increasing, and subsequently even
decreasing values of the elastic modulus may be
assigned to the higher void content and low interfa-
cial shear strength, which resulted in less efficiency
of load transfer with the increase in fibre content.
Figure 3 also presents the fracture strains of the
composites as a function of the fibre volume con-
tent. It indicates that the strain values of the fibre
reinforced samples are largely independent of the
fibre content. This demonstrates that the fibres are
the main load-bearing component in the tested fibre
volume range.

Figure 5 shows the flexural strength and flexural
modulus against the fibre volume fraction. The
flexural strength and the flexural modulus show a
steady linear rise with the increase in fibre content.
The flexural strength rises from 73 MPa at Vy=24%
to 122 MPa at Vy=51%, and the flexural modulus
increases within the same range of fibre content
from 9.7 to 19.7 GPa.

During the three point-bending test, the lower lay-
ers are under tension and the upper layers are sub-
ject to compression. Flexural samples exhibit com-
pressive fracture caused by fibre buckling failure.
Buckling of fibres is mainly restricted by the sur-

an increased fibre pull-out
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rounding matrix and, therefore, dependent on resin
properties and the quality of fibre-matrix bond.

3.2. Effect of silane coupling agent

The results of the flexural tests on composites man-
ufactured using desized and silane treated basalt
woven cloth are summarised in Table 6.

Although no positive effect resulting from the
APTS treatment was observed for flexural modu-

2 mm
I

Figure 6. Flexural fracture behaviour of samples with
untreated basalt fibres (a) and with fibres treated
with APTS (1%) (b)

lus, treatment of the basalt fibres with 1 wt% aque-
ous APTS solution increased the composites’ flex-
ural strength by 38%, from 99 to 136.6 MPa.
Figure 6 shows the difference in the flexural frac-
ture behaviour of 1 wt% APTS-treated samples and
untreated samples. Both cases display fibre buck-
ling in the upper compression layers. The fibre
buckling of the APTS-treated sample, however, is
limited to a smaller range of the sample length,
indicating that higher compressive powers are
needed to cause the buckling of the fibres. While in
the untreated case fibre buckling is the main cause
for compressive failure, the failure mode of the
treated sample is a combination of compressive
failure and tension failure by fibre failure in the
lower layers, indicating a stronger fibre-matrix
bond. With the increase in the concentration of the
aqueous solution to 2 wt%, the flexural strength
remained virtually unchanged. A further increase
up to 3 wt% led to a decrease in the flexural
strength to 116.2 MPa.

As further shown in Table 6, composite samples
with basalt fibres treated in 1%-TSPI solution
exhibited lower tensile strength values than sam-
ples with APTS-treated fibres, but still had a 17%
higher value than samples using as-received fibres.
Although several mechanisms have been proposed
to explain the interfacial reinforcement by silane
coupling agents, chemical bonding is the most
widely accepted [30]. Both coupling agents used in
this study are ethoxy derivatives. Their chemical
structure may be summarised as RSi(OEt)3;, where
OEt is the hydrolysable ethoxy group, and R the
functional organic group. The ethoxy groups
hydrolyse in the presence of water to form the
silanol groups, the active agent in the reaction with
the mineral surfaces.

The hydroxyl groups of the silanols then react with
the hydroxyl groups of the basalt fibre surface
through siloxane or hydrogen bonding (Figure 7).
In addition to those reactions of silanols with

Table 6. Effect of silane coupling agent application on flexural properties; CP: CP-300 resin; BaF: basalt fibres; SA:

APTS; SB: TSPI

Sample designation Silane treatment Flexural strength Flexural modulus
Type Solution content [MPa] [GPa]
CP/BaF34/SA APTS 1% 1363+11.3 152+1.0
CP/BaF34/SA2 APTS 2% 1356 +5.7 13.1+1.0
CP/BaF34/SA3 APTS 3% 129.1 +11.3 145+0.9
CP/BaF34/SB TSPI 1% 116.2+9.3 128+ 1.1
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Figure 7. The bonding process of the silanol groups to the basalt fibre surface

hydroxyls on the fibre surface, the formation of
polysiloxane structures also can take place [34].

In case of thermoplastic resins it is widely accepted
that an interphase layer is generated. This layer
may have partial solution compatibility with the
matrix resin and forms an interpenetrating network
(IPN) as the siloxanols and matrix resin cure sepa-
rately with a limited amount of cross-linking [35].
The results of our study show that APTS has a
higher compatibility with the thermoplastic con-
stituents, PLC and starch, than TSPI and the propri-
etary sizing applied by the manufacturer.

An explanation for the decrease of the flexural
strength with a concentration of 3 wt% may be con-
nected with the thickness of the silane interphase.
In general, more than one layer is necessary to form
chemical bonds, an interpenetrating network and
the proper orientation of functional groups. As the
thickness of the deposited silanes increases, the
non-bonded oligomeric interphase between the two
main substrates of the composites has the opposite
effect on the interfacial properties. This interphase
has low mechanical strength and low resistance to
environmental attack as the oligomeric interphases
can be hydrolysed easily. An indicator of the exis-
tence of non-hydrolysed interphases might be the
appearance of the woven cloth just after impregna-
tion with the resin emulsion, as shown in Figure 8.

Figure 8. Appearance of freshly impregnated fibres,
treated with 3 wt% APTS solution

As such flaws were only observed with plain weave
treated with a concentration of 3 wt% APTS, it is
conceivable that the reaction of non-hydrolysed
ethoxy groups with the water from the emulsion
was the cause of this phenomenon.

3.3. Fire retardancy

Table 7 shows combustion and flexural properties
of non-reinforced CP resin and basalt fibre rein-
forced ‘green’ composites with and without appli-
cation of fire retardant additives. The UL 94 hori-
zontal test results for the non-reinforced CP resin
display a very high burning rate, showing that the
resin is highly flammable. Incorporation of approx-
imately 34 vol% of non-flammable natural basalt
fibres into the resin results in a substantial decrease
in the burning speed from 199 to 38 mm/min, lead-

Table 7. Composition of samples tested for combustion performance and effect of fire retardants on combustion perform-
ance and flexural properties; x: specimens stopped burning; CP: CP-300 resin; BaF: basalt fibres, SA: APTS; RA:
APTS and RP; RB: APTS and MH; RAB: APTS, RP and MH

Ingredients [wt %] Burning rate [mm/min] Flexural Flexural
S.ampl.e CP Basalt . strength modulus
designation resin fibres RP MH ULY94H | UL94V [ULY94 V7| Rating [MPa] [GPa]

CP 100 - - - 199 + 95 - - NR 10.2+£0.3 0.5+0.1
CP/BaF34/SA 45 55 - - 38+4 - - HB 136.3+11.3| 152+1.0
CP/BaF34/RA9 36 55 9 - X 146 £17 | 15518 HB 99.6 + 6.1 13.8 0.7
CP/BaF34/RA 40.5 55 4.5 - X 162 +30 | 176 £ 17 HB 107.4+48 11.6 1.1
CP/BaF34/RB 40.5 55 - 4.5 X 127+6 | 1334 HB 103.8 +3.7 11.3+04
CP/BaF34/RAB 40.5 55 2.25 2.25 X 146 £ 5 154 £ 12 HB 108.9 6.1 13.1+£1.0
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ing to a HB rating for the composite even without
the use of fire retardant additives. Applications of
RP and MH, respectively, result in further enhance-
ment of burning behaviour by extinguishing the
flaming of the horizontal samples after only a few
seconds. This indicates that both additives can be
effectively used as fire retardants for starch based
basalt fibre reinforced composites at relatively low
loadings.

In order to further investigate and to compare the
effect of the fire retardant additives, vertical burn-
ing tests were conducted as well. The effect of the
fire retardants on the burning rates of the vertical
combustion samples can be seen in Figure 9. Com-
posite samples with 4.5 wt% RP displayed burning
rates of 162 and 176 mm/min, respectively. While
an increase in the RP loading to 9 wt% shows a
10% improvement in the flame retardancy, the
replacement of 4.5 wt% RP with the same amount
of MH improves the composites flame retardancy
by more than 20%. The combination of RP with
MH in a ratio of 1:1, with an overall fire retardant
content of 4.5 wt%, displayed about the same val-
ues as samples with 9 wt% RP, but showed lower
values than samples with MH only.

Metallic hydroxides such as MH provide flame
retarding effects by various mechanisms. Those
mechanisms include [36]:
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Figure 9. Effect of the fire retardant additives on UL 94
horizontal burning rate of samples stored for
2 days at RT (a) and 7 days at 60°C (b) before
testing

— reduction of the temperature increase of the
burning polymer and delay of ignition and flame
propagation due to water releasing decomposi-
tion,

— reduction of combustible gas concentrations due
to water moisture vapour,

— blocking of available oxygen caused by the gen-
eration of combustion barriers and delay of
flame propagation by adiabatic effect,

— reduction of the amount of burnable material,
and

— smoke reduction due to acceleration of the
oxidative reaction of fine particle carbon (soot)
caused by emerging MgO.

RP is an amorphous polymeric modification of

phosphorus. The fire retardancy effectiveness of

RP depends slightly on the polymer used, because

of different mechanisms which depend on the sur-

rounding environment of RP particles. The retar-
dancy of RP is based on its ability to turn into
polyphosphoric acid derivatives while burning,
facilitating the formation of char layers. This effect
is efficient in the case of oxygen-bearing resins, but
the efficiency decreases if the generation of char
layers depends solely on oxygen found on the burn-

ing surface of the polymer [37].

Both fire retardants effectively reduce the flamma-

bility of the composite at low content. Although the

oxygen content inherent in both starch and PCL
was sufficient for RP to bring its fire retarding
mechanism into effect, forming char layers as seen
in Figure 10, MH displays higher retarding effec-
tiveness with the same weight content. As further
seen by the appearance of both specimens in Fig-
ure 10, the dominant fire retarding mechanism by
application of MH was similar to the fire retardant
mechanism of RP. For this reason, no synergistic

Figure 10. Photographs of specimens after UL 94 horizon-
tal burning test of formulations with 4.5 wt%
red phosphor (CP/BaF34/RA, left) and
4.5 wt% magnesium hydroxide
(CP/BaF34/RB, right)
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effect was observed by using the fire retardants
simultaneously.

Figure 11 shows the TGA curves of the flame
retarded resins used in the sample designations CP/
BaF34/RA and CP/BaF34/RB containing 10 wt%

120
100 F

RP

80F
60

/

40}

Residual weight [%]

20+

0 1 L L 1
0 100 200 300 400 500

Temperature [*C]

2

120

100

HM
8ot ¥

60
40

Residual weight [%]

201

0 100 200 300 400 500
Temperature [°C]

o
—

120
100

CP-300

80
60
40
20+

Residual weight [%]

/

L ' L L
0 100 200 300 400 500
Temperature [°C]

2]
-

120
100 F

CP-300 + RP(10%)

80|
60
40}

Residual weight [%]

/

204

0 100 200 300 400 500
Temperature [*C]

(=%
=

120

CP-300 + HM(10%)
100}

80}
60}
40}

/

Residual weight [%]

20F

0 100 200 300 400 500
e) Temperature [*C]

Figure 11. TGA curves of red phosphor (RP) (a), magne-
sium hydroxide (MH) (b), CP-300 base resin
(c) and mixtures of the base resin with 10% RP
(d) and MH (e), respectively

RP and MH, respectively, together with the TGA
curves of each flame retardant and the base resin
CP-300. The decomposition of CP-300 starts at
250°C, continues quickly and reaches a residual
weight of 16% at 430°C, with a remaining residue
of 10% at 500°C. Both flame retardants start to
decompose at 350°C. MH decomposes steadily
until 410°C reaching a residual weight of 75% with
a remaining residue of 72% at 500°C. RP displays a
slight mass increase at 350°C due to its highly
oxidative character and then starts to decompose
leaving a char residue of 62% at 500°C. The effect
of the flame retardants on the base resin can be
clearly seen by looking at the residues at 500°C.
The amount of residue of CP-300 with 10% RP is,
with 21%, twice as high as the amount in the case
of the base resin. The value of CP-300 with 10%
MH is, with 25%, even higher. This indicates that
the resulting char-like residue observed during the
UL 94 tests and shown in Figure 10 is formed from
the present flame retardants starting with the
decomposition process of the base resin at around
250 to 300°C.

Table 7 also displays the flexural properties of the
flame retardant composite mixtures. Despite the
application of the silane coupling agent, the addi-
tion of flame retardant additives shows a negative
influence on the flexural properties of the compos-
ites, and the properties of the composites with 4.5%
flame retardants display a reduction in flexural
strength of 20 to 24 %. At the same loading values
samples with RP only exhibited slightly better
properties than samples with HM or with both
retardants, which might be indicative of non-uni-
form distribution of HM inside the resin.

4. Conclusions

High strength bi-directional ‘green’ composites
with woven basalt cloth as reinforcement and
starch based resin as base material have been suc-
cessfully manufactured through the utilization of a
hot press machine and a doctor blade system. Fur-
thermore, this study showed that by application of
silane coupling agents compatible with the resin
system, flexural properties of the composite could
be improved significantly. The flammability behav-
iour of the base resin and of the composites with
and without flame retardants, as well as the effect
of flame retardant additives on the flexural proper-
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ties of basalt fibre reinforced starch based compos-
ite was studied. It was shown that basalt fibres are a
natural reinforcement material which significantly
improves the flammability behaviour of the ther-
moplastic matrix. It was further shown that magne-
sium hydroxide and red phosphor can effectively
reduce the flammability of the composite with con-
tents as low as 4.5 wt%. The flexural properties of
the retardant-filled composite exhibited a slight
decrease compared to the composite without flame
retardants, but at the same time showed better prop-
erties compared to the composites without treat-
ment with silane coupling agent compatible to the
polymer system.

Further tests, especially on durability and resistance
against environmental conditions, have to be per-
formed in order to evaluate the application possibil-
ities of the developed material and to assess if
basalt fibre reinforced CP-300 is adaptive for parts
which are exposed to environmental influences, as
for example automotive under body panels.
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Abstract. A novel poly(urethane-imide) (PUI) containing dispersed red chromophore was synthesized. The PUI was char-
acterized by FT-IR, UV-Vis, DSC and TGA. The results of DSC and TGA indicated that the PUI exhibited high thermal
stability up to its glass-transition temperature (7,) of 196°C and 5% heat weight loss temperature of 229°C. According to
UV-Vis spectrum and working curve, the maximum molar absorption coefficient and absorption wavelength were meas-
ured. They were used to calculate the third-order nonlinear optical coefficient (. At the same time, the chromophore den-
sity of PUI, nonlinear refractive index coefficient and molecular hyperpolarizability of PUI were obtained. The
fluorescence spectra of PUI and model compound DR-19 were determined at excitation wavelength 300 nm. The electron
donor and acceptor in polymer formed the exciplex through the transfer of the electric charges. The results show that the
poly(urethane-imide) is a promising candidate for application in optical devices.

Keywords: polymer synthesis, third-order nonlinear optics, molecular hyperpolarizability, nonlinear refractive index coef-

ficient

1. Introduction

It is well known that nonlinear optical (NLO) mate-
rials can be used for a number of photonic applica-
tions, for example, optical signal processing,
optical communication, optical computing, electro-
optic modulation, optical limiting effect, etc. Poly-
mer is attractive medium for application in optical
electronic devices [1-3]. Recently, there has been
growing interest in the third-order nonlinearity of
azo-dye doped polymer materials for their large ()
value, which are interesting for application in opti-
cal-limiting and optical switching application. Pho-
toisomerization of azo-molecules makes it easy to
modify linear and nonlinear polarizabilities of
molecular as well as optical nonlinear refraction.
The optical properties of azo-polymer can be con-
trolled optically, which aroused considerably the
interest of people [4, 5].

“Corresponding author, e-mail: fxqiuchem@ 163.com
© BME-PT and GTE

Polyurethane (PU) is a versatile polymer and can be
easily prepared by a simple polyaddition reaction
of polyol, isocyanate and a chain extender. Unfor-
tunately, the conventional PU is known to exhibit
poor thermal stability which limits its applications.
Research focused on improving the thermal stabil-
ity of PU has attempted to achieve this goal in vari-
ous ways. The most accepted approach for the
improvement of thermal stability of PU is a chemi-
cal modification in the structure by introducing
thermally stable heterocyclic polymers like poly-
imides [6—8]. Polyimides (PI) are the most impor-
tant members of heterocyclic polymers with
remarkable heat resistance and excellent mechani-
cal, electrical, chemical and durability properties.
So the incorporation of polyimide or oligoimide
unit into PU has been attempted, resulting in an
imide-modified PU (i.e. poly(urethane-imide),
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PUI), which is a type of organic polymer character-
ized by its outstanding thermal stability, good solu-
bility and film formation ability.

In this paper, the isocyanate groups (-NCO) termi-
nated polyurethane containing a diazo non-linear
optical chromophore in the side-chain was synthe-
sized based on toluene diisocyanate (TDI) with two
active isocyanate groups and dispersed red 19 (DR-
19) with two isolated hydroxyl groups, and then the
polyurethane terminated with —-NCO groups was
used to synthesize the poly (urethane-imide) (PUI)
with 4,4’-(Hexafluoroisopropylidene) diphthalic
Anhydride (6FDA). The structure, the thermal prop-
erty, third-order nonlinear coefficient and nonlinear
refractive index coefficient and molecular hyperpo-
larizability of the PUI were characterized and
obtained. The experimental results showed that the
PUI obtained possessed excellent heat-resistance
and high third-order nonlinear property.

2. Experimental
2. 1. Materials

Dispersed red 19 was obtained from the ACROS
ORGANICS. The 4,4’-(Hexafluoro-isopropyli-
dene) diphthalic Anhydride (6FDA) was obtained
from TCI Co. and used without further purification.
N,N-dimethylformamide (DMF, A. R.) was pro-
vided by Shanghai Gaogiao petrochemical com-
pany. Toluene-2,4-diisocyanate (TDI, industry
product) was supplied by Huls Co. and was purified
before use.

2.2, Characterization

FT-IR spectra of the prepared thin films were
obtained on a KBr pellet using Nicolet AVATAR
360 spectrometer. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC)
were performed on NETZSCH STA449C. The pro-
grammed heating range was from room tempera-
ture to 700°C, at a heating rate of 10°C/min under
nitrogen atmosphere. The measurement was taken
using 6—10 mg samples. The UV-Vis spectrum of
the PUI solution was measured by Shimadzu UV-
240 spectrophotometer. The photoluminescence
measurement was performed on a VARIAN Cary
Eclipse spectrofluorophotometer.

2.3. Preparation of PUI

The Toluene-2,4-diisocyanate (TDI) 1.25¢g
(7.2 mmol) and 15 ml DMF were added into a
250 ml flask equipped with mechanical stirrer,
nitrogen inlet, condenser and thermometer to react
at room temperature, and then the DR-19 1.12 g
(3.4 mmol) dissolved in 15 ml DMF was dropped
slowly into the system. The reaction was carried
out at 40, 75 and 90°C for 2 h, respectively. After
cooling to the room temperature, the 4,4’-(Hexaflu-
oroisopropylidene) diphthalic Anhydride (6FDA)
1.51 g (3.4 mmol) was dissolved in 30 ml DMAC
and dropped into the system and reacted with the
—NCO groups at 40 and 90°C for 2 h, respectively.
The product was deposited in the solution of
methanol and water (V:V = 1:1). The red poly(ure-
thane-imide) (PUI) was obtained after filtration and

HOCH,CH, - N - CH,CH,OH (DR19)
|

R

OCN-P-NCO | (TDI)

Y

OCN - P -~ HNCOOCH,CH, — N — CH,CH,OCONH - P — NCO
|

R
CF4

Sk
Y CF3j|/

o

(6FDA)

[
R

R= — E}—N =N —< :}— NO,

Figure 1. Synthesis of poly (urethane-imide) (PUI)

o CF. o
© \ )\ ’ J\
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CF; . n
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drying in vacuum at 60°C. The synthetic route for
PUI is shown in Figure 1.

3. Results and discussion

3.1. Structure characterization and thermal
property of PUI

The UV-Vis spectra of the prepared poly(urethane-
imide) material and DR-19 were shown in Figure 2.
The content of PUI or DR-19 was 3.0-10-> mol-I-!.
From Figure 2, the absorption peak of DR-19 in
DMF was 500 nm, while the absorption peak of
PUI in DMF was 454 nm. The result indicated that
the absorption peak had blue shift after polymeriza-
tion. The two hydroxyl groups in DR-19 formed
urethane bond after polycondensation. The electron
cloud in azobenzene groups of DR-19 shifted to the
ester bond because of the electron acceptor charac-
ter of C=0, which decreased the electron cloud
density in azobenzene groups, so absorption band
of azobenzene groups would shift to the UV region
with the high energy demand of the electron trans-
fer. Because the absorption of PUI was from the
azobenzene groups in its side-chain, the UV-Vis
data verified the graft reaction of azobenzene
monomer with polymer.

Figure 3 illustrates the FT-IR spectrum of the pre-
pared poly(urethane-imide). It shows that the band
at 3410 cm™! is fairly broad and corresponds to the
stretching vibration of free and hydrogen-bonded
NH groups. Meanwhile, the characteristic absorp-
tion bands are observed at 1784, 1719 and 1501 cm!
corresponding to the stretch vibration of C—N bond,
symmetry coupling vibration of the carbonyl in
imide ring, anti-symmetric coupling vibration of
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Figure 2. UV-Vis spectra of PUI and DR-19
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Figure 3. FT-IR spectrum of PUI

the carbonyl in imide ring and the anti-symmetric
stretch vibration of -N=N- bond, respectively [9].
And the absorption bands at 1510 and 1310 cm~!
are assigned to the symmetric and anti-symmetric
stretch vibration of nitro-group in the side-chain of
chromophore. 1245 cm™! is attributed to the ether
(C-O-C) band of DR-19. These data verified that
the imide groups had been introduced to PU back-
bone. Moreover, the absence of the absorption band
at 2270 cm-! corresponding to the characteristic
absorption of isocyanate group indicated that all the
monomers were consumed.

To examine thermal activity and thermal decompo-
sition characteristics of material, DSC and TGA
experiments were carried out on NETZSCH
STA449C with the heating rate 10°C/min under
nitrogen, as shown in Figure 4. It can be recognized
that the glass transition temperature for PUI was at
196°C, which is much higher than the correspon-
ding side-chain nonlinear optical (NLO) poly-
urethanes (7, of PU based on DR-19 and TDI was
at about 137°C). The 5% heat weight loss tempera-

80 14
70 ] 196°C s
— 601 12 E
:53 50 q10 g
= 1 418 ©
40'_ 50 100150 200 250 300 lg 8
30 - Temperature [*C]
20 196°C 14
10 4 2
1 DsC 10

-2
100 200 300 400 500 600 700 800

Temperature [°C]

Figure 4. DSC and TGA curves of PUI
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ture of PUI was at 229°C. When the temperature
increased to 780°C, the mass fraction of PUI was
still as high as 50%, indicating the obtained poly-
mer PUI possessed excellent thermal stability. The
reason for this was due to the strong hydrogen
bonds of the macromolecular chains between
polyurethane and polyimide, which formed the
physical cross-linkage network among PUI macro-
molecular chains to alleviate the thermal decompo-
sition of PUI and enhance the thermal stability of
this polymer.

3.2. Determination of third-order nonlinear
optical property and molecular
hyperpolarizability

Theory of the nonlinear optical pointed out that the
materials with the central non-symmetric structures
possessed the second order nonlinear polarization
coefficient, even if the arrangement of the molecu-
lar orientation was totally random and the molecule
was isotropy, the ¥ of the material was not equal
to zero. The polymer with delocalized © electron
has high third-order nonlinear optical coefficient
and fast response speed, so it was possible to be
used in the integrated optic, logic optical path and
optical computer. Meisser et al. indicated that there
was direct relationships among the nonlinear opti-
cal coefficient ¥® (-3, ®, —®, ®), maximum
molar absorption coefficient €max and absorption
wavelength Amax of the conjugated polymer [10].
The third-order nonlinear optical coefficient is
defined by the Equation (1):

Smax
= (D

a6
kmax

The maximum absorption wavelength (Amax) of
PUI was 454 nm in Figure 2. Different contents of
PUI in DMF were prepared and the absorbance was
determined at 454 nm by Shimadzu UV-240 spec-
trophotometer, respectively. The working curve
was obtained and shown in Figure 5. From Fig-
ure 5, the linear regression equation was y =
32000 x + 0.00493 (y was the absorbance, x was
concentration of PUI) and the maximum molar
absorbance coefficient (Emax) was
32 000 L-mol-!-cm~1. The correlation coefficient
(r) was 0.998 and standard deviation (SD) was
0.664%.

"] /
—~ 0.8- /
=
o,
@
€ 0.6-
£ y = 32000x + 0.00493
] r = 0.9998
Ee] =
2 04l /' SD = 0.00664
oo /
-
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05 1.0 15 20 25 3.0

Content of PUI [-107° molI™"]

Figure 5. Working curve of PUI

According to the Equation (1), the ¥ of PUI was
calculated 3.60-10-12 esu. From the data, we could
find that the PUI product obtained in this article had
a satisfaction third-order nonlinear optical coeffi-
cient. Because the diazo bonds connecting with
phenyl possessed large 1 electron conjugated struc-
ture, it would increase the conjugated degree of the
PUI backbone chain and enhance its third-order
nonlinear optical coefficient when introduced to the
backbone of the polymer as side-chains. In addi-
tion, the push-pull structure in PUI macromolecular
increased the conjugated length of the diazo bonds
in side-chain increased the electron shift of the
whole conjugated system and the third-order non-
linear optical coefficient of PUI polymer. Compar-
ing with the theoretical calculation value of
3.10-10'¢ molecule/ml, the chromophore density of
the prepared PUI measured by the method of work-
ing curves was 2.26-101¢ molecule/ml, which was
close to the former, indicating that the polymeriza-
tion was according to the stoichiometric ratio.
Nonlinear refractive index (n;) coefficient was
obtained from third-order nonlinear optical coeffi-
cient and described by Equation (2) [11]:

(3)
=k @
nsample
where nsampie 1s refractive index of PUI (n = 1.415).
According to this formula (2), nonlinear refractive
index coefficient of PUI is 6.78-10-!1 esu.
Molecular hyperpolarizability (y) of sample can be

calculated and expressed by Equation (3):
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3)
y= X

T*N,

3)

where Np is the number of molecule per milliliter
(2.26-10!6 molecule/ml). T is local field revision
factor, it can be expressed by Equation (4):
2
n +2
T= sample (4)
3
According to the formula (4) and (3), T and y were
1.334075 and 5.03-10-29 esu, respectively. The

results indicated that PUI had high third-order non-
linear polarizability.

3.3. Fluorescence characterization of PUI

The fluorescence characters of PUI and model
compound DR-19 were determined at excitation
wavelength of 300 nm. The Fluorescence spectra
were obtained in Figure 6.

It showed that both in the spectrum of PUI and DR-
19 there appeared fluorescence peaks and their flu-
orescence effects were similar, which indicated that
the fluorescence effect of PUI was generated from
the azobenzene groups in its macromolecular
chains. But at the same concentration, the fluores-
cence intensity of PUI was lower than that of DR-
19, which may be a result of the special structure of
PULI In the molecular chain of PUI, there were dif-
ferent length of non-conjugated chains (which
came from the —-O(CH2)2N- in DR-19 and
—HNCCH2CNH- in TDI) and definite length of
conjugated chains, which forming the un-luminif-
erous and luminiferous chains of polymer PUI. At
the same time, in PUI there existed both small size
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Figure 6. Fluorescence spectra of DR-19 and PUI

and strong stiffness and carbonyl with electron
donor groups and electron acceptor of 6FDA,
which formed the intramolecular or intermolecular
exciplex through the transfer of the electric charges
at condition of lighting. So the fluorescence inten-
sity of PUI decreased with the self-quenching of the
macromolecules in ground state and excited state
when transferring among the molecules [12, 13].

4. Conclusions

We synthesized a novel poly(urethane-imide)
(PUI) containing a diazo nonlinear optical chro-
mophore (dispersed red 19) in the side-chain. The
determination results of the glass-transition temper-
ature (7,) and 5% heat weight loss temperature
indicated that the material possessed excellent ther-
mal stability. Measurement result of the chro-
mophores density of PUI showed that the polymer-
ization was according to the stoichiometric ratio.
The PUI has high third-order nonlinear coefficient
and polarizability. Moreover, its fluorescence
effect was result from the azobenzene groups in its
side-chains. The electron donor and acceptor in
polymer formed the exciplex through the transfer
of the electric charges at condition of lighting.
These results show that PUI polymer is promising
materials for nonlinear optical applications.
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Abstract. Liquid hydroxyfunctional polydimethylsiloxanes prepolymers (HOPDMS, Siloprens) with a range of relative
molar masses, M, (25 500-88 000 g/mol) quoted by the supplier have been characterised by a number of techniques such
as OH group titration, bulk viscometry, Gel Permeation Chromatography (GPC), and swelling measurements. The resulting
molar masses of these prepolymer obtained through these techniques have been compared with one another and that of the
values quoted by the manufacturer. Unexpected results of insensitivity of the properties of these prepolymer to the initial
molar masses quoted by the suppliers have been observed. It has been found out that these results are dependent upon the
type of technique used. The reason for these unexpected results has been discussed in detail and attributed to the multi func-
tionality of the prepolymers, a characteristic not previously suspected or reported.

Keywords: material testing, prepolymers, viscosity average molecular weight, number average molecular weight, molecu-

lar weight between crosslinks

1. Introduction

Polymers and prepolymers are usually charac-
terised with a wide range of techniques. These tech-
niques range from molecular weight determination
to analytical methods. The molecular weight of a
polymer or prepolymer quoted in a different form is
dependent upon the techniques used for its determi-
nation. Among them the most likely quoted are the
number average molecular weight (M) and weight
average molecular weight (M,,) while a third type
of molecular weight referred occasionally is desig-
nated as z-average molar mass (M;).

Usually M,, is greater than the M, except for an
ideal system where uniform molar mass (M,, = My,)
is concerned. This difference in the values of M,,
and M, leads to the spread of molar masses i.e. dis-
persivity (M,/M, > 1). It is an established fact that
M, is sensitive to high molar masses while the M,

*Corresponding author, e-mail: gbshah.gul@gmail.com
© BME-PT and GTE

is affected more with the lower molecular weight.
There are quite a large number of methods [1] for
determining the average molar mass of a polymer
but relatively few for investigating the distribution
of that molar mass. The knowledge of the poly dis-
persivity of a polymer is important to understand
the variation in its processing conditions [2—4] and
subsequently help in tailoring it according to the
requirements.

In the present study liquid hydroxyfunctional poly-
dimethylsiloxane prepolymers having different
molar masses (quoted by the manufacturers) were
characterised with different techniques and the
respective results are compared with one another.
The poly dispersivity of the polymer with respect to
different techniques has been discussed.
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2. Experimental part
2.1. Materials

The liquid hydroxyfunctional polydimethylsilox-
anes (HOPDMS) prepolymers used were Silopren
Cl1, C2, C5, C18, and C50 supplied by Bayer Ltd.
Their respective molecular weights (relative molar
masses) (M, [g/mol]) quoted by the manufacturer
[5] were 25 500 (C1), 34 500 (C2), 47 500 (C5),
67 000 (C18) and 88 000 (C50). A rather low
molecular weight silicone prepolymer (P100) of
viscosity 100 mPa-s supplied by Petrarch Ltd. was
also used. The catalyst, dioctyltinmaleate (DOTM)
(LT195, M.W 459), was supplied by Lankro Ltd.
and the crosslinker vinyltris(ethoxymethoxy)silane
(VTEMS A172, M.W 280.4) Union Carbide Ltd.,
Lithium aluminum dinbutylamide was obtained
from Lancaster Synthesis Ltd. as 0.16M solution in
dimethoxyethane and was diluted to 0.1M before
use as a titrant. Gold label anhydrous tetrahydrofu-
ran (THF), 2-naphthol (99 percent pure) and pheny-
lazodiphenylamine were obtained from Aldrich
Chemical Co. Analar benzene and anhydrous
dimethoxyethane from BDH Ltd. Barium oxide
used as a drying agent was obtained from Hopkin
and Williams Ltd.

2.2. Hydroxyl (OH) group determination of
the prepolymers by titration

Hydroxyl groups determination in silicone prepoly-
mers has been carried out through titration accord-
ing to an established analytical procedure [6, 7].
About 25 ml of dry THF were placed in a dry 50 ml
widemouth conical flask which contained a Teflon
covered magnetic stirring bar. A few drops of
0.1 percent (w/v) solution of 4-phenylazodiphenyl
amine in benzene (indicator solution) were added
and the flask was sealed with a rubber septum. A

Table 1. Characterisation data of silicone prepolymers

slow stream of nitrogen dried by prior passage
through a tube containing anhydrous CaSO4 was
passed through the flask via a needle through the
rubber septum. The magnetic stirrer was started and
the hydroxyl groups present were titrated with
0.1M solution of lithium aluminum di-n-butyl
amine in dimethoxyethane until the colour of the
solution changed from yellow to red purple and
persisted for 30 sec. Then an accurately weighed
sample of the prepolymer (0.3-0.5 g) was syringed
into the flask. The titrant was injected drop by drop
into the flask via the rubber septum from a one ml
syringe graduated in 0.01 ml until the yellow to
purple colour change persisted. The weight and
volume of the titrant used for titration was noted.
The concentration of OH groups was calculated
using Equation (1) [6, 7]:

V-0.017
Wl

%OH= -100

ey

V in the above equation is the volume [ml] and W
the weight [g] of the prepolymer used. The titrant
was standardised with dry 2-naphthol (stored over
barium oxide) using the above mentioned proce-
dure and the normality (V) of the titrant used was
calculated as (Equation (2)):

11.8-W,

— 2
V-0.017-100

N=

where 11.8 is the %OH group in 2-naphthol and W>
is the weight [g] of 2-naphthol.

The determinations of moisture content in the vari-
ous prepolymers were carried out using the Karl
Fischer method. The moisture content, converted to
OH equivalence (20H/HO = 1.89), was subtracted
from the total amount of OH groups determined for
correction. The titration for each sample was

M, from viscometry GPC Analysis OH Group determination —

Y% measurements M, from
Prepolymers| (quoted) M, assuming swellin,

[51 B[zigliy W;csl;er Mn My %OH HOPDMS measuremints

bifunctional on % OH

P100 25 000 4339 7145 - - 1.094 2953 2250
Cl 26714 31556 19967 20010 58 000 0.162 19938 8500
Cc2 35850 40 846 25 004 17 130 74 880 0.139 22014 8 600
C5 49 984 55407 33957 27 960 99 130 0.138 23 406 9 000
C18 73 673 74232 47749 36700 133 400 0.105 30762 11500
C50 88 000 93296 64 670 45 161 179 250 0.085 38 000 12 000
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repeated three times and the average of these as the
9%OH groups in the prepolymer chains are given in
seventh column of the Table 1.

2.3. Viscosity measurements of prepolymers

The viscosity measurements of the silicone pre-
polymers were carried out by Haake Rotovisco vis-
cometer. About 10 ml of prepolymer to be tested
was poured into the sample cavity to fill to the
inside mark. The sample cell was screwed up
slowly to the bob. The gear lever was then engaged
allowing different speed factors ranging 162-1 cor-
responding to a shear rate of 2.7-441/sec. The cor-
responding viscosities (in mPa-s) were then calcu-
lated.

2.4. Swelling measurements of crosslinked
samples

For swelling measurements, each prepolymer has
been cured with various amounts of crosslinker and
the M, determined for each cure according to the
Flory-Rehner equation (Equation (3)) [8]:

M,.=
In(1=v, )+v, +yv3

2/3 173
—FipViv, vy

3)

where Fyis a factor characterizing the extent to
which the deformation in swelling approaches to
affine limits. The details of the theoretical values of
Fyand that of its use as F3 in the present case can
found in the previous reports [1, 9, 11-13]. V; rep-
resents the molar volume of cyclohexane (105.87),
v, is the volume fraction of polymer incorporated
into the network (0.95), v» the volume fraction of
polymer. % is the cyclohexane polymer interaction
parameter (0.42). p is the density of the polymer
(0.95).

The MC limiting value for each prepolymer was
obtained at the inflection point (from which onward
the M . values tends to become constant) from the
respective plot of MC vs. percent of crosslinker
used for curing of that particular prepolymer. The
measurement of for C5, using this procedure is
given as an example in the form of Figure 1. The
detailed procedure for M . measurement is reported
previously [9].
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2.5. Gel permeation chromatography (GPC)
The gel permeation chromatography for all the pre-
polymers was carried out by using Shimadzu GPC
calibrated with polystyrene standards. The columns
used were Shimpack GPC-804, 802 and 802 hav-
ing dimensions as 8.0 mm i.d. x 30 cm each. The
operation temperature was 40°C. Tetrahydrofuran
was used as eluent and elution rate was set at
0.5 ml/min. The detection was carried out by
refractive index detector.

3. Results

3.1. Characterisation of prepolymers

Table 1 shows some molar masses characterisation
data for the HOPDMS prepolymers used in this
study. The number average molecular weights (M,,)
quoted by the manufacturer [5] are given in the sec-
ond column. The physical techniques used for
determining the molecular weights were bulk vis-
cosity measurements (column 3 and 4), gel perme-
ation chromatography (GPC) analysis (column 5
and 6) and swelling measurement (column 9). The
number average molecular weights (M,) were cal-
culated from the measured viscosities in mPa-s (at a
shear rate 24.5 sec) from the following two calibra-
tion formulae (Equations (4) and (5)) [14, 15]:

logn=1+0.0123M"? (4)

logn=3.08-logM, —10.06 (5)

where 1 — bulk viscosity of silicone fluid in centi
stokes, M, — number average molecular weight,
m — molecular weight of the repeating unit (74) for
PDMS.

Equation (4) is the Flory relationship [16] for melt
viscosities confirmed for bulk viscosities of Poly-
siloxanes by Barry [14].

The Equation (5) is an empirical equation devel-
oped by Wacker-Chemie GmbH which is claimed
[15] to give ‘best fit’ relation between melt viscos-
ity and number average molecular weight.

The fifth column gives the number average molec-
ular weights (M) and the sixth column provides
weight average molecular weights (M,,) determined
from the GPC analysis. The poldispersivity ranges
from about 3 for C1 up to 4 for C50. The OH
groups present in the polymer chain were measured
by titrating the prepolymer with lithium aluminun
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n-butylamide. The percentage of water present in
the prepolymer was measured by the Karl Fisher
method and for correction subtracted from the total
OH groups. The %OH groups for the correspon-
ding prepolymers can be seen in the seventh col-
umn of the Table 1. If it is assumed that all the
prepolymers are bifunctional, the molecular
weights (M) based on the experimentally deter-
mined values of %OH have been calculated (col-
umn 8) using Equation (6):

Y :34-100[100—%cychcs} ©

"goul 100

where %cyclics are percentage of soluble siloxanes
that ranges from D3 to Dg. The sol fraction for each
weighed sample was obtained by extraction with
cyclohexane. The weighed samples were put in
cyclohexane for 15 days. During this period the
solvent was changed once to facilitate the extrac-
tion of soluble materials. After removing the sol-
vent, the specimens were dried to constant weight
under vacuum at room temperature. The sol frac-
tion for each sample was calculated. The values of
sol fraction (about 5% for all the Siloprenes except
that for C2 where it was 10%) obtained from each
fully cured prepolymer network were used as
Jcyclics in Equation (6).

The limiting values of M, obtained from the
swelling measurements for each prepolymers are
provided in the ninth column. These M, values
represent the molecular weight between successive
junctions when all the OH groups have satisfacto-
rily reacted. The M, value have been obtained at
the inflection points (from which onward the M,
values tends to become constant) from the plot of

35000 1—
30000 |
25000

20000

Molecular weight

1 2 3 4 5 6 7 8 9 10 1
Crosslinker [%]

Figure 1. Variation of molecular weight between junctions
for C5 with % crosslinker

M ,values vs. percent of crosslinker used for curing
the corresponding prepolymer. The M . determina-
tion at the inflection point for C5 is shown in Fig-
ure 1. The limiting values for Wacker prepolymer
(viscosity 50 Pa-s) networks obtained as above
from swelling measurements were found to be the
same as that of for M, the C50 networks.
Comparing the molecular weights, it is clear that
M, values from the viscosity calibration Equa-
tion (4) approximate to the Bayer quoted values for
M,. The M, values from GPC though consistent
with that obtained from the OH determination dif-
fered not only from the quoted values but also from
M.. All the values of M, were much higher than
the corresponding M . and for the prepolymers
used (C1-C50) in this study, the differences ranged
3-7 folds.

4. Discussion

4.1. Difficulties in characterisation of
prepolymers

The paucity of OH groups on the polymer chains
and the nature of spectroscopic methods such as IR
(infrared) and NMR (nuclear magnetic resonance)
have made it difficult to characterise the prepoly-
mers used in this study by this technique. The
results of characterisation of prepolymers by meth-
ods such as GPC, OH group titration, bulk viscosity
and swelling measurements with the exception of
viscosity measurements do not agree with the man-
ufacturer’s quoted number average molecular
weights (Table 1).

The dissimilarity between the various M, values
determined for the prepolymers used can be attrib-
uted to: the diverse nature, sensitivity, accuracy and
limitation of the different experimental techniques
used. The GPC separates molecules according to
their effective size; it may not adequately distin-
guish between branched and linear polymers of the
same molecular weight [17]. With the HOPDMS
analysis the pendant OH group present along the
chain will presumably make it impossible for the
GPC to differentiate this chain from that of a linear
chain without this group. The OH group titration
gives the number of functional groups per specific
amount of polymer or prepolymer without any indi-
cation about their molecular weight distribution.
For linear polymer, it is possible to assume that the
total number of chain ends is twice the number of
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polymer molecules. However if branching exist,
then this assumption gives erroneous results in
respect of estimating the number average molar
mass.

The viscosity measurements for all the prepolymers
were carried out at different shear rate range of
2.7-441/sec. During these measurements, each of
the materials behaved almost like Newtonian fluid.
However, the molecular weights for each material
was calculated for the viscosities determined at on
shear rate i.e. 24.5/sec so that comparison can be
made between them. The melt viscosity though
used for M, determination is also sensitive to
weight average molecular weight [17]. The differ-
ent M, for each prepolymer (Table 1) obtained
using independent viscosity calibration equations
reflects the uncertainty relating melt viscosity to
the number average molecular weight. Thus the
results of the molecular weight determination
through these different techniques would not be
expected to be consistent. The similarity of the
quoted [5] M, and that calculated through viscosity
measurement (using Equation (4)) when compared
with that from the other techniques showed dispari-
ties. It is likely that the quoted number average
molecular weights are in fact the average molecular
weights obtained through viscosity measurements
(using Equation (4)); they therefore are misleading.
The manufacturer’s information seemed to imply
that the prepolymer samples were essentially termi-
nally bifunctional in OH and moreover search of
the published literature never revealed any refer-
ence to multifunctionality in this type of silicone
prepolymers. The Mc values of the silicone poly-
mer networks crosslinked with low amounts of
crosslinker or catalyst were somewhat near to the
M, from the GPC analysis and OH group titration.
However, as reported [9, 10, 18], these networks

are partially cured and so these values represent the
networks where the OH groups have not suffi-
ciently reacted.

Stochiometric amounts of crosslinker calculated on
the basis of molar masses of the prepolymers
assuming bifunctionality, does not cure the mate-
rial. On the other hand the stoichiometric amounts
of crosslinker calculated on the M, basis corre-
sponding theoretically to the point where all the
OH groups have reacted gives fully cured polymer
networks. Comparing the values of Mc (Table 1)
for each prepolymer network, it is surprising that
with the exception of P100 they vary so little, bear-
ing in mind the large variation in molecular weight
of the silicones from which they were prepared.
The values of M, obtained through OH determina-
tion which is comparatively smaller than the Bayer
quoted values support this view. If the prepolymers
were strictly bifunctional, the M, from the OH
determination should have been equal to the quoted
number average molecular weights. In fact, the
molecular weights determined from the OH deter-
minations are in agreement with the values from
GPC but are higher than the M o

In order to determine the number of functional
groups per chain, each molecular weight (M) in
turn was divided by the M . values. This data is
presented in Table 2. Assuming the OH group titra-
tion and the M . data on the materials reliable, the
functionality of the prepolymer was calculated as
(M, /M, )+1. These values are given in the last
column of the Table 2. The number of functional
groups calculated in this way for all the silicone
prepolymer (last column of Table 2) suggests that
irrespective of the prepolymer the ratio of the OH
groups per unit chain length is approximately con-
stant.

Table 2. Molecular weight of various prepolymers in multiple of M.

Prepolymers Mn Mnnt;::s‘:l::.esnclzlr?testry GPC analysis M, M Functionalities"
y J—
(quoted) [5] Barry [13] | Wacker [15] M, M. from % OH ¢ M, /M, )+1

P100 - 1.930 3.175 - - 1.38 2250 2.31

Cl 3.14 3.712 2.349 2.35 6.824 2.47 8500 3.35

C2 4.17 4.750 2.907 1.99 8.707 2.84 8 600 3.56

C5 5.55 6.156 3.773 3.11 11.01 2.74 9000 3.60

CI18 6.41 6.455 4.152 3.19 11.6 2.82 11 500 3.67

C50 7.33 7.775 5.389 3.76 14.94 333 12 000 4.17

“Based on the OH titration (M,) and M,
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5. Conclusions

In view of the method of preparation of the silicone
prepolymer from chloro silanes and the difficulty
of separating dichloro and trichloro silanes due to
the close boiling points i.e. 70, 66°C, it follows that
the preparation of solely linear hydroxy terminated
bifunctional PDMS is unlikely and that irrespective
of the molecular weight of the prepolymers the
number of silanol groups per unit chain length may
not differ significantly. For example, the presence
of one mole of trichlorodimethylsilane during the
preparation of polydimethylsiloxanes will decrease
the degree of polymerisation to only 200 on the
completion of reaction [19] and the resulting poly-
mer will have pendant groups or branching.

The unexpected result was the insensitivity of the
properties to the initial molar mass of the polymers
from which the networks was derived. The reason
for this was the multifuntionality of the prepoly-
mers, a characteristic not previously suspected or
reported.

Whilst there is this molecular uncertainty it is the
M, values which represent the actual structure of
the cured silicone elastomers and which dictate the
properties of the polymer network under stress con-
ditions. It is for this reason that the respective M .
values must be used for the interpretation of the
results of any mechanical properties of the polymer
networks.
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