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Editorial corner — a personal view
Polymer systems for solid pharmaceuticals
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Macromolecular components of pharmaceuticals
represent a segment of small quantity but high
value within the polymer market. The knowledge
built in these systems acts as driving force for other
polymer fields. Their conventional roles, as the
coating and bonding, have been extended recently
due to new challenges. These challenges include
the needs for stabilization and solubilisation of new
drug types (the stability and water solubility of
which are mostly not satisfactory). Need exists also
for influencing the morphology of drugs, for con-
trolling the site and kinetics of their release (e.g.
targeted drug delivery) and for meeting the
mechanical requirements. The currently increasing
productivity means further challenges in many
respects such as for film forming materials, for pro-
cessing machines and for analytical control. On the
other hand, the development is strongly limited by
the extremely stringent regulation in the field of
pharmaceuticals. Under the tension between the
increasing challenges and the limited possibilities
new concepts and strategies emerged. Composite
structure of the corpus (core) of the tablets and of
the coating materials, using medically accepted
nanofillers of well designed interphases, provide
improved strength, transport and drying features.
Embedding of the drug molecules in solid macro-
molecular solutions, amphiphilic polymer micelles
(or dendrimers), nanoparticles of mucoadhesive,
responsive, targeted surface etc. provide them with
enhanced stability, solubility and bioavailability.
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Controlling the Ty of the polymers, by means of
blending or immobilization, increases the chance
for controlling the polymorphic stability of the
embedded drugs. Rapid development of the extru-
sion, (and injection molding) techniques can be
expected but the current difficulties of cleaning and
validation has to be solved. Supercritical methods
will develop rapidly as well. Concerning the analy-
ses introduction of new dissolution medium of bet-
ter similarity to the gastrointestinal fluid is
expected, which will influence the polymers to be
used. The need for improved control of the compo-
sition, structure and molecular mobility of solid
pharmaceuticals will enhance the importance of the
micro-spectroscopic and Thermally Stimulated
Current (TSC) methods, which may help in predic-
tion of the changes of the stability.
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Abstract. The influence of o- and B-nucleating agents on the fracture performance of two different 32 wt% rubber modi-
fied isotactic Polypropylene (iPP) reactor blends is discussed as a function of the phase morphology of the investigated sys-
tems. Nucleation for systems with a large inter-particle distance was found to have only a limited impact on the temperature
at which the ductile-brittle transition occurs, negative for o-nucleated blends, almost negligible for B-nucleated resins. For
blends exhibiting a small inter-particular distance between their ethylene-propylene rubber (EPR) phase, toughness was
promoted slightly by o-nucleation and to a large extent by B-nucleation as compared to a non-nucleated reference. These
findings raise the importance of mechanistic synergies between the rubbery phase and the matrix to maximize the fracture

resistance of blends.
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1. Introduction

Mechanical properties of semi-crystalline polymers
like polypropylene (PP) are mostly determined by
their crystalline structure and consequently mas-
sively affected by nucleation. For single-phase sys-
tems, mostly for isotactic PP homopolymers (iPP),
the effect of selective nucleation both of the «-
phase [1, 2] and of the B-phase [3, 4] has been stud-
ied extensively already. The molecular weight of
the respective polymers was found to be the domi-
nating factor for mechanical consequences of
nucleation in this case and is valid for a wide range
of processing modes from injection molded speci-
mens to vibration welded parts [5].

The respective influence of nucleating agents (o or
) on the mechanical performances of heterophasic
systems composed of an iPP matrix and an ethyl-
ene-propylene rubber (EPR) is still controversial,
consequence of a lack of published experimental
data. Whereas several studies have reported posi-
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tive effects of nucleation on the fracture resistance
of iPP/EPR blends [6—12], other contributions
showed limited (for B-nucleation) [4, 13—16] or even
negative (for a-nucleating agents) ones [4, 17, 18].
The goal of the present investigation was to iden-
tify potential coupling effect between the matrix
crystalline structure induced by nucleation and the
morphology of the rubbery phase in order to clarify
this apparent contradiction. Two iPP/EPR reactor
blends containing about 32 wt% of dispersed rub-
ber phase were investigated. Their phase morphol-
ogy was controlled by varying the molecular
weight of the in-reactor made elastomer (EPR).
One material contained a rubber with low molecu-
lar weight, expressed by an intrinsic viscosity (IV)
of 1.9 dl/g, the other one had an IV of 4.2 dl/g. The
focus was set on the determination of ductile-brittle
transitions since standard characterisation methods
were found to be insufficient to discriminate the
studied grades sufficiently.
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2. Experimental
2.1. Materials

Two reactor-made iPP/EPR blends produced with a
high yield 4t generation Ziegler-Natta-catalyst in a
pilot facility from Borealis using multiple reactors
were studied. Both grades contained 32 wt% of
xylene cold soluble (XCS, approximated to be the
EPR content), had a propylene-rich rubber (C3-
XCS of about 55 wt%) and exhibited a matrix MFR
of about 60 g/10 min. The rubbery phase of mate-
rial 1, PP-1.9, had an intrinsic viscosity (IV) of
1.9 dl/g, the dispersed phase of its counterpart, PP-
4.2, an 1V of 4.2 dl/g.

The materials were nucleated with 0.1% of
NAII (Sodium 2,2’-methylene bis-(4,6-di-tert.
butylphenyl) phosphate) as o-nucleating agent
manufactured by Asahi Denka (resp. distributed by
Adeka Palmarole) and 0.1% of proprietary calcium
pimelate (CaPim) as B-nucleating agent [19]. Non-
nucleated references were also studied. Com-
pounds were made on a TSE24 twin-screw extruder
and stabilised with a conventional additive pack-
age. The efficiency of the nucleation effect was
controlled by DSC (Differential Scanning Calorime-
try) using the information of the first cooling and
second heating scan of a 10/-10/10°C/min scan-
ning program between 23 and 210°C. Both
a-nucleated iPP/EPR blends had thus a crystallisa-
tion temperature around 130°C accounting for fully
o-nucleated systems; both B-nucleated grades exhib-
ited a crystallisation temperature of about 124°C
and a PB-phase as from DSC of more than 80%
Although we are aware that this DSC-method is not
the best one to determine the B-content of iPP
blends [20, 21], our experience suggests that the
investigated samples are almost completely B-nucle-
ated.

2.2. Experimental techniques

The melt flow rate (MFR) of the investigated
grades was measured in accordance to ISO 1133 at
a load of 2.16 kg using a temperature of 230°C.
Xylene cold soluble (XCS) content was determined
according to ISO 6427. The C3 content of the dis-
persed phase, C3(XCS), was measured according
to EN 17025 with FTIR (Fourier Transformations
Infrared Spectroscopy) calibrated with 13C-NMR
(Nuclear Magnetic Resonance). The intrinsic vis-

cosity (IV) of XCS fraction was assessed by ISO
1628 in decahydronaphthalin at 135°C.

For an overall thermomechanical profile, dynamic
mechanical analysis (DMTA) was performed in
accordance with ISO 6721 with 50x10x1 mm3
compression moulded samples, as a function of
temperature at 1 Hz with a heating rate of 2 K/min
under forced oscillation in a torsion mode (€ =
0.04%) with an RDS II (Rheometrics).

Charpy notched impact strengths (NIS) were meas-
ured at 23 and —20°C according to ISO 179/1 eA
(test speed of about 3 m/s), flexural elastic moduli
were recorded at 23°C according to ISO 178 on
80x10x4 mm3 specimens at a test speed of
50 mm/min. All the materials were injection
moulded under the same standard conditions in line
with EN ISO 1873-2. The parts were not condi-
tioned prior to testing, which was done at least 96 h
after moulding.

Ductile-brittle transitions were determined on a
Charpy Instrumented Pendulum. The energy of the
pendulum was fixed and valued 50 J. For data
acquisition and data reduction software developed
by Borealis was applied. Force-displacement curves
were recorded and analysed.

The work to break, G;,;, was calculated from Equa-
tion (1):

_ Ul‘()t

G =
B(W —a)

(1

tot

where U, is the energy to break of the SENB (Sin-
gle Edge Notched Bending) specimen, B is the
thickness of the sample, W is the width of the sam-
ple, a is the crack length of the sample.

While the test speed was maintained constant
(1.5 m/s), the temperature 7 was varied in between
—60 and 100°C, in steps of 10 K far from the duc-
tile-brittle transition and steps of 2°C near to it. The
transitions were taken to be the inflexion points in
the curves G = f(T). In this case, the lower the
temperature at which the ductile-brittle transition
(Tap) occurred, the tougher is the material.

Note moreover that the indicated G values in the
ductile range have to be considered with caution.
Since the samples didn’t break, only the broken
sample width (Wproken) involved in the fracture
process (Wproken < W) should have been taken into
account in the calculations. The G, are thus under-
estimated all the more as the test temperature
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increased (Wproken decreasing with increasing this
latter).

Transmission electron micrographs of PP-1.9 and
PP-4.2 were performed on 100 nm ultrathin cuts
after staining the specimen with ruthenium tetrox-
ide [22]. The specimens were prepared from the
core section of the injection moulded bars.

3. Results and discussion

The dynamic mechanical response of the different
systems with an IV of 4.2 dl/g is given in Figure 1;
the trends observed are the same for the PP-1.9
blends. While the peak of the rubbery phase is inde-
pendent of the nucleation, appearing at about
=50°C, the glass transition temperature of the iPP
matrix is affected to a non negligible extent by the
nucleation modified crystalline phase.

Hence, the T, of the neat system is around 0°C, the
T, of the a-nucleated blend is around 4°C and that
of the B-nucleated Impact PP at about 8°C. For this
latter, one may notice the specific shape of this
relaxation with its sharp coupling with the To.
relaxation at 50°C — which has often been ascribe
to promote toughness [23]. For the o-nucleated
blend, an increase of 4°C in the 7, — at otherwise
similar shape — compared to the neat system is
expected to lead to more embrittlment, an expecta-
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Figure 1. DMTA curves of non-nucleated, o--nucleated
and B-nucleated PP-4.2

tion which does not hold for all the grades studied
as will be shown later on.

The particle size of the investigated blends — as
highlighted in Figure 2 — is dependent of the intrin-
sic viscosity of their elastomer phase. As expected
PP-1.9 exhibited smaller EPR inclusions than its
homologue which had an IV of 4.2. As a conse-
quence, the inter-particle distance (/D) of PP-1.9
was smaller to than that of PP-4.2. An estimation of
ID — assuming the rubber particles to be arranged in
a cubic lattice — can be obtained using Equation (2)
[24]:

1
ID=d (LT—I )
6D

where d is the average particle diameter and @ is
the rubber volume fraction.

Given that PP-1.9 has roughly an inclusion diame-
ter of 400 nm and PP-4.2 roughly one of 1600 nm
one obtains /D(PP-1.9) ~ 290 nm and /D(PP-4.2) ~
1150 nm, matrix ligaments in between particles are
thus approximately 4 times larger in PP-4.2 than in
PP-1.9. These calculations have been made for
non-nucleated systems. Assumed in the following
is that the phase morphology and thus the interpar-
ticular distance will not be affected by a nucleation
using NA11 or calcium pimelate.

The melt flow rates (MFR), notched impact
strengths (NIS) at 23 and —20°C and the E-moduli
at 23°C are given in Table 1. While the stiffness
values prove — in addition to the DSC results — that
both nucleation modes were effective, the fracture
resistance values are more tricky to interpret
because those recorded at 23°C always account for
a ductile mode of failure, while those carried out at
—20°C stand for a brittle failure mode. The NIS
results tend to suggest that the low IV grades show
disadvantages in the toughness compared to their
higher IV homologues at room temperature as well

Table 1. Melt flow rates (MFR), notched impact strengths (NIS) at 23 and —20°C and E-moduli at 23°C of PP-1.9 and

PP-4.2 (non-nucleated, o-nucleated, B-nucleated)

MFR [g/10 min] NIS(23°C) [kJ/m?] NIS(=20°C) [kJ/m?] Efiex [MPa]
PP-1.9 212 263 3.1 5303 742+ 10
PP-1.9+0.1% NAII 212 33.0+09 63+03 940 + 11
PP-1.9 + 0.1% CaPim 215 439+14 6.7+0.3 5915
PP-4.2 6.6 2717 14.1+0.7 682+ 6
PP-42 +0.1% NAIL 6.6 447+ 16 127+0.6 816 =6
PP-4.2 + 0.1% CaPim 6.8 698+ 12 16.4+0.8 5942
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Figure 2. 42.8x31.4 um micrographs of PP-1.9 (a) and PP-4.2 (b). RuOys stained thin cuts; transmission electron micro-

graphs.

at refrigerator temperature for all the different
nucleation configurations. The relativity of this
interpretation will be show subsequently.

Indeed, the values obtained under standard condi-
tions often do not reflect (and can thus not predict)
the behaviour of a material over the entire relevant
loading range. This feature was once more con-
firmed with our experiments. Figures 3 and 4 pro-
vide a deeper insight into the mechanical perform-
ance of the studied grades and demonstrate that dif-
ferences between non-nucleated and nucleated
grades are more pronounced for the blend with a
low IV.

This conclusion is particularly true for the B-nucle-
ated grades where at ductile-brittle transition shift
of about 26°C towards lower temperature is
observed with the PP-1.9 series between the neat
grades and the B-nucleated resins. A synergistic
combination of a small ligament length and intrin-
sic high ductility of the B-phase is here obvious. In
fact, matrix shearing — which is believed to be the
predominant damage form once the deformation
initiated — is used to its full potential when the
stress-fields of the particles are close enough and
can overlap and is promoted by the intrinsic high
mobility of the B-phase, a direct consequence of its
specific microstructure in terms of lower packing
density and favourable lamellar arrangement
[25-27]. A confirmation of the crucial role of the
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Figure 3. Work to break, Gy, plotted against temperature.
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distance between particles is provided by the -
modified PP-4.2 for which the fracture resistance
behaviour is similar to the non-nucleated system.
Here, the matrix ligament length is seemingly too
wide to allow an effective stress transfer from the
rubbery phase to the matrix and thus an effective
use of the ductility of the B-phase.

Comparing the a-nucleated grades among them is
also instructive from a mechanistic point of view.
For the low IV series, the non-nucleated material is
outperformed by the o-nucleated one. As no hint
about an induced change of the particle size of both
systems was given, such a result suggests that
superstructure effects (like a smaller spherulitic
size) dominate the o-nucleation inherent embrittle-
ment induced by a higher matrix crystallinity.
Opposite conclusions are valid for the PP-4.2
grades.

Table 2 summarizes the temperatures at which the
ductile-brittle occur for the different materials; the
best combination is obtained with the B-nucleated
PP-1.9 system — a fact which could hardly be fore-
seen with conventional notched impact strengths
performed at given temperature and test speed (see
Table 1). The relative performance of the grades
within a nucleation group is representative for the
interplay between the impact of the molecular
weight of the rubbery phase and the resulting phase
morphology.

Hence, for the non-nucleated systems no significant
difference is observed between the ductile-brittle
transitions of PP-1.9 and PP-4.2. Remembering that
in an earlier study for iPP/EPR blends with 20 wt%
of rubber the grade with the highest IV(XCS) out-
performed by far its counterpart [28], one might
conclude that the fracture behaviour of PP-4.2 is
controlled primarily by the size of its particles
while PP-1.9 is dominated by inter-particle factors.
In other world, the initiation of the damage mecha-

Table 2. Temperature at which the ductile-brittle transi-
tions occurred, T4, and work at fracture, Gy, at
23 and —20°C for the investigated grades

Tan G10t(23°C) | Gtot(=20°C)

[°C] [kJ/m?] [kJ/m?]
PP-1.9 —4 243 53
PP-1.9 +0.1% NA11 -8 30.0 7.5
PP-1.9 + 0.1% CaPim -30 36.0 33.6
PP-4.2 -6 535 16.5
PP-42 +0.1% NA11 0 48.0 15.7
PP-4.2 +0.1% CaPim -4 53.0 19.0

nisms (e.g. particle cavitation) is eased in PP-4.2
thanks to its bigger size while the propagation of
the deformation forms (e.g. matrix shearing and
crazing) is best for PP-1.9. Both contributions seem
to counterbalance their respective influence leading
to a Ty around —5°C for both systems.

For the o-nucleated systems, the inter-particle dis-
tance controls the fracture performance and it does
— to an even larger extent — for the B-nucleated
grades, with significantly lower ductile-brittle tran-
sition for the low IV series.

Such results have decisive implications in the poly-
mer design of iPP/EPR blends:

— considering toughness as unique variable, it is
extremely valuable to add B-nucleating agents to
iPP/EPR blends with 32 w% rubber and low IV,
since the ductile-brittle transition is shifted by
almost 30°C towards lower temperature compared
to a non-nucleated material;

— o-nucleating agents can constitute a tool to
improve both toughness and stiffness for grades
with 32 wt% rubber and low IV. However, the dif-
ferences between IV = 1.9 and 4.2 (in terms of 7Tz)
are much less pronounced than with B-nucleation.
Adjustment of rubber IV to design o-nucleated
iPP/EPR blends will therefore rather be governed
by (i) the level of fracture resistance needed in both
brittle and ductile ranges (compare Gy, at —30 and
+30°C for both grades) and (ii) total MFR required.

4. Conclusions

The influence of o- and B-nucleation on the tough-
ness of two Impact PP copolymers (32 wt% EPR)
with different IV (1.9 and 4.2 dl/g) was investi-
gated. An assessment of ductile-brittle transitions
over a wide temperature range rather than of punc-
tual values as given by standard testing methods
was used for this purpose.

The effect of nucleation was shown to be dependent
on the inter-particle distance of the systems: While
the fracture resistance was improved with low rub-
ber IV in terms of ductile-brittle transition (i.e.
shifts the T, of the blend to lower temperatures), a
negative to negligible influence for the grade with
higher molecular weight (IV) was found.
o-nucleation as well as B-nucleation therefore con-
stitute powerful tools to optimise the toughness
performance of iPP/EPR blends. Their selective use
can be tailored for different applications.
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Abstract. The adhesion property (i.e. viscosity, loop tack and peel strength) of epoxidized natural rubber (ENR 25 and
ENR 50 grade)-based pressure-sensitive adhesive was studied in the presence of calcium carbonate. The range of calcium
carbonate loaded was from 10 to 50 parts per hundred parts of rubber (phr). Coumarone-indene resin was used as the tack-
ifier and its concentration was fixed at 80 phr. Toluene was chosen as the solvent throughout the investigation. The sub-
strates (PET film/paper) were coated with the adhesive using a SHEEN hand coater at a coating thickness of 60 um.
Viscosity of the adhesive was measured by a HAAKE Rotary Viscometer whereas loop tack and peel strength were deter-
mined by a Llyod Adhesion Tester operating at 30 cm/min. Results show that viscosity of ENR-based adhesives increases
gradually with increase in calcium carbonate loading due to the concentration effect of the filler. However, for loop tack
and peel strength, it passes through a maximum at 30 phr calcium carbonate, an observation which is attributed to the opti-
mum wettability of adhesive on the substrate at this adhesive composition. ENR 25-based adhesive consistently exhibits

higher adhesion property than ENR 50 for all calcium carbonate loadings studied.

Keywords: adhesion, calcium carbonate, coatings, rubber

1. Introduction

Recently, we have carried out a systematic study of
the viscosity, tack, peel and shear strength of natu-
ral rubber (SMR L, SMR 10 and SMR 20)-based
pressure-sensitive adhesives [1-3]. The study
shows that viscosity and tack of the adhesive
increases with an increase in coumarone-indene
resin loading. For the peel strength, it generally
indicates an increasing trend with resin loading, an
observation which is associated to the increasing
wettability of adhesive on the substrate as tackifier
is increased. However, shear strength decreases
gradually with increasing resin content. Our recent
study on the adhesion properties of SBR/SMR
L-based adhesives indicates that the viscosity of
adhesive decreases with increasing % SBR whereas
loop tack passes through a maximum value at 20%

“Corresponding author, e-mail: btpoh@usm.my
© BME-PT and GTE

SBR composition [4]. Leong ef al. [5] on the other
hand have reported the viscoelastic properties of
natural rubber pressure-sensitive adhesive using
acrylic resin as a tackifier. Higher loss tangent at
higher frequencies is obtained for good pressure-
sensitive adhesives. With respect to the adhesive
prepared from epoxidized natural rubber, system-
atic investigation on its adhesion property is scarce.
We have reported that peel strength of ENR-based
adhesive passes through a maximum value at
40 phr coumarone-indene resin [6]. Also, a gradual
drop of shear strength with increasing tackifier
loading is also observed. Recently, we have carried
out a study on the effect of zinc oxide on the viscos-
ity, tack and peel strength of ENR 25-based pres-
sure-sensitive adhesives [7]. It is shown that viscos-
ity and loop tack of adhesive increases with
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increasing zinc oxide concentration. However, peel
strength passes through a maximum value at 30—
40 phr of zinc oxide depending on the content of
tackifier used. In order to understand better the
dependence of adhesion property of adhesives on
filler loading, we have extended a systematic inves-
tigation on the effect of calcium carbonate on the
viscosity, tack and peel strength of pressure-sensi-
tive adhesives prepared from two grades of ENR,
i.e. ENR 25 and ENR 50.

2. Experimental
2.1. Materials

Two grades of epoxidized natural rubber, ENR 25
and ENR 50, having 25 and 50 mol% of epoxida-
tion respectively were used as the elastomers for
the preparation of the pressure-sensitive adhesives.
The rubbers were supplied by Rubber Research
Institute of Malaysia (RRIM). Precipitated calcium
carbonate with mean particle size of 10 um was
used as the filler. It was not surface-treated. The
tackifier used was coumarone-indene resin with an
average molecular weight of 2000 and softening
point of 80°C. Toluene was used as the solvent
throughout the study. These were commercial
grade materials and used as supplied.

2.2. Preparation of adhesive

ENR 25 and ENR 50 were masticated on a two-roll
mill for 10 minutes. 5 g of the masticated rubber
was then dissolved in 20 ml of toluene. The rubber
solution was left overnight to ensure complete dis-
solution. 4 g of pulverized coumarone-indene resin
corresponding to 80 phr resin was added to the rub-
ber solution with constant stirring. Then, five dif-
ferent weights of calcium carbonate powder, i.e.,
0.5, 1, 1.5, 2 and 2.5 g corresponding to 10, 20, 30,
40 and 50 phr of filler were added separately to the
rubber solution containing coumarone-indene resin.
For comparison purposes, one control sample with-
out calcium carbonate was used to prepare the
adhesive.

2.3. Measurement

2.3.1. Viscosity

A HAAKE Rotary Viscometer (Model PK 100)
was used to determine the viscosity of the adhe-

sives. Spindle head (PK1;1°) and the platform were
wiped with acetone. The platform was then raised
up to touch the spindle head. The gap between spin-
dle head and platform was adjusted to zero before
testing. A few drops of adhesive were put at the
middle of platform which was then elevated to
squeeze the adhesive. Excessive adhesive around
the spindle head was wiped off with acetone. Test-
ing was carried out for one minute or ten rounds of
spinning at 30°C. The average of five readings was
taken as the average viscosity of the adhesive.

2.3.2. Tack

A polyethylene terephthalate (PET) substrate with
dimension of 4 cmx25 cm was used to determine
the loop tack of the adhesive. It was coated at the
centre (4 cmx4 cm) by a SHEEN Hand Coater at a
coating thickness of 60 um. The coated PET was
air dried at 30°C for 24 hours to eliminate the
toluene in the adhesive. A loop was formed from
the PET film and the outer surface with adhesive
area was gently brought into contact with a glass
plate. The debonding force from the glass plate was
measured at 30°C by a Lloyd Adhesion Tester
(Model LRXPlus with NEXYGEN software) oper-
ating at a testing rate of 30 cm/min. The three high-
est peaks from the test were used to compute the
average debonding force. The loop tack was defined
as the debonding force per area of contact with the
glass plate [N/m2].

2.3.3. Peel strength

Polyethylene terephthalate (PET) film and release
paper were used as the base stock and face stock
respectively in the peel adhesion tests. In order to
confirm the consistency of the results, three differ-
ent modes of peel tests were conducted, viz. T-Peel
Test, 90° Peel Test and 180° Peel Test. For the T-
and 90° Peel Tests, the dimensions of both sub-
strates were 20 cmx4 cm. However, for the 180°
Peel Test, the dimensions of PET film was 25 cmx
4 cm, whereas that of release paper was of 12 cmx
6 cm. For all peel tests, a SHEEN Hand Coater was
used to coat the adhesive from the end of the PET
film at a coating area and thickness of 10 cmx4 cm
and 60 wm respectively. The release paper was then
placed on the coated PET film. The sample was air
dried at 30°C for 24 hours to eliminate the toluene.
The peel test was carried out at 30°C using a Lloyd
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Adhesion Tester operating at 30 cm/min. As in the
tack test, the average peeling force was determined
from the three highest peaks of the load-propaga-
tion graph. Peel strength is defined as the average
load per width of the bondline required to separate
progressively a flexible member from a rigid mem-
ber or another flexible member (ASTM D 907).

3. Results and discussion

The effects of calcium carbonate on the viscosity,
tack and peel strength of ENR 25 and ENR 50-
based pressure-sensitive adhesives are discussed
below.

3.1. Viscosity

Figure 1 shows the dependence of viscosity of
adhesive on calcium carbonate concentration. For
both adhesives, viscosity increases gradually with
increase in calcium carbonate loading. This obser-
vation is attributed to the thickening effect of cal-
cium carbonate which acts as a filler in the adhesive
formulation [8]. The higher the concentration of the
filler, the greater is the thickening effect as
reflected by the increase in viscosity. For all the
loadings of filler, ENR 25 consistently indicates
higher viscosity compared to that of ENR 50. The
phenomenon may be explained by the stronger
interaction (i.e. H-bonding) between ENR 25 and
calcium carbonate filler. ENR 25 which has a lower
T, (i.e. —45°C) interacts better with the filler due to
its greater flexibility compared to ENR 50 (7, =
—20°C). The difference in viscosity between
ENR 25 and ENR 50-based adhesives (Z,) with cal-
cium carbonate loading is shown in Figure 2. Z,
value increases rapidly from O to 10 phr of filler
loading and levels off after 10 phr filler suggesting
that the rate of increasing ENR 25-filler interaction
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Figure 1. Variation of viscosity with calcium carbonate
loading
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Figure 2. Variation of difference in viscosity (Z,) with cal-
cium carbonate loading

is faster than that of ENR 25 at the initial loading of
calcium carbonate. However, after 10 phr of filler
loading, rubber-filler interaction becomes nearly
constant as shown by the plateau Z, value with fur-
ther filler loading.

3.2. Tack

The dependence of loop tack on the calcium car-
bonate loading for ENR 25 and ENR 50 is shown in
Figure 3. Tack may be defined as the property of a
material which enables it to form a bond of measur-
able strength immediately upon contact with
another surface, usually with low applied pressure
[8]. It gives an indication of how quickly an adhe-
sive can wet and make intimate contact with a sur-
face of a substrate. Result indicates that loop tack
passes through a maximum value at 30 phr calcium
carbonate loading for both rubbers studied. The
increasing tack with increasing filler loading is
attributed to the increasing wettability of adhesive
on the substrate. At the maximum tack value, the
adhesive conforms to the irregularities of the sub-
strate, i.e. low surface energy condition is observed
[9] at 30 phr calcium carbonate content. Further
increase in the filler content will cause a dilution
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Figure 3. Variation of loop tack with calcium carbonate
loading
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Figure 4. Variation of difference in loop tack (Zr) with
calcium carbonate loading

effect which decreases the miscibility and wettabil-
ity of adhesive as indicated by the lowering of tack
after 30 phr calcium carbonate loading. As in the
case of viscosity, ENR 25-based adhesive consis-
tently exhibits higher tack value compared to ENR
50 for all loadings of calcium carbonate. The differ-
ence in tack (Zr) between ENR 25 and ENR 50-
based adhesives is shown in Figure 4. Zr decreases
with calcium carbonate loading until a minimum is
reached at 30 phr filler. After that it increases with
further addition of the filler. This observation is
attributed to the varying degree of interaction
between ENR 25-calcium carbonate and ENR 50-
calcium carbonate which affects the tack property
of the respective adhesives. At 30 phr calcium car-
bonate loading, the difference in wettability between
ENR 25 and ENR 50-based adhesive is minimal as
reflected by the lowest Zr value. However, increas-
ing filler content widens the respective tack values
due to the greater drop of miscibility and wettabil-
ity of ENR 50-based adhesive.

3.3. Peel strength

The effect of calcium carbonate on peel strength of
ENR-based adhesive is shown in Figures 5-7 for
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Figure 5. Peel strength (T-Test) versus calcium carbonate
loading
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Figure 6. Peel strength (90° Test) versus calcium carbon-
ate loading

the T-, 90° and 180° Tests respectively at 80 phr
tackifier concentration. For all the three modes of
testing, peel strength increases with increasing cal-
cium carbonate loading up to 30 phr filler content
and drops with further filler loading. This phenom-
enon is due to the continuous lowering of surface
tension by calcium carbonate and hence better wet-
tability of adhesive on the substrate is observed. As
in the case of tack, wettability reaches a maximum
value at 30 phr calcium carbonate loading for both
rubbers studied. The increase in wettability enhances
mechanical interlocking and anchorage of the adhe-
sive in pores and irregularities in the adherent [10,
11]. After the optimum filler loading, peel strength
decreases with further addition of filler because of
the dilution effect of filler, thus reduces the misci-
bility and wettability of adhesive as exhibited by
the drop in peel strength. From this study, ENR 25
consistently indicates higher peel strength than
ENR 50, an observation which is similar to that
reported in our earlier study of ENR in the absence
of filler [6]. Figure 8 compares the peel strength of
ENR 25 and ENR 50-based adhesives for various
modes of peel tests. In all the tests, it is observed
that ENR 25 gives higher peel strength than ENR
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Figure 7. Peel strength (180° Test) versus calcium carbon-
ate loading
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Figure 8. Comparison of peel strength between ENR 25
and ENR 50 at 30 phr calcium carbonate

50. This observation is attributed to the greater
flexibility of ENR 25 due to its lower T, value com-
pared to ENR 50 as discussed earlier. This means
that ENR 25-based adhesive will wet better than
that of adhesive prepared from ENR 50. ENR 25
also undergoes more strain-induced crystallization
[12-16] to enhance its resistance to rupture under
an applied force so that the adhesive layer itself
cannot easily be ruptured [8]. Figure 8 also shows
that the peel strength obtained from the 180° Peel
Test is much higher than the other two modes of
testing. This is due to the angle of testing, an obser-
vation which is consistent with our previous report
on the study of peel strength of SMR 10-based
pressure-sensitive adhesive [1]. A higher peel force
is needed in the 180° peel test which means that the
rubber chains will undergo more strain-induced
crystallization than the other two peel tests and
hence, a higher peel strength is obtained. In all
cases, the failure mode is essentially adhesive in
nature.

4. Conclusions

The following conclusions can be drawn from this

study:

1. Viscosity of ENR-based adhesives increases
gradually with increase in calcium carbonate
loading, an observation which is attributed to
the thickening effect of calcium carbonate
which acts as a filler in the adhesive system.
ENR 25 consistently shows higher viscosity
compared to that of ENR 50 indicating that
interaction between ENR 25 and calcium car-
bonate is stronger compared to ENR 50.

. Loop tack passes through a maximum value at
30 phr calcium carbonate loading for both rub-
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bers studied. This observation is associated with
the increasing wettability with increasing filler
loading. However, further increase in the filler
loading will decrease the miscibility and wetta-
bility of adhesive due to the dilution effect of the
filler.

. Peel strength increases with increasing calcium
carbonate loading up to 30 phr filler content and
drops with further filler loading, a phenomenon
similar to that of tack test, i.e. varying degree of
miscibility and wettability of adhesive with
filler loading is observed. The increase in wetta-
bility enhances mechanical interlocking and
anchorage of the adhesive in pores and irregu-
larities in the substrate. ENR 25-based adhesive
shows higher peel strength than that of ENR 50,
an observation which is attributed to the greater
flexibility of ENR 25 compared to ENR 50 due
to the lower T in the former.

Acknowledgements

The authors acknowledge the research grant (FRGS) pro-
vided by Universiti Sains Malaysia that has resulted in this
article.

References

[1] Poh B. T., Chang Y. Y.: Viscosity and peel strength of
SMR 10-based pressure-sensitive adhesives. Polymer-
Plastics Technology and Engineering, 45, 1251-1256
(2006).

[2] Poh B. T., Chee C. L.: Effect of coumarone-indene
resin on adhesion property of SMR 20-based pressure-
sensitive adhesives. International Journal of Poly-
meric Materials, 56, 247-255 (2007).

[3] Poh B. T., Kwo H. K.: Shear strength of SMR-based
pressure-sensitive adhesives. Polymer-Plastics Tech-
nology and Engineering, 46, 1021-1024 (2007).

[4] Poh B. T., Ong L. N.: Adhesion properties of styrene-
butadiene rubber (SBR)/Standard Malaysian Rubber
(SMR L)-based adhesives in the presence of phenol
formaldehyde resin. Express Polymer Letters, 1, 654—
659 (2007).

[5] Leong Y. C., Lee L. M. S., Gan S. N.: The viscoelastic
properties of natural rubber pressure-sensitive adhe-
sive using acrylic resin as a tackifier. Journal of
Applied Polymer Science, 88, 2118-2123 (2003).

[6] Poh B. T., Kwo H. K.: Peel and shear strength of pres-
sure-sensitive adhesives prepared from epoxidized
natural rubber. Journal of Applied Polymer Science,
105, 680-684 (2007).



Poh et al. — eXPRESS Polymer Letters Vol.2, No.6 (2008) 398403

[7] Poh B. T., Chow S. K.: Effect of zinc oxide on the vis-
cosity, tack and peel strength of ENR 25-based pres-
sure-sensitive adhesives. Journal of Applied Polymer
Science, 106, 333-337 (2007).

[8] Skeist I.: Handbook of adhesives. Van Nostrand Rein-
hold, New York (1990).

[9] Satas D.: Handbook of pressure-sensitive adhesive
technology. Van Nostrand Reinhold, New York
(1982).

[10] Gierenz G., Karmann W.: Adhesives and adhesive
tapes. Wiley-VCH, New York (2001).

[11] Lee L. H.: Adhesive bonding. Plenum Press, New
York (1991).

[12] Poh B. T., Khok G. K.: Tensile property of epoxidized
natural rubber/natural rubber blends. Polymer-Plastics
Technology and Engineering, 39, 151-161 (2000).

403

[13] Davies C. K. L., Wolfe S. V., Gelling I. R., Thomas A.
G.: Strain crystallization in random copolymers pro-
duced by epoxidation of cis 1.4 polyisoprene. Poly-
mer, 24, 107-113 (1983).

[14] Sadequl A. M., Poh B. T., Ishiaku U. S.: Effect of
filler loading on the mechanical properties of epoxi-
dized natural rubber (ENR 25) compared with natural
rubber (SMR L). International Journal of Polymeric
Materials, 43, 261-278 (1999).

[15] Poh B. T., Ismail H., Quah E. H., Chin P. L.: Cure and
mechanical properties of filled SMR L/ENR 25 and
SMR L/SBR blends. Journal of Applied Polymer Sci-
ence, 81, 47-52 (2001).

[16] Poh B. T., Ismail H., Quah E. H.: Fatigue, resilience
and hardness properties of unfilled SMR L/ENR 25
and SMR L/SBR blends. Polymer Testing, 20, 389—
394 (2001).



eXPRESS Polymer Letters Vol.2, No.6 (2008) 404—412
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2008.49

XPRESS

[EX e =

Polymer Letters

Deformation mechanism under essential work of fracture
process in polycyclo-olefin materials

T. Kuno, Y. Yamagishi, T. Kawamura, K. Nitta*

Division of Material Sciences, Graduate School of Natural Sciences and Technology, Kanazawa University, Kanazawa,

920-1192 Japan

Received 8 February 2008; accepted in revised form 11 April 2008

Abstract. The fracture toughness of a glassy polycyclo-olefin (PCO) was investigated by the essential work of fracture
(EWF) method using a double-edge notched specimens. It was shown that the PCO follows the EWF concept in the temper-
ature range between room temperature and glass transition temperature 7, where the ligament yielding appear at a maxi-
mum point on the stress-displacement curves and subsequently the necking and tearing processes take place in the post
yielding region. The essential work of fracture required for the ligament yielding drops as the temperature approaches 7.
The non-essential work of fracture attributed to tearing process after yielding is consumed to expand the plastic region and

causes molecular chains to orient to the stretching direction.

Keywords: fracture and fatigue, essential work of fracture (EWF), polycyclo-olefin, crack opening displacement, rheo-

optics

1. Introduction

Polycyclo-olefin (PCO) is a novel type of glassy
polymers and received special attention in optical
applications because of its environmental friendly
and excellent heat- and chemical-resistances in
addition to considerably low bifringence and high
transparency. According to our previous studies on
its tensile properties [1], PCO materials exhibited a
high ductility near their glass transition tempera-
tures T, at which the PCOs are carefully compres-
sion molded to produce transparent sheets and
films. The mechanical data in the vicinity of 7, are
very useful to optimize the molding conditions.

The essential work of fracture (EWF) method
developed by Broberg [2] has been conveniently
used for the examination of fracture properties of
ductile thin films. When a double edged notch
specimen is loaded under uniaxial tension, the frac-
ture is dissipated in two distinct zones such as frac-

*Corresponding author, e-mail: nitta@t.kanazawa-u.ac.jp
© BME-PT and GTE

ture process zone (or essential zone) and plastic
zone (or non-essential zone). The total work of
fracture Wris expressed as the sum between the two
parameters of the essential work W, and the non-
essential work W), as shown by Equation (1) [2-6]:

W, =W,+W, (D

The first term is related to the instability of the
crack tip and represents the energy required to frac-
ture the polymer in its process zone which is sur-
face-related whereas the second term is associated
with the plastic work, which is proportional to the
plastic zone volume, and represents the energy con-
sumed by various deformation mechanisms in the
surrounding outer plastic zone [7-9]. When the typ-
ical load-displacement curve of double-notched
specimen shows a maximum point at which the lig-
ament region is fully yielded and the yielding
region is necked after maximum, then may be parti-
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Figure 1. Schematic explanation of the definition of W,
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tioned into two components as illustrated in Fig-
ure 1. Consequently, we have Equation (2):

W, =W, +W,, )

where Wy is the mechanical energy required for
yielding of the ligament region and W, is the
energy required for necking and subsequent tear-
ing.

The EWF method has been widely applied to vari-
ous commodity plastics such as poly(ethylene
terephthalate), polyethylene, polypropylene, and
their blends. It has been proven theoretically and
confirmed experimentally that the essential work of
fracture corresponds to the critical J-integral value
which is the reliable method for characterizing the
fracture toughness of ductile polymeric materials
[10, 11]. The present work applies the concept of
EWF for characterizing ductile fracture of PCO
films as a function of temperature.

2. Analytical methods for essential work of
fracture

The energy required for fracture W, can be consid-
ered to be a pure crack resistance parameter. As a
result, the value of W, is essentially a surface
energy and is proportional to the ligament length L
for a given specimen thickness #. The plastic work
W, is a volume energy, which involves microvoid-
ing and shear yielding and it is proportional to the
volume L?t. Dividing Equation (1) by the ligament
section Lt, we have Equation (3):

Wy
Wf =;:W8+BWPL (3)

where B is a shape factor associated with the vol-
ume of the plastic deformation zone, and w), is the
specific non-essential work of fracture, which is the
plastic work per unit volume of the plastic defor-
mation zone, and the specific essential work w, is
the failure work per unit surface area.

Equation (3) indicates that wyis a linear function of
ligament length L where the specific essential work
of fracture w, is given by the positive intercept at
L =0 of the linear regression interpolating the data
and the specific non-essential work of fracture Bw),
is given by the slope of the regression line. The
main objective of the EWF method is to determine
We as a toughness parameter.

The specific essential work of fracture w, can be
considered as a material constant under plane stress
conditions for a given thickness #, as suggested
from Equation (3). Furthermore, it is significant to
consider partitioning of w, since the total fracture
work can be partitioned into two components of the
ligament yielding and tearing work according to
Equation (2) [12—-14]. Consequently, the following
equations have the form (see Equations (4) and

O):

W =W,y + Wy 4)

Bwp :Bywpy +Bntwpnt (5)

where wey is the specific essential yielding-related
work of fracture, which is considered to be a more
reliable parameter as compared to w, to follow the
extrinsic effects of the physical aging, the loading
of plasticizer, and the water content [15—18], we is
the specific essential tearing work, wpy is the volu-
metric energy dissipated during yielding, and wp,; is
the dissipated work during tearing, and By and B,
are geometric factors related to the shape of the
plastic zone during the yielding and tearing stages,
respectively.

3. Experimental
3.1. Materials

Polycyclo-olefin (Commercial grade: ZEONOR
1600) was used in this study. The PCO samples
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were compression molded to sheets of about
100 um thickness for 10 minutes under 270°C and
20 MPa. The rectangular sheets were notched to
produce double-edge-notched tension (DENT)
specimens with various ligament lengths by way of
forming double edge notch transverse to the elon-
gation direction by a sharp razor.

3.2. Standard EWF fracture tests

The DENT specimens with 20 mm width were
tested to complete failure in an Instron 4466 tensile
machine equipped maximum 100 N load cell and
an isothermal chamber. The tests were performed at
a fixed elongation rate of 1 mm/min between 15
and 163°C. The initial distance between cramps
was 10 mm. We performed the EWF fracture meas-
urements using more than 6 pieces with different
ligament lengths ranging from 2.5 to 15 mm for
each temperature. The mechanical energies W, and
W, were evaluated from the integration of the
resulting load-displacement curves (see Figure 1).

3.3. Rheo-optical EWF fracture tests

Rheo-optical techniques [19] afford information on
the elongation time dependence not only of the
stress but also of optical quantities associated
directly with the structure. In this study, infrared
dichroism was measured simultaneously with stress
during EWF tests at a constant rate of elongation.
For the purpose, a hand-made tensile tester was set
in a Fourier-transformation infrared spectroscopic
analyzer (FT-IR: MIR-8000 of ORIEL Co.) in such
a way as to allow infrared polarized beam go
through a DENT specimen mounted on the tensile
tester. The tensile tester was specially designed for
upper and lower clamps to symmetrically move
from the central point in the ligament zone of the
film so that the IR beam spot (3 mm diameter)
remains at the initial position during whole stretch-
ing [20]. The rheo-optical EWF tests were per-
formed under a constant elongation rate of
1 mm/min. In addition, the sample chamber of the
stretching machine was equipped with an adiabatic
temperature cell to maintain the temperature con-
trol at £0.5°C. The smaller DENT specimens with a
width of 15 mm were used for the rheo-optical
measurements because of the space limitation of
the sample chamber.

To determine the orientation function of molecular
chain axes, we used the dichroic ratio D which can
be determined by A)/A where Aj and A} denote the
absorbances measured for the radiation whose elec-
tric vectors are parallel and perpendicular to the
stretching direction, respectively. The orientation
function of molecular chain f is related to the
dichroic ratio by Equation (6) [21, 22]:

2 D-1
f_

= (6)
3cos2¢—1 D+2

where the ¢ is the angle between the direction of
the transition moment of the absorption band and
the main chain axis.

The intensities of 1480 cm~! absorption bands were
measured as a function of elongation time or dis-
placement every 1-2 s. The band is associated with
CHa scissoring vibration. The transition moment is
considered to be 90 degrees direction against the
main chain, ¢ = n/2. The CH> scissoring of PCO
was confirmed with the functional method of den-
sity using the calculation software of Gaussian Co.
on the basis of a norbornene molecular model.

3.4. Sample characterization

The dynamic mechanical properties, the storage
modulus E” and the loss modulus E”, were investi-
gated in the tensile mode using the dynamic
mechanical analyzer (DVE-V4 of Rheology Co.).
The rectangular specimens with 7 mm width,
30 mm length, and 100 um thickness were used for
the measurements. The testing condition is the
strain amplitude of 0.1%, the frequency 10 Hz,
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Figure 2. Dynamic mechanical spectra of PCO measured
at 10 Hz
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heating rate 2°C/min and the temperature range of
0-230°C. The dynamic mechanical spectrum was
exemplified in Figure 2. A sharp relaxation peak in
E” curve, ascribed to the glass transition Tj,
appears at 175°C and the storage modulus E’
sharply reduces around the temperature.

The uniaxial tensile tests of the PCO sample were
carried out using the notched-type specimens at the
same temperature as the standard EWF tests.
Details of the tensile measurements are referred in
our previous paper [1].

4. Results and discussion

Figure 3 exemplifies the load-displacement curves
from the EWF measurements at 102°C for the
DENT samples having different ligament lengths.
The curves have a clear maximum point and show a
prominent load drop over the maximum point. The
peak in the curve corresponds to the yielding
around the ligament area. The sample specimen is
subsequently necked and the failure is caused by
ductile tearing of the ligament region after yielding.
The rise in temperature reduces the overall maxi-
mum load and increases the elongation at break.

The important feature of the load-displacement
curves for DENT specimens as a function of liga-
ment length is their geometrical similarity. We
directly confirmed that the width of the ductile
deformation region in the samples after EWF tests
was within the ligament length for the samples
tested below 157°C. In addition, the linearity of the
L dependence of Wy is established except for the
values at 157°C within the squared multiple corre-

40

30
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20

10

0 1.0 20 3.0
Displacement [mm]

Figure 3. Force-displacement curves of the results of
EWF test at 102°C

lation coefficient (R2) more than 0.95 as shown in
Figures 5. These results suggest that the experi-
mental conditions in this study satisfy the basic
requirement for the applicability of the EWF analy-
sis [6, 14]. Below room temperature, the failure of
the PCO specimen occurs in a brittle manner in
which the craze and/or cracks was formed at the
root of the notch. Figure 4 shows the load-displace-
ment curves measured at 15°C, showing that the
specimens were broken prior to necking being
independent of the ligament length. In the tempera-
ture range from 50 to 157°C, it was confirmed that
the yielding of the ligament region occurs at maxi-
mum load at which two line plastic zones generated
on the crack tips meet each other. The subsequent
neck starts on the crack tips and rapidly reaches the
whole ligament region, leading to a prominent load
drop and then the crack starts to propagate across
the necked zone until ultimate fracture occurs.

As shown in Figure 1, the specific work of fracture
wy, is the sum of their yielding component wy and
the necking component w,. Figures 5a and 5b
show both components plotted against the ligament
length L where the values of wy and w,; were calcu-
lated by integration of the area under the force-
elongation curves. We confirmed the linear rela-
tionship between the fracture works and the liga-
ment length L.

The specific essential work of fracture parameters
and the specific non-essential work can be deter-
mined from the linear interpolation of these plots.
The intercept values at L = 0 and slopes provide the
essential work parameters and the non-essential
work parameters, respectively, which were plotted

40 T T T

L=12.2 mm

10.2 mm

8.0 mm

Load [N]

20

0 0.2 0.4 0.6 0.8 1.0
Displacement [mm]

Figure 4. Force-displacement curves of the results of
EWF test at 15°C
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Figure 5. The dependence of w, (a) and w,, (b) on the ligament length at various temperatures

as a function of temperature in Figures 6a and 6b.
The specific work of fracture w. is almost inde-
pendent of temperature in the lower temperatures
but decreases as the temperature approaches 7. Its
component w., monotonically decreases with
increasing temperature over the entire experimental
temperature range whilst we,; shows a maximum
and rapidly drops at near 7,. Similar results for
PEEK samples were reported by Arkhireyeva et al.
[14], demonstrating that the w,., values can be
regarded as the specific essential work of fracture
for crack initiation. Consequently, the variation of
we with temperature for PCO was found to be
almost caused by the temperature dependence of
crack initiation.

The values of specific non-essential work of frac-
ture PBwp, Bywpy and Buwpn can be estimated from

15 T T L]
T% 10m -
2
z
£
ga' Spm -
0 I [ [
) 0 50 100 150 200
a

TI[°C]

the slopes of the straight lines showed in Figures 5a
and 5b. It was found that the values of Bw, and
Brwpn: increase with increasing temperature below
T, and sharply drop at near 7,. On the other hand,
the absolute values of the component Byw,, were
found to monotonously decrease with increasing
the temperature. It should be noted here that the
values of Bnwpn are much greater than those of
Bywpy, indicating that almost non-essential work of
fracture Bw, is due to Bnwp. and the plastic zone
development is mainly associated with the necking-
tearing part of the fracture process.

The displacement at fracture d, can be divided into
the yield displacement 8, and tearing component J,;
giving by &, = 8y + du. The values of dp, &y and O,
are plotted against ligament length L in Fig-
ures 7a—7c. It was also found that the displace-
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Figure 6. The temperature dependence of the essential work parameters (a) and the non-essential work parameters (b).
The close symbols represent the parameters estimated directly from EWF tests and the open ones represent the

parameters estimated from COD.
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ments Op, Oy, and J,; represent the liner relation-
ships with L at any temperature. The displacement
dp increases with increasing the temperature and
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Figure 7. The dependence of displacement parameters on
the ligament length at various temperatures. (a):
total displacement 05, (b): displacement of yield-
ing region §, and (c): displacement of necking-
tearing region O,

the yield displacement d, is slightly dependent on
temperature as compared to the tearing displace-
ment J,, indicating that the temperature sensitivity
of the ultimate displacement Jp is due to the tem-
perature dependence of the tearing behavior. It is
interesting to note that d,, and d, expolarate to a
fixed value (0.18 mm) when L—0. Thus, we have
the following empirical relations (see Equations (7)
and (8)):

S, =0,, +a(T)L (7)

o, =9, +o,L 8)

The intercept value &, = denr + dey = 0.36 mm at
L =0 has been identified as being equivalent to the
critical crack opening displacement [23]. As seen in
Figures 7, we have Ocn = 00y = 0.18 mm which
were independent of temperature over the wide
range from 50°C to near T,, suggesting that the crit-
ical crack opening displacement is a material con-
stant for PCO.

According to Arkhireyeva et al. [14], the values of
We, Wens and wey are directly related to the values of
Oe, Oens and Oy, respectively, according to Equa-
tions (9)—(11):

w, =A0y9, 9)
Wy = XGYSEy (10)
Went = 7\‘GYSL)HZ (11)

where Gy is the yield stress and A is the shape factor
of the stress-stain curves below the yield point. The
value of A is assumed to be 0.67, which is attributed
to the parabolic curve. The values of w,, wey and
went €stimated from COD were listed in Table 1
together with the values estimated directly from the
EWEF tests and the yield stress determined by the
uniaxial tensile tests. The sample exhibited brittle
behavior accompanied by no clear yield point at
50°C. The values of w, determined from COD are
coincident with the values from EWF tests at all the
temperatures measured (shown in Figure 6a)
though the values of w,., determined form COD
were overestimated and the values of w., were
underestimated. The similar results for PEEK sam-
ples were reported by Arkhireyeva et al. [14].
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Table 1. The yield stress (oy), the specific essential work (w.) and its components of the pre- and post-yield region (wy and
Wenr, respectively) estimated form EWF and COD

. we [kJ-m2] Wey [kJm2] Went [kJ-m~2]
Temp.[°C] | ov[MPal EWF COD EWF COD EWF COD
50 - 12.0 - 7.0 - 4.5 -
102 53 12.0 13.0 4.0 6.3 8.1 6.3
138 42 11.0 10.0 2.5 5.1 8.2 5.1
150 38 9.9 9.1 1.8 4.5 8.1 4.5
157 31 8.1 7.5 1.8 3.7 6.3 3.7
Furthermore, we examined the temperature was confirmed that the fracture data obtained from

dependence of the slope o(T) of the d,~L relation.
As shown in Figure 8, the inverse of Inou(7) was
found to be proportional to the inverse of T¢—T.
Thus, the temperature dependence of the slope ou(7)
becomes according to Equation (12):

—c(T-T,)

Ino(T) = (12)

where ¢ =3.82 and ¢ =-61.8 K. It is very inter-
esting to note that the empirical equation is the
WLF type. Consequently, the empirical relation
Equation (12) makes it possible to estimate the dis-
placements at yield and break at any temperature.

The polarized IR spectra were measured simultane-
ously with the tensile stress as a function of tensile
time or displacement. Smaller DENT specimens
with 15 mm width were used for the measurements
and the distance between two clamps was 15 mm.
Figure 9 compares the work of fracture between
EWF and rheo-EWF tests. As seen in this figure, it
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Figure 8. WLF plot of o(7) against 7,—T. o(T) represents
the slope of displacement of necking-tearing
region (3, against the ligament length

rheo-EWF tests are almost consistent with those of
the EWF tests. The data of orientation function
measured simultaneously with EWF tests are
shown in Figure 10 where both the load and the
value of orientation function f are plotted against
displacement at 110 and 170°C. The orientation
function f was around zero up to the tearing start
point and linearly increased with increasing the
elongation. In the yielding in the ligament region
almost no molecular chains orient to the stretching
direction, indicating that large scale molecular
mobility of molecular chains is not activated until
ligament full-yielding. This suggests that the
agglomeration of chain molecules act as a deforma-
tion unit and the work for yielding is consumed by
the release of the agglomeration of chain mole-
cules. On the other hands, the necking or tearing
process induce the molecular orientation and the
increase in molecular orientation function will be
due to the expansion of necked region in the plastic
zone. The plastic work for expanding the necking
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A A
eho
= 30F AGA -
E o P )
= a
20 = -
10 4
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0 [ ] [ ] [ 1
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Figure 9. The temperature dependence of total work (W))
for 2 samples with different size. (1): the sample
for the EWF tests and (2): the sample for the
rheo-optical EWF tests
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Figure 10. The load vs. displacement curves with simultaneous orientation function measurements of the DENT speci-

mens at 110°C (a) and 170°C (b)

and/or tearing positively corresponds to the elonga-
tion sensitivity of molecular orientation, indicating
that the work for the plastic deformation is con-
sumed almost by the expansion of the molecular
orientated (micro-necked) portions to the plastic
plane.

5. Conclusions

The fracture toughness of polyolefin of a glassy
polycyclo-olefin (PCO) was investigated between
room temperature and near 7, by the essential work
of fracture method using double-edge notched ten-
sile specimens.

It was shown that the PCO follows the EWF con-
cept in the temperature range between 50 and
157°C where the ligament yielding appear at a
maximum point on the stress-displacement curves
and subsequently the necking and tearing processes
take place in the post yielding region. The essential
work of fracture, w, required for the ligament yield-
ing drops as the temperature approaches 7. The
non-essential work of fracture, w), attributed to tear-
ing process after yielding is consumed to expand
the plastic region and causes molecular chains to
orient to the stretching direction.

A linear relationship was confirmed between the
total specific work of fracture and ligament length
over the entirely experimental temperature range. It
was found that although specific essential work of
fracture decreases with increasing temperature and
the specific non-essential work of fracture
increased with increasing temperature but dropped
at near 7. A linear relationship was also found for
yielding and necking/tearing components of the
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total specific work of fracture as a function of liga-
ment length. These specific essential work compo-
nents were found to be dependent of temperature
whilst the yielding component decreased with tem-
perature. The contribution of necking/tearing com-
ponent was substantially greater than that of the
yielding component. Similarly, the displacement at
fracture &, can be divided into the yield displace-
ment and tearing component and the displacements
were proportional to the ligament length. In addi-
tion, it was found that the temperature dependence
of the displacement at break follows the WLF type
of equation.

According to polarized FT-IR data measured
simultaneously with EWF tests, the molecular ori-
entation started in the post-yielding, indicating that
the work for the plastic deformation is consumed
almost by the expansion of the molecular orientated
(micro-necked) portions to the plastic plane.
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Abstract. Flax fibre was modified with acetylation. The influence of the acetylation on the structure and properties of flax
fibre were investigated as well as modified flax fibre reinforced polypropylene composites were also prepared. The catalyst
was used to accelerate acetylation reaction rate. Flax fibre was characterised after modification. Surface morphology, mois-
ture absorption property, components content, degree of polymerisation, crystallinity of cellulose and thermal stability of
flax fibres were studied. Due to acetylation, the flax fibre surface morphology and moisture resistance properties improved
remarkably. Flax fibre (modified and unmodified) reinforced polypropylene composites were fabricated with 30 wt% fibre
loading. The mechanical properties were investigated for those composites. Tensile and flexural strengths of composites
were found to increase with increasing degree of acetylation up to 18% and then decreased. Charpy impact strengths of
composites were found to decrease with increasing degree of acetylation. Owing to addition of coupling agent (maleated
polypropylene -MAH), the tensile and flexural strength properties were found to increase in between 20 to 35% depending

on degree of acetylation.

Keywords: reinforcements, flax fibre, acetylation, fibre characterisation, mechanical properties

1. Introduction

A better understanding of the chemical composi-
tion and surface adhesive bonding of natural fibre is
necessary for developing natural fibre-reinforced
composites. The composition of natural fibres
includes cellulose, hemicellulose, lignin, pectin,
fat, waxes and water soluble substances [1-3]. The
composition may differ with the growing condition
and test methods even for the same kind of fiber
[4]. Cellulose is a semicrystalline polysaccharide
with a large amount of hydroxyl group in cellulose,
giving hydrophilic nature to natural fibre when
used to reinforce hydrophobic matrices; the result
is a very poor interface and poor resistance to mois-
ture absorption [5]. Hemicellulose is strongly

*Corresponding author, e-mail: kutech@uni-kassel.de
© BME-PT and GTE

bound to cellulose fibrils presumably by hydrogen
bonds. Hemicellulosic polymers are branched, fully
amorphous and have a significantly lower molecu-
lar weight than cellulose. Because of its open struc-
ture containing many hydroxyl and acetyl groups,
hemicellulose is partly soluble in water and hygro-
scopic [6]. Lignins are amorphous, highly complex,
mainly aromatic, polymers of phenylpropane [7]
units but have the least water sorption of the natural
fibre components [6].

The natural fibre exhibits a high hydrophilicity due
to attraction or interaction between the hydroxyl
groups of fibre components and water molecules.
The interactions between fibre and water originate
from the non-crystalline region and extend to the
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crystalline region. The uptake of water by hygro-
scopic substance such as cellulose and hemicellu-
lose is a hydration process involving accessible
hydroxyl groups. Water molecule absorbed by cel-
lulose molecule form cellulose hydrate and the
reaction is exothermic, which provide the driving
force for further absorption [8, 9]. The high mois-
ture sensitivity of lignocellulosic fibre causes the
dimensional instability and limits the use of fibre as
reinforcement in composite materials. Low interfa-
cial properties between fibre and polymer matrix
often reduce their potential as reinforcing agents
due to the hydrophilic nature of natural fibres;
chemical modifications are considered to optimize
the interface of fibres. Generally, chemical cou-
pling agents are molecules possessing two func-
tions. The first function is to react with hydroxyl
groups of cellulose and the second is to react with
functional groups of the matrix [10].

The moisture absorbed by the fibres can be reduced
by chemical modifications of fibres such as acety-
lation, methylation, cyanoethylation, benzoylation,
permanganate treatment, acrylation etc. [11-15].
Acetylation of natural fibres is a well-known ester-
ification method causing plasticization of cellulosic
fibres. Polymer hydroxyl groups of the cell wall
with acetyl groups, modify the properties of these
polymers so that they become hydrophobic which
could stabilize the cell wall against moisture,
improving dimensional stability and environmental
degradation [16].

In addition, acetylation is one of the most studied
reactions of lignocellulosic materials. Cellulose
acetate was discovered in 1865, and partially acety-
lated cellulose products were commercialised as
acetate rayon fibres and cellulose acetate plastics in
the early 1900s. The first attempt of acetylating
wood flour and sawdust took place in 1928. The
principle of the method is to react the hydroxyl
groups (—OH) of the fibre constituents with acetyl
groups (CH3CO-). The reaction is known to pro-
ceed to full esterification of all the three hydroxyls
of anhydro-D-glucose when it is carried out in a
homogeneous phase (i.e. when cellulose is dis-
solved), but in the case of fibres and wood where
the reaction is heterogeneous. So it is thought to
esterify all hydroxyl groups of the fibre. Hence, a
highly non-uniform product may be obtained. In
these cases, it is necessary to use catalyst speeding

up acetylation process. There are large number of
catalysts that have been used in the past, including
sulphuric acid, pyridine, potassium and sodium
acetate, gamma-rays, etc. However, the use of cata-
lysts poses many problems. Strong mineral acids or
acid salts are known to cause hydrolysis of cellu-
lose resulting in damage of the fibre structure [17].
So, selection and optimization of catalyst is impor-
tant for the acetylation of lignocellulosic fibre. The
hydroxyl groups that react are those of the minor
constituents of the fibre, i.e. lignin, hemicelluloses,
and those of amorphous cellulose. That is because
the hydroxyl groups in crystalline regions with
close packing and strong interlock bonding are
completely inaccessible [18].

Reduction of about 50% of moisture uptake for
acetylated jute fibres and of up to 65% for acety-
lated pine fibres has been reported in the literature
[10].

Seena et al. investigated the effect of acetylation in
banana fibre reinforced phenol formaldehyde com-
posites and reported that the tensile strength, tensile
modulus and impact strength are found to improve
compared to non treated banana fibre composites
[12].

Liu et al. studied the effect of acetylation in natural
fibre composites (cotton, rayon, wood with poly-
styrene as matrix) and they showed, by using the
micro-debonding test that acetylated fibres had
increased interfacial shear strength. Furthermore,
they reported that acetylation increased the surface
free energy of the fibres [19].

Zafeiropoulos et al. investigated aectylation of flax,
hemp and wood fibre and resulted in a removal of
non-crystalline constituents of the fibres, altered
the characteristics of the surface topography,
changed the fibre surface free energy and improved
the stress transfer efficiency at the interface [17,
20].

In the present work a detailed investigation has
been carried out on the effect of acetylation on the
flax fibre properties in terms of fibre composition,
fibre surface, degree of crystallinity, degree of
polymerisation, moisture absorption and thermal
stability, as well as, a detailed investigation has
been investigated on the effect of acetylation of flax
fibre on the flax fibre reinforced polypropylene
composites properties.
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2. Experimental
2.1. Materials

Green flax fibre (6—8 mm) was obtained from
Miihlmeier GmbH, Germany.

Acetic anhydride, toluene, perchloric acid, sodium
hydroxide, hydrochloric acid, ethanol, sulphuric
acid, acetic acid, sodium chlorite, acetone, iodine,
potassium iodine, sodium sulphate, sodium thiosul-
phate were collected from Merck KgaA, Darm-
stadt, Germany. All chemicals were analytical
grade.

A commercially available maleic anhydride-
polypropylene copolymer (Licomont AR 504 FG)
with an acid number of 37-43 mg KOH/g was used
as a coupling agent. It was obtained from Clariant
Corporation, Frankfurt, Germany. Its softening
point was 153°C and density was 0.89-0.93 gm/cm?3.
It accounted for 5% of the weight percentage of
fibre.

2.2. Methods
2.2.1. Acetylation process

The flax fibres were soaked in demineralised water
for an hour, filtered and placed in a round bottom
flask, containing acetylating solution. Acetylating
solution consist of 250 ml toluene, 125 ml acetic
anhydride and a small amount of catalyst perchloric
acid (60%). The process temperature of acetylation
was 60°C and duration was 1 to 3 hour. After mod-
ification, the fibre was washed periodically with
distilled water until acid free. Finally modified flax
fibres were air dried for certain time before investi-
gation.

2.2.2. Modified fibre characterisation

Degree of acetylation

The acetyl groups’ content was measured by
saponification methods. Modified flax fibre was
saponified by 0.5N sodium hydroxide solution.
After saponification, the excess alkali was titrated
by 0.5N hydrochloric acid. Similar method has
been considered for untreated flax fibre and the
degree of acetylation calculated from the differ-
ence.

Extractibles content

The air dried sample of 5 g was weighed in an
extraction thimble and placed in Soxhlet extraction
unit. A mixture of ethanol and toluene was used as
solvent and extraction process continued for a
period of five hours. After extraction the sample
was rinsed with ethanol and hot water and dried up
to constant weight at the temperature of 60°C. The
extractibles were calculated as a percentage of the
oven dried test sample and the method has been
repeated for each sample.

Lignin content

Two grams of extracted sample were placed in a
flask and 15 ml of 72% sulphuric acid was added.
The mixture was stirred frequently for two and half
hours at 25°C and 200 ml of distilled water were
added to the mixture. Then the mixture was boiled
for next two hours and cooled. After 24 hours, the
lignin was transferred to the crucible and washed
with hot water repeatedly until becoming acid free.
The collected lignin was dried at 105°C and cooled
down in desiccator and weighed. The drying and
weighing were repeated until constant weight.

Holocelluloses content

Three grams of air dried flax fibre were weighed
and placed in an Erlenmeyer flask and then, 160 ml
of distilled water, 0.5 ml of glacial acetic acid and
1.5 g of sodium chloride were added successively.
The flask was placed in water bath and heated up to
75°C for an hour and then additional 0.5 ml of gla-
cial acetic acid and 1.5 g of sodium chloride were
added. The additions of acetic acid and sodium
chloride were repeated two times hourly. The flask
was placed in an ice bath and cooled down below
10°C. The holocellulose was filtered and washed
with acetone, ethanol and water respectively and at
the end, sample was dried in oven at 105°C before
weighed.

o-cellulose content

Two grams of holocellulose were placed in a
beaker and 10 ml of sodium hydroxide solution
(17.5%) was added. The fibres were stirred up by
glass rod so that they could be soaked with sodium
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hydroxide solution vigorously. Then sodium
hydroxide solution was added to the mixture peri-
odically (once every five minutes) for half an hour
and the mixture temperature was kept at 20°C.
About 33 ml of distilled water was added in the
beaker and kept it for an hour. The holocellulose
residue was filtered and transferred to the crucible
and washed with 100 ml of sodium hydroxide
(8.3%), 200 ml of distilled water, 15 ml of acetic
acid (10%) and again water successively. The cru-
cible with o-celluloses was dried and weighed.

Hemicellulose content

The content of hemicelluloses of flax fibre was cal-
culated from Equation (1):

Hemicelluloses = Holocellulose — o-celluloses (1)

Degree of polymerisation of cellulose

The molecular weight of cellulose was measured
by capillary viscometry according to the Cuoxam
method. It was observed that the cellulose was not
completely soluble in cuoxam solution. Before
measurement, the solution was filtered and viscos-
ity was measured. This method was performed at
room temperature and this method is valid for the
viscosity range of 0.1 <n < 2.0. Temperature and
damage correction factors have been considered
during calculation. The average molecular weights
(DP = degree of polymerisation) were calculated
by using Equation (2):

DP =n/[1 + (0.28-01)]-(1000/6.1C) 2)

where M is the specific viscosity, C is the concen-
tration of cellulose materials in cuoxam solution.

Degree of crystallisation of cellulose

The crystallinity of cellulose was determined
according to iodine absorption method. Treated
flax fibres (0.3 g) were taken in a beaker and 2 ml
of iodine solution (10 g iodine and 80 g potassium
iodide in 100 ml of demineralised water) and
100 ml of saturated sodium sulphate solution were
added. The temperature was adjusted to 20°C
before adding sodium sulphate solution and then
the beaker was kept in the dark place for an hour.
The remaining iodine in solution was determined

by titration with 0.03 M sodium thiosulphate
(starch as indicator).

Thermo gravimetric analysis (TGA)

The thermal gravimetric analysis of treated and
untreated flax fibres were conducted by thermal
gravimetric analyser (TGA-Model TG 50), sup-
plied by TA Instrument. 20 mg sample of each type
of fibre has been taken for analysis. The samples
were heated up; steadily at a rate of 20 K/min from
25 to 500°C in nitrogen medium. To get perfection,
analysis has been done two times for each sample.

Scanning electron microscope

The morphology of treated and untreated flax fibres
were investigated using scanning electron micro-
scope (SEM), MV2300, CamSan Electron Optics.
Flax fibres were fixed on metal surface with special
adhesive and sputter coated with gold before inves-
tigation.

2.2.3. Processing of Composites by
mixer-injection moulding

Treated or untreated flax fibres with polypropylene
were mixed by high speed cascade mixer (Henschel
heat-cooling mixer system, type HM40-KM120).
Flax fibres were dried at 80°C in an air circulating
oven for 24 hours (moisture content < 1%) before
mixing. The flax fibre at 30% proportion and poly-
propylene was placed into hot mixer and heated to
the melting temperature of polypropylene (173°C)
and then hot agglomerate granules were transferred
to the cool mixer where hot agglomerate granules
were cooled down to room temperature by the cold
water. Then cold agglomerate granules were dried
again (80°C, 24 hours) before the sample prepara-
tion by injection moulding process. Test samples
were prepared from dried agglomerate by injection
moulding process at temperature zone 150-180°C,
mould temperature of 80°C with an injection pres-
sure of 20 kN/mm?2.

2.2.4. Characterization of composites

Tensile, flexural and impact tests were carried out
for characterization of composites. Tensile and
flexural tests were performed at a test speed of
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2 mm/min according to EN ISO 527 and EN ISO
178 using a Zwick UPM 1446 machine. All tests
were performed at room temperature (23°C) and at
a relative humidity of 50%. Charpy impact test was
carried out using 10 notched samples according to
EN ISO 179 using Zwick Charpy impact machine.
In each case a standard deviation < 5% (drop
weight) was used to calculate the Charpy impact
strength.

3. Results and discussion
3.1. Acetylation process
3.1.1. Effects of catalyst

The flax fibres modification was conducted with
varying percentage of catalyst at 60°C temperature.
The acetylation process was studied with and with-
out catalyst. It was observed that the acetylation
reaction rate increased in the presence of catalyst
and without catalyst the reaction kinetic of acetyla-
tion process was slower and dependent on fibre
moisture content which is illustrated in Figure 1
[17]. It was found that by addition of 0.026% cata-
lyst in acetylation process, the reaction rate
increased and it was nearly triple after one hour.
The degree of acetylation of flax fibre could reach
up to 40—45% in the presence of 0.052% catalyst in
three hours duration. With a catalyst content of
more than 0.052% it is difficult to control acetyla-
tion process because the kinetic of reaction is very
fast and suddenly damages the fibre.

60

——0.00 o—0.013

——0.026 —=—-0.039

50

40

Degree of acetylation [%]

Reaction time [h]

Figure 1. Influence of catalyst concentration on degree of
acetylation

3.2. Fibre characterisation
3.2.1. Moisture absorption

The influence of degree of acetylation of flax fibre
on the moisture absorption properties were illus-
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Figure 2. Influence of acetylation of flax fibre on moisture
absorption property at 65% relative humidity
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Figure 3. Influence of acetylation of flax fibre on moisture
absorption property at 95% relative humidity

trated in Figure 2 and Figure 3 respectively at dif-
ferent relative humidity (65, 95%). At the RH of
65%, the 3.6, 12, 18 and 34% degree of acetylated
flax fibre respectively showed about 21, 32, 40 and
50% lower moisture absorption properties than
untreated flax fibre. At 95% RH, the 3.6, 12, 18 and
34% degree of acetylated flax fibre showed about
14, 18, 27 and 42% lower moisture absorption
properties than untreated flax fibre respectively. It
was observed that the moisture absorption proper-
ties decreased proportionally with increase of
acetyl content of fibre which is because of reduc-
tion of hydrophilicity of the fibre.

3.2.2. Fibre components

The influence of acetylation on the composition of
the fibres is shown in the Figure 4. It was observed
that the cellulose contents increased gradually until
12% degree of acetylation which is due to the
extraction of lignin and extractibles from fibre and
after that the cellulose contents decreased slowly
which is because of degradation of cellulose,
increased amorphous content and acetylated hemi-
cellulose deposition on the fibre surface [20]. It was
also observed that the lignin contents decreased
steadily until 34% acetylation which is because of
solubility of lignin and the extractives content
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Figure 4. Influence of acetylation of flax fibre on the con-
tent of fibre components

decreased till 12% acetylation and then increased
slowly which is because of cellulose degradation.
On the other hand hemicellulose contents were
found to increase with increasing degree of acetyla-
tion.

3.2.3. Degree of polymerisation and crystallinity
of cellulose

The effects of the acetylation on the degree of poly-
merisation and crystallinity of cellulose illustrated
in Figure 5. It was observed that the degree of poly-
merisation slowly decreased with increasing degree
of acetylation till 18%. It is because of increase
amorphous (low molecular weight acetylhemicellu-
lose) content. After 18% acetyl content the degree
of polymerisation decreased sharply which because
of vigorous degradation of cellulose.

From the Figure 5 it is also observed that the degree
of crystallinity a little bit increased initially with
respect to degree of acetylation which is because of
removal of lignin and extractibles. After that the
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Figure 5. Influence of acetylation of flax fibre on the
degree of polymerisation and degree of crys-
tallinity of cellulose

degree of crystallinity of cellulose decreased with
respect to degree of acetylation which is because of
deposition of acetylated amorphous components on
cellulose surface [20].

3.2.4. Thermal stability

The effect of acetylation of flax fibre on the thermal
properties is shown in Table 1. It was observed that
the thermal stability improved with increasing
degree of acetylation. It was also observed that the
degradation temperature of untreated flax is 319°C.
The flax fibre with 34% acetyl content showed best
thermal stability, and the degradation temperature
was found to increase to 360°C compared to
untreated fibre. The increase of thermal stability of
acetylated fibre was because of washing out of
wax, lignin and hemicellulose from the fibre sur-
face. Simultaneously it was also observed that with
increasing degree of acetylation a little portion of
acetylated hemicellulose deposited on to the fibre
surface in presence of catalyst. Fibre chemical
compositions determination is the evidence.

3.2.5. Morphology

Surface morphology of treated and untreated fibres
is shown in Figure 6. In the Figure 6a, 6b, it was
observed that the untreated fibre surface is rough,
exhibiting waxy and protruding parts. The surface
morphology of treated fibre viewed in Figure 6c,
6d. On the acetylation treatments the wax and cuti-
cle in the surface is removed by the interaction with
acetyl and surface becomes smother. The fibrilla-
tion is also found to occur as the binding materials
removed and some micropores appear in the treated
fibres. It was also observed from Figure 6e, 6f that
the higher degree of acetylation the fibrillation
increased but fibre damage and crack were also
observed.

3.3. Mechanical properties of composites

3.3.1. Tensile properties

Figure 7 shows the degree of acetylation of flax
fibre on tensile properties of composites. Tensile

Table 1. Thermal stable temperature of treated and untreated flax fibre

Degree of acetylation [ %]

Untreated 3.6

6 12 18 34

Stable temperature [°C] 319 326

329 334 341 360
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Figure 6. SEM photograph of flax fibre; (6a, 6b) untreated flax fibre surface, (6¢, 6d) acetylated flax fibre at degree of
acetylation 18% and (6e, 6f) fibre damage at high degree of acetylation

strength of composites were found to increase with
increasing degree of acetylation up to 18% and then
decreased with further increasing degree of acetyla-
tion. The increase in tensile strength could be due
to the removal of lignin and extractibles, slight
increase in cellulose content and a little portion of
hemicellulose converting to acetylated hemicellu-

lose. After 18 % acetylation of flax fibre, the com-
posites tensile strength was found to be decrease
swiftly. It could be due to the degradation of cellu-
lose and to the introduction of internal cracks in the
fibres. It was also noted that the acetylation of flax
fibre removed waxy material from fibre surface,
increased fibre-matrix interfacial strength and
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Figure 7. Influence of acetylation of flax fibre on tensile
properties of composites

increased surface free energy which are favourable
for better properties of composites. With the addi-
tion of MAH, the same tendency was observed and
the tensile strength of 20 to 35% improvements was
observed respect to degree of acetylation. This is
due to the formation of ester bonds between fibre
and polypropylene.

3.3.2. Flexural properties

Flexural strength is the ability of the material to
withstand bending forces applied perpendicular to
its longitudinal axis. The stresses induced due to
the flexural load are combination of compressive
and tensile stresses. For polymeric materials that
break easily under flexural load, the specimen is
deflected until rupture occurs in outer fibres. The
effects of acetylation of flax on the flexural proper-
ties are given in Figure 8. The flexural strengths are
found to be deliberately increased up to 18% degree
of acetylation after that decreased rapidly with
increasing degree of acetylation. The flexural mod-
ulus was also found to slightly increase up to 18%
acetylation and then the property decreased slowly
with increasing degree of acetylation. The improve-
ment of flexural properties of treated fibre compos-
ites is likely to be due to removal of outer surface;
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Figure 8. Influence of acetylation of flax fibre on flexural
properties of composites

increase cellulose content and effective surface
area, increase interfacial adhesion and physical and
chemical changes induced by fibre treatment. There
is also fibrillation and diameter reduction of flax
fibre due to acetylation that may have influence on
modulus properties of composites. With increasing
degree of acetylation the crack and damage of
fibres were observed which may reduce the com-
posites properties after certain range of acetylation.
MAH has a positive influence on the flexural
strengths and increased 20% maximum because of
improvement of interfacial interaction. MAH has
also some influence on the flexural modulus but the
increase of flexural modulus was not prominent
taking into account standard deviation.

3.3.3. Charpy impact properties

The impact strength of a composite is influenced by
many factors, including the toughness properties of
the reinforcement, the nature of interfacial region
and frictional work involved in pulling out the fibre
from the matrix. The nature of the interface region
is of extreme importance in determining the tough-
ness of the composite.

The notched Charpy impact strength of flax fibre-
PP composites with respect to degree of acetytion
are presented in Figure 9. The Charpy impact test is
a standardized high strain-rate test which deter-
mines the amount of energy absorbed by a material
during fracture. This absorbed energy is a measure
of a given material’s toughness and acts as a tool to
study brittle-ductile transition [21].

Ray et al. [22] observed that, in composites having
weak interfacial bonding, the crack propagates
along the fibre-matrix interface causing debonding.
This leads to significant increase in the energy-
absorbing capacity of the composites as a result of

—e— Without MAH
=— With MAH
0 5 10 15 20 25 30 35 40

Charpy impact strength [mJ/mm?]

Acetylation [%]

Figure 9. Influence of acetylation of flax fibre on charpy
impact strength of composites
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the large new surfaces produced and frictional
work resulting from differential displacement
between matrix and fibre, which increases the
impact fatigue resistance of the composites.

It was observed from diagram that the notched
Charpy impact strength decreases slowly with
increasing acetylation degree which is due to strong
interface and decrease in toughness of composite
[12]. No significant effect was observed by addi-
tion of MAH-PP, moreover impact properties were
found to decrease a little bit. This could be
explained by brittleness increase of matrix material
and local internal deformation in composite mate-
rial.

4. Conclusions

This study inspected the effect of acetylation of flax
fibre on fibre properties and its reinforced poly-
propylene composites properties.

The following conclusions could be drawn:

— Small amount of catalyst content has a signifi-
cant effect on reaction rate and degree of acetyla-
tion.

Acetylation of flax fibres resists up to 50% mois-
ture absorption properties depending on degree
of acetylation.

Flax fibre morphology and components have
been changed due to acetylation.

Thermal stability increased till certain range due
to acetylation.

Highest tensile and flexural strength were scruti-
nized at 18% degree of acetylated flax fibre com-
posites and about 25% improvement on strength
properties was observed compare to untreated
fibre composites.

With the addition of MAH, the improvement of
tensile strength of composites was observed 20
to 35% considering degree of acetylation.
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Abstract. In the present work, cellulose obtained from sisal, which is a source of rapid growth, was used. Cellulose acetates
were produced in heterogeneous medium, using acetic anhydride as esterifying agent and iodine as catalyst, to check if the
procedure described in the literature for commercial cellulose also is adequate to sisal cellulose. The results indicated that
iodine is an excellent catalyst to obtain sisal cellulose acetates, but the reaction is so fast as described in the literature when,
instead of sisal, lower average molar weight cellulose (microcrystalline) is used. The crystallinity index (/) of sisal cellu-
lose acetates diminished compared to sisal cellulose, but there was no direct correlation between their degree of substitution
(DS) and /.. Probably acetyl groups were introduced more homogeneously along the short chains of microcrystalline cellu-
lose, when compared to sisal cellulose, and then for microcrystalline cellulose acetates the /. decreases as DS increases.
Using the linear correlation that was found between degree of substitution (DS) and time reaction is possible to control the

DS of sisal cellulose acetates, considering a large interval of degrees of substitution (0.3-2.8).

Keywords: biopolymers, sisal cellulose, cellulose acetates, iodine, catalyst

1. Introduction

Cellulose can be extracted from several natural
sources, as for instance wood, cotton, sisal, sugar
cane bagasse and bamboo. In the present study,
sisal was used as cellulose source because of its
short cultivation period (annual harvest), in contrast
to trees from which wood, the main and current
source of cellulose, is obtained [1-4]; and also on
account of its high cellulose content [2, 3].

The production of cellulose derivatives has exten-
sive interest worldwide, mainly because of its
abundance in nature, its biodegradability and its
lower environmental impact in comparison with
polymers obtained from fossil sources [5]. Among
the aspects that demand continuous basic research,
the production of cellulose acetate can be cited for
its vast industrial application such as textile (cloth-

*Corresponding author, e-mail: elisabete @igsc.usp.br
© BME-PT and GTE

ing and fabrics), high absorbency products (dia-
pers, cigarette filters and other filters), thermoplas-
tics products (films and plastic instruments),
nourishing (food packaging), cosmetic and phar-
maceutical (extended capsule/tablet release agents
and encapsulating agent), medicinal (hypoaller-
genic surgical products) and others.

Cellulose esterification process basically uses acid
anhydrides or acyl chlorides as acetylating agents.
Efforts are constantly directed to finding conditions
that minimize the time and temperature of reactions
and/or lead to better controlling stoichiometry,
amid other parameters of reactions. In previous
works, our interest addressed the reactions of cellu-
lose in homogeneous medium, involving celluloses
from several plant sources (linters, cotton, sisal and
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sugarcane bagasse) [2—4, 6—10] mainly aiming at
obtaining acetates.

Cellulose derivatives, as esters, are largely industri-
ally produced in heterogeneous medium. Cellulose
esterification process basically uses anhydrides
acids or acyl chlorides as acetylating agents. Efforts
are continually directed to finding conditions that
minimize the time and temperature of reactions
and/or lead to better controlling the desired stoi-
chiometry, amid other reaction parameters.

The present paper concerns the preparation of cel-
lulose acetates in heterogeneous medium using
iodine as catalyst. The procedure was based on that
reported by Biswas ef al. [11, 12] which is related
to acetylation of commercial cellulose, considering
short periods of time and using iodine as catalyst.
Figure 1 illustrates the mechanism proposed for
cellulose acetylation, using iodine as catalyst.

The reaction is supported by the fact that iodine
shows great efficiency in catalyzing the esterifica-
tion of primary and secondary alcohols, as recently
demonstrated [13, 14]. This catalyst is resistant to
humidity, with no adverse environmental impact
and can be recycled.

The purpose of the present study was to evaluate
the influence of cellulose properties, such as the
average molar mass and crystallinity on the effi-
ciency of this acetylation reaction. Besides sisal
cellulose microcrystalline cellulose was used for
comparison reasons.

2. Experimental
2.1. Materials

The sisal cellulose was generously provided by
Lwarcell (Lengdis Paulista, SP, Brazil) and Avicel
PH-101 microcrystalline cellulose, by FMC, Inc.
(Sdo Paulo, Brazil).
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2.2, Cellulose characterization

The average degree of polymerization (DP) was
determined by viscometry, using an Ostwald vis-
cometer, as described elsewhere [9].

Crystallinity index (/) was determined by X-ray
diffraction, using a VEB CARL ZEISS-JENA
URD-6 Universal Diffractometer operating at
40 kV/20 mA and A (CuKg) = 1.5406 A. The crys-
tallinity index was calculated using the Buschle-
Diller and Zeronian equation, as described
elsewhere [15].

2.3. Cellulose mercerization

Sisal was mercerized in 20% NaOH solution (w/w)
at 0°C for 1 h, under stirring, as described in previ-
ous work [9].

2.4. Celluloses acetylation

The procedure was based on that described by
Biswas and coworkers [12]. 0.5 g of cellulose (sisal
or microcrystalline) was suspended in 8.5 ml of
acetic anhydride in a glass reactor equipped with
mechanic stirring, and reflux condenser. The mix-
ture was heated to 100°C and then 0.05g of iodine
was added. At this point, the mixture color turns to
dark brown. The intervals of reaction time were
varied. At the end of the reaction, the mixture was
cooled at room temperature and then 2 ml of satu-
rated solution of sodium thiosulfate was added, in
order to neutralize the iodine action. This procedure
makes the mixture change to colorless. Thus, 50 ml
of ethanol was added and the mixture was stirred
for 20 min. The cellulose acetates obtained remained
suspended in this medium. Afterward, the mixture
was filtered and thoroughly washed with water,
dried at room temperature and then at 60°C under
vacuum, until constant weight.

-
O —| ‘) 101
Cell )k
- 1=l
CH, — \=0 oH,
{0 —H
H,S OH
Cell

Figure 1. Mechanism of cellulose (Cell-OH) acetylation using iodine as catalyst (based on Biswas et al. [11])
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2.5. Cellulose acetates characterization

Degree of substitution: the degree of substitution
(DS) of cellulose acetates was determined by pro-
ton NMR, as described elsewhere [2, 7]. Spectra
were recovered with a Brucker AC-200 spectrome-
ter running at 200 MHz and 80°C. The number of
scans was about 390. Samples were dissolved
in DMSO-ds in 5 mm diameter NMR tubes
(10 mg/ml). A drop of trifluoracetic acid was added
to the sample solution in order to shift the signal of
residual water and hydroxyl protons to a lower field
outside the spectral region of interest, without
affecting the chemical shifts of the glucose ring
protons [16].

Infrared spectroscopy: the equipment used was a
BOMEM, MB-102 model. The preparation of the
pellets was made with 1 mg of the sample added to
100 mg of KBr.

Crystallinity index: X-ray diffraction was used to
determine cellulose acetate crystallinity index, fol-
lowing the same conditions used for cellulose.

3. Results and discussions
3.1. Cellulose characterization

Mercerization process alters the fine structure and
morphology of the fiber as well as the conforma-
tion of the cellulose chains, hence altering the
strength and shine of the fiber and its adsorption
properties. During this process, the material swells
and the polysaccharide chains are rearranged; the
amount of less ordered material in the fiber rises,
while the crystalline part contracts. These changes
result in higher adsorption, given that mercerization
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increases the specific surface area of the fiber, mak-
ing the hydroxyl groups of cellulose macromole-
cules more accessible [8, 17] considered quite
important for reactions occurring in heterogeneous
medium, as for instance in the present work.

The degree of polymerization (DP) for untreated
sisal was 760 and for mercerized sisal 670, indicat-
ing that the mercerization process possibly
degraded the cellulose chains breaking some of the
glycosidic bonds. For microcrystalline cellulose the
DP was 126 [7].

The crystallinity index (/) results were 77% for
untreated sisal and 65% for mercerized sisal, con-
firming that mercerization causes reduction in cel-
lulose crystallinity, as a diffusion consequence of
NaOH into crystalline domains of cellulose,
besides rearrangements that can take place in the
crystal packing of the chains, as is well known [8,
18]. The I. for microcrystalline cellulose was 81%.

3.2. Cellulose acetates characterization

The infrared spectra (Figure 2a) confirm the pres-
ence of acetyl groups, due to the absorption bands
at 1750 cm-! (vC=0), 1375 cm~! (vC-CH3) and
1235 cm=! (vC-0). The infrared spectra of the
other acetates (figures not shown) have a similar
profile to the present ones.
Figure 2b shows the NMR spectrum of acetate 11
(Table 1), DS 3.0. The DS values of the cellulose
acetates were calculated by means of the ratio
between the area corresponding to the proton reso-
nance of the glucose ring (8 ~ 2.90-5.10 ppm) and
the corresponding resonance for the methyl protons
of the acetate group (8 ~ 1.70-2.20 ppm) [15].
| [ e
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Figure 2. a) Infrared spectra of cellulose and cellulose acetates. Acetate 3 corresponds to DS = 0.5 (reaction time =
30 min; sisal cellulose); acetate 10 corresponds to DS = 2.7 (reaction time = 30 min; microcrystalline cellulose);
b) 'H NMR of microcrystalline cellulose acetate (sample 11, DS 3.0)
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Other NMR spectra (figures not shown) were simi-
lar to that of Figure 2b.

Table 1 presents the reaction time and the corre-
sponding degrees of substitution and crystallinity
index (I.) of the cellulose acetates.

The results (Table 1) show the catalytic effect of
iodine, as when there is no catalyst, a very low DS
was obtained (0.2, sample 1) for the sisal cellulose,
even with a reaction time of 360 min. The presence
of iodine led to approximately the same DS with a
10 min reaction (sample 2).

In heterogeneous medium, the accessibility of
reagents to hydroxyl groups of the cellulose is
dependent on its degree of crystallinity, among
other factors. In general lines, the non-crystalline
domains are more accessible to reactive agents
making the reaction more feasible [8, 16]. The
results showed that although mercerized sisal cellu-
lose has less crystalline domains than cellulose
microcrystalline, for the same reaction time (com-
pare acetates 2, 3, 4 with 9, 11, 12), microcrys-
talline cellulose acetylation was considerably
faster. This is quite probable due to the typical
characteristics of the sisal cellulose, particularly
because of its fibrous structure and higher average
molar mass [2] that also can influence the accessi-
bility of reagents to hydroxyl groups. Non-fibrous
microcrystaline cellulose has organized domains of
ca. 100 nm, which is equivalent to the length of a
chain of 200 anhydroglucose units, AGU. The pen-
etration of a few reagent molecules into the sus-
pended solid can be sufficient to perturb any
long-range structural domains, therefore facilitat-
ing the continuity of the reaction. In this case, the

Table 1. Degree of substitution (DS) and crystallinity
index (I.) of sisal (samples 1-8) and microcrys-
talline (samples 9—11) cellulose acetates

Acetate Cellulose Reacti({n time DS Ic
sample [min] [%]
1a 360 0.2 54

2 10 0.3 54

3 30 0.5 56

4 Sisal 60 0.9 56

5 (Io=65%) 90 1.5 63

6 120 1.9 63

7 150 2.3 60

8 180 2.8 58

o Microcrystalline 10 25 73
10 (. = 77%) 30 2.7 68
11 60 3.0 54

aJodine was not used in this acetylation reaction

DP value plays a more important role than crys-
tallinity. By contrast, fibrous celluloses, as sisal,
have high DP and possess organized domains
whose length may reach 400 nm. Such celluloses’
long chains may be localized either in the non-crys-
talline or crystalline domains. When compared to
microcrystalline cellulose, the destruction of this
long-range order is more difficult, this in turn influ-
ences the reagents’ accessibilities [5, 7].

Thus, for microcrystalline cellulose, a degree of
substitution close to 3.0 is already obtained in a
10 min reaction, while for sisal cellulose the same
DS was obtained after 180 min (Table 1). Summa-
rizing, these results show that, in general terms, the
lower molar mass of microcrystalline cellulose
allied to the fact that this cellulose is not fibered
like sisal cellulose, did in fact assist its acetylation.
Moreover, it can be considered difficult to elimi-
nate all the hemicellulose in the lignocellulosic
fibers, such as wood and sisal, used in the present
work. The probable presence of this polysaccharide
in sisal cellulose, in spite of the small fraction and
considering that the previous mercerization elimi-
nates hemicelluloses, could also exert some influ-
ence on the process.

Then, the excellent proposal made by Biswas and
collaborators [11, 12] which considers that cellu-
lose acetates with high degrees of substitution can
be obtained within short periods of time under
iodine catalysis, probably applies easily for not-
fibered and low molar mass celluloses. Celluloses
from different origins must be studied individually,
as for sisal cellulose, studied in the present work.
At any rate, iodine proved to be an excellent cata-
lyst for sisal cellulose, as already found by Biswas
[11, 12] for other cellulose.

Under the reaction conditions used in the present
work, the obtained degree of substitution (DS) for
cellulose acetates is linearly correlated with the
reaction time (Figure 3), which enables preparing
acetates with desired DS using the straight line
obtained.

The results show that for sisal cellulose, there is no
direct correlation between the degree of substitu-
tion (DS) of cellulose acetates and crystallinity
index (I., Table 1). However, for all reactions, I
diminished compared to sisal cellulose, in all likeli-
hood due to the higher volume of the acetyl group
linked to oxygen, when compared to the hydrogen
of hydroxyl groups, which can make difficult the
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Figure 3. Degree of substitution versus reaction time for
sisal and microcrystalline cellulose acetates

packing of chains. For microcrystalline cellulose
acetates, the /. decreases as DS increases (Table 1),
probably because acetyl groups were introduced
more homogeneously along the short chains, when
compared to sisal cellulose, leading then to a cer-
tain correlation between the DS values and I..
However, the interval of DS is too short (2.5-3.0)
for definitive conclusions on this subject.

4. Conclusions

The results demonstrate that iodine is an excellent
catalyst for the reaction, since in its absence, the
degree of acetylation of sisal cellulose is very low,
even considering a larger reaction time, when com-
pared to those obtained in the presence of iodine.
The reaction is facilitated when lower molar mass
and non-fibrous cellulose (microcrystalline) is
used, probably due to the easier access of the
reagent to the chains. Sisal cellulose acetates were
prepared with varying reaction times, leading to
products with degrees of substitution within a wide
interval (DS between 0.3 and 2.8). Moreover, a lin-
ear correlation was observed between DS and reac-
tion time, thus, it is possible to select the necessary
conditions to synthesize sisal cellulose acetates
with the targeted DS, which is an important find-
ing, considering that cellulose acetates can have
different applications, depending on their degree of
acetylation.
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Abstract. Polypropylene (PP) nanocomposites were obtained by solution blending of polyether treated montmorillonite
and PP, with a coupling agent of maleic anhydride grafted polypropylene (PP-g-MA). The composition of the inorganic
clay was varied in 1, 2 and 5 phr (parts of clay per hundred of PP by mass) while films of the composites were obtained via
compression molding. Wide-angle X-ray scattering (WAXS) showed nanocomposites in which silicate layers were exfoli-
ated and intercalated with respect to the different clay ratios. The morphology and gas permeability of hybrids prepared
with organoclay were compared. Morphological studies using transmission electron microscopy showed most clay layers
were dispersed uniformly in the PP matrix. Some tactoids of agglomerated nanoparticles were detected, as clay content
increased. The oxygen permeability for all the hybrids for clay loadings were reduced by 30% of the corresponding values

for pure PP.

Keywords: nanocomposites, polyether treated clay, surfactants, oxygen barrier properties, gas tortuous path theory

1. Introduction

Polypropylene (PP) is one of the fastest growing
commercial thermoplastics due to its attractive
combination of low density and high heat distortion
temperature [1, 2]. There are some limitations in
physico-chemical properties that restrict PP appli-
cations.

A typical illustration is in packaging, where PP has
poor oxygen gas barrier resistance [3, 4]. No single
polymer has shown the ideal combination of per-
formance features. PP possesses good water vapour
barrier properties, but it is easily permeated by oxy-
gen, carbon dioxide, and hydrocarbons. The neces-
sity of developing more effective barrier polymers
has given rise to different strategies to incorporate
and optimize the features from several components.
Most schemes to improve PP gas barrier properties

*Corresponding author, e-mail: muthu.pannirselvam @rmit.edu.au
© BME-PT and GTE

involve either addition of higher barrier plastics via
a multilayer structure (co-extrusion) or by introduc-
ing filler with high aspect ratio in the polymer
matrix. 1. Co-extrusion allows tailoring of film
properties through the use of different materials
where each material component maintains its own
set of properties, compared with blending of poly-
mers in a mono-extrusion technique. Co-extrusion
is used to generate multilayer laminate structures
from separately extruded polymer films that are
sandwiched together [3, 4]. Resulting films may
comprise many layers, such as the PP-adhesive-
poly(ethylene-co-vinyl alcohol) (EVOH)-adhesive
PP system: EVOH barrier sheet trapped between
two layers of moisture resistant PP and two addi-
tional adhesive strata. However, by nature co-
extrusion is a complex and expensive process.
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2. Alternatively, nano-fillers with high aspect ratio
can be loaded into the polymer matrix. Polymer
nanocomposites are a better choice with significant
property increments from clay materials [1-4].
Lange et al. mentioned in review that nanocompos-
ite materials are one of the methods for improving
gas barrier properties of polyolefins [5]. Recent
developments in polymer nanocomposites have
attracted attention due to the possibilities offered
by this technology to enhance the barrier properties
of inexpensive commodity polymers. Many studies
have demonstrated improvements in permeability
reduction to gases, moisture and organic vapours
resulting from the addition of low concentrations of
layered clay nanoparticles to various thermoplastic
matrices [6—8]. Nanoparticles have been shown to
influence the properties of the polymers at low vol-
ume fractions [9]. This is mainly due to their
nanometer scale particle size and intraparticle dis-
tances. The desired properties are usually reached
at low filler volume fraction, allowing the nano-
composites to retain macroscopic dispersion and
low density of the polymer. The geometrical shape
of the particle plays an important role in determin-
ing the properties of the composites [10]. There is
40% reduction in oxygen permeability upon the
incorporation of 4%-vol organoclay into polyethyl-
ene, as reported by Osman et al. [8, 9]. Avella et al.
suggested that the calcium carbonate nanoparticles
drastically reduced the permeability of oxygen and
carbon dioxide for PP nanocomposites [11]. Yano
et al. obtained a 10-fold reduction in the water
vapour permeability coefficient of a polyimide con-
taining 2% wt mica nanoparticles in comparison
with the unfilled polymers [12]. The improved
nanocomposite barrier behaviour illustrated by
these examples has been explained by the tortuous
path model, in which the presence of impermeable
clay platelets generates an overlapped structure that
hinders penetrant diffusion and thus decreases the
permeability of the material [3, 10].

H ST
ch/G) Nj\\/ R
H R

Clay surface

200°C
_—

2. Benefits and challenges with smectite
clays

Of all dioctahedral smectities, montmorillonite
(MMT) is mainly used in nanocomposites. The
choice of MMT as a sorbent of organic compounds
is influenced by its large surface area to mass
(760 m2?/g), its high cation exchange capacity,
largely independent of salt concentrations and pH,
and the relative ease by which it forms an interlayer
complex with a wide variety of organic molecules
[13, 14]. Dimorphic clays are formed by condensa-
tion in a 1:1 proportion and trimorphic clays (three
sheets) are formed by 2:1 condensation, with the
octahedral sheet being sandwiched between two
sheets of inward-pointing tetrahedra. The challenge
with montomorillonite clay is its incompatibility
with organic polymers. The silicate layers of the
clay are ‘incompatible’ with organic polymers, due
to surface hydroxyl groups; the smectite clays are
usually treated to make them hydrophobic by ion-
exchange of the sodium interlayer cations with
long-chain alkyammonium cations [2, 15]. Instabil-
ity of ammonium salts at temperatures encountered
in melt mixing greater than 200°C leads to dis-
colouration of the polymer matrix [2, 16, 17]. Hoft-
mann elimination can occur under basic conditions;
for instance in the presence of sodium hydroxide,
quaternary ammonium salts decompose by Hoff-
mann elimination, yielding the corresponding tri-
alkyl amine and an alkene [16-18, 26] (Figure 1).
Crown ethers and cryptands are more expensive
than all other intercalants; however they are stable
under higher temperatures up to 200°C [19].
Poly(ethylene glycol) (PEG) is more stable than
quaternary ammonium salts, but of lower activity.
Polyether compounds as intercalants can act as lig-
ands of these interlayer sodium cations, giving rise
to stable complexes. PEG treated clay is thermally
stable to 327°C in an inert atmosphere and 275°C
in air [20-22]. These above mentioned advantages
appeal to the use of poly(ethylene glycol) monolau-

H3C\\N/\/ R L H*
| +

+
R Clay surface

CHy

Figure 1. Mechanism of Hoffmann degradation in organoclays
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Figure 2. Mechanism of intercalation of poly(ethylene
glycol) with sodium montmorillonite
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Figure 3. Product of reaction between poly(ethylene gly-
col) monolaurate and untreated clay

rate (PEG-ML) as an alternative intercalant, to con-
ventional alkyl amine chain for surface treatment of
clay. In this research, montmorillonite clay was
treated with PEG-ML. Treated clay provided
increased d-spacing (1.82 nm) that resulted from
complexation between PEG oxygen atoms and
sodium ions between the clay platelets (Figure 2).
Clay was treated with various intercalants that pro-
vided different d-spacing. The added advantage of
treating clay with PEG-ML was its long alkyl chain
(Figure 3) that could interact with PP. The effect of
reinforcement of PP by layered silicate was deter-
mined by at least two important factors: clay dis-
persion (exfoliation or intercalation) and interac-
tion between clay and PP. Many researchers
mentioned that it is difficult for PP or other poly-
olefins to adhere to polar materials [2, 10, 23].
Interfacial agents play an important role in over-
coming this difficulty. In order to overcome this
challenge in trial experiments with this treated clay,
maleic anhydride grafted polypropylene (PP-g-
MA) was used as a compatibilizer [24]. PP-g-MA
reacted with —OH groups on the clay surface,
increasing the compatibility between clay and PP.
The aim of this research is to synthesize PP nano-
composites with PEG-ML treated clay, using a
solution blending technique. Oxygen barrier of the
nanocomposites and pure PP were compared, in
addition to structural characterization to validate
the dispersion of clay layers in polymer matrix.

3. Experimental

3.1. Treatment of clay with
poly(ethylene glycol) monolaurate

Sodium montmorillonite (Na* -MMT) was pur-
chased from Southern Clay Products, Texas, USA.

Cation exchange -capacity of the clay was
92.6 meq/100 g clay. Poly(ethylene glycol) (M, =
400 g/mol) monolaurate were purchased from
Sigma-Aldrich Chemicals and used as received.
Clay was preheated in vacuum oven for 8 h at 70°C
for removal of moisture [26]. The nature of sol-
vents is critical to facilitate the insertion of organic
materials (in this case: PEG-ML between the sili-
cate layers, the polarity of the medium being a
determining factor for intercalations. Preheated
clay was dispersed in water at 3% concentration
and heated to 75°C for 3 h [19, 25]. The amount of
intercalant was calculated according to cation
exchange capacity of Na*-MMT (cation exchange
capacity of clay = 92.6 meq/100 g of clay). After
careful addition of intercalants, the contents of the
beaker were heated to 70°C for 3 h. The contents
were cooled and filtered under vacuum. The filter
cake was vacuum dried at 60°C and then the inter-
calated clay was dried in oven. The dried clay was
ground using a mortar and pestle for uniformity in
grain size. The treated clay was analysed using
wide-angle X-ray scattering (WAXS) and thermo-
gravimetry (TG). Results of WAXS and TG are
reported elsewhere [26].

3.2. Preparation of nanocomposites

Clay treated with PEG-ML was added to PP as
filler. Clay treated with PEG 400 monolaurate is
abbreviated as PEGC. PP {M,, = 250 000 g/mol,
T, = 167°C, density = 0.905 g/cm3 (ASTM D1505),
MFI =11 dg/min (ASTM D1238)} were obtained
from Basell Australia. PP-g-MA {T,, = 152°C,
0.6% wt MA} was supplied by Sigma—Aldrich
chemicals. All chemicals and polymers used in this
research were commercial products and they were
used as received without further purification. The
preparation of the nanocomposites was carried out
by a solution blending method using o-xylene
[27-29]. The amount of treated clay added was 1, 2
and 5 parts per hundred (phr) of the total weight of
PP and PP-g-MA. The process of preparation of
nanocomposites can be divided into the following
three steps:

Step 1: Dispersion of PEGC in o-xylene in order to
minimize agglomeration of clay layers and cluster
formation. Calculated amounts of treated clay were
added to 50 ml of o-xylene solution. This solution
was sonicated using a probe sonicator (High Inten-

431



Pannirselvam et al. — eXPRESS Polymer Letters Vol.2, No.6 (2008) 429—439

Table 1. Proportion of PP, PP-g-MA (as compatiblizer),
and PEGC for the preparation of nanocomposites

Identification | PP [%-wt] | PP-g-MA [%-wt] | Clay [phr]
PP 100 - -
PP-PEGC1 90 10 1
PP-PEGC2 90 10 2
PP-PEGC5 90 10 5

sity Ultrasonic Processor, Model: GEX 500) to
induce an efficient dispersion of nanoclay.

Step 2: The PP and compatibilizer PP-g-MA were
dissolved in o-xylene, composition reported in
Table 1. This mixture was stirred continuously for
6 h until the PP dissolved.

Step 3: Thorough dispersion of the solutions pre-
pared in the first and second stages of this process
were performed using an Ultraturrax high-shear
disperser. The dispersion was carried out at 150°C
for 10 min. The product was separated by precipita-
tion in cold methanol. The contents were allowed to
dry over night. Finally the material was dried in
vacuum oven overnight, to completely remove
o-xylene and methanol.

3.3. Composite moulding and annealing

Pure PP and PP nanocomposites sheets were com-
pression moulded between steel plates covered
with thin Mylar sheets using a hot press at 200°C
for 5 min. The sheets for the barrier performance
tests as well as the composites for structural studies
were obtained from the above-mentioned method.
Cold circulated water was used to cool the platens
to ambient temperature while full pressure was
maintained. The average thickness of the compos-
ites was 1.5 mm for wide-angle X-ray scattering
(WAXS) and Transmission Electron Microscopy
(TEM) studies, and 0.5 mm for oxygen permeabil-
ity tests. Peterlin et al. have observed that in poly-
ethylene, tortuosity factor increases on annealing at
elevated temperatures, despite an increase in crys-
tallinity [30]. Similar results were observed by
other authors [31-33]. Kastura ef al. suggested that
on annealing PP, there was a reduction of volume
due to increased density [23]. Crystallization can be
considered to be associated with the formation of
thick lamellas with a high concentration of intra-
lamellar imperfections. The presence of intra-
lamellar defects or voids within the lamellar bound-
aries will lead to an increase in permeability. In

order to standardize the effect of crystallisation on
the permeability and to reduce the defects within
the lamellar boundaries, all nanocomposites (includ-
ing pure PP film) studied in this research were
annealed at higher temperature. Oxygen permeabil-
ity test sheets were annealed at 75°C for 8 h and
kept at room temperature for 24 h in order to
increase the crystallinity.

3.4. Wide-angle X-ray scattering

WAXS is one the methods for characterising the
state of intercalation and exfoliation of clay gallery
layers [2, 10, 16]. X-ray data on the treated clay
composites was collected on a Bruker AXS D8
Advance wide-angle X-ray diffraction instrument
at 45 kV and 30 mA. The composite was mounted
in a flat-plate specimen holder with exposed sur-
face flattened with a glass microscope slide. Dif-
fraction patterns were measured using a scintilla-
tion detector. Scans were taken between 2 and 25°
at a speed of 1°/min, a step size of 0.05° and step
time of 3 s [26].

3.5. Transmission electron microscopy

The second most common technique for morpho-
logical characterisation of nanocomposites is TEM
[2, 10, 16]. TEM technique is widely used to study
and assess the dispersion of clay in the PP matrix
[11, 17]. TEM images were obtained via a Philips
CM200UT (FEI Co., Hillsboro, OR) operated at a
voltage of 80 kV. The hot pressed films described
previously were embedded in an epoxy compound
(dried in vacuum oven at 60°C, for 24 h). The
embedded films were then thinly sliced (~100 nm)
using RMC MTX ultramicrotome (UMT, Boeck-
eler Instrument Inc., Tucson, AZ). The thickness of
the thin slice was automatically controlled to be
about 50 nm by ultramicrotome. The thin slice
obtained was collected onto a 300 mesh copper
grid. Finally, the specimens were characterized by
TEM.

3.6. Oxygen permeability measurements

The device employed was a Mocon Ox-Tran 2/21
manufactured by Modern Controls Inc. The method
was based on ASTM standard D3985 [1, 3]. It has
been widely used to analyse the gas barrier proper-
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ties of polymer films [9, 10, 25]. The Modern Con-
trols Inc (Mocon) technical manual explained that
Mocon Ox-Tran 2/21 system uses a patented coulo-
metric sensor (coulox) to detect oxygen transmis-
sion through both flat materials and packages [34].
The coulox sensor is an intrinsic or absolute sensor
that does not require calibration, however the
instrument requires calibration using standards pro-
vided. The instrument was calibrated at 23°C with
National Institute of Standards and Technology
(NIST) certified Mylar films of known transport
characteristics. A continuous flow of gas was main-
tained on both sides of the barrier material. Initially
nitrogen gas was passed over both surfaces to
remove oxygen from the film. The nitrogen on one
side was then replaced by oxygen, and the nitrogen
flow on the other side then swept the surface to
extract any oxygen that diffused through the mate-
rial. The diffusing oxygen was measured by a
detector that is sensitive specifically to oxygen. PP
and PP nanocomposites were measured only after
checking the accuracy of the standards. Flat films
were clamped into the diffusion cell that was
purged of residual oxygen using an oxygen-free air
carrier gas. The carrier gas was routed to the sensor
until a stable zero was established. Pure (99.9%)
oxygen was then introduced into the outside cham-
ber of the diffusion cell. Molecules of oxygen dif-
fusing through the film to the inside chamber were
conveyed to the sensor by the carrier gas. The test
sheets were laminated between two aluminium foil
masks to reduce the area of exposure from 100 to
5.4 cm2. Measurements were conducted at 23°C
and 0% RH. Three different films were tested for
each proportion of clay.

3.7. Gas tortuous theory

According to this theory, the impermeable inor-
ganic filler in the relatively permeable polymer

matrix will create a tortuous path for the diffusing
molecules [3, 10, 31, 35, 36]. As a result, the filled
polymer demonstrated reduced gas permeability,
with the permeability being determined using the
Equation (1):

P
- =—¢L" (M
e

2W

where Prand P, are the permeability of the filled
and unfilled polymer, ¢, and ¢rare the volume frac-
tion of the polymer and filler, and L/W is the aspect
ratio of the filler. An inverse relationship between
aspect ratio of the filler and permeability of the
filled polymer exists [3, 10]. An increase in aspect
ratio of the filler corresponds to a decrease in the
permeability of the filled polymer. Compared with
most inorganic fillers, silicate layers of montmoril-
lonite have high aspect ratio. The thickness of a sin-
gle layer of montmorillonite is of the order of a
nanometer, while the length is in the range 200—
500 nm. When the layered silicate is fully exfoli-
ated in the polymer matrix, greatly reduced gas per-
meability can be achieved (Figure 4). So in order to
reduce the gas permeability of PP nanocomposite,
it is important to exfoliate the silicate layers into PP
matrix. However, if the exfoliation of the silicate is
not optimal, there will still be reduction in perme-
ability; even increased permeability has been
observed in some extreme cases [2].

4. Results and discussion
4.1. Structural morphology

Figure 5 displays the diffraction pattern of pure PP
and patterns for 1, 2 and 5 phr clay reinforced PP
nanocomposites, respectively. Six films were char-
acterized for each clay proportion in order to obtain

Tortuous path in layered silicate nanocomposite
|

Y Y

<Y
. T

Figure 4. Schematic representation of gas permeation through conventional microcomposite (left) and layered silicate

nanocomposite (right)
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Figure 5. WAXS pattern of pure PP and PP nanocompos-
ites

representative morphological features of the PP and
clay state. Of all the six patterns obtained from each
composite, the data with maximum intensity and
peak formation is shown here. This was to obtain
representative view on the composite morphologi-
cal characteristics and to evaluate attainment of
exfoliation (diffraction pattern is featureless in clay
sensitive region) or intercalation in the low scatter-
ing angle region of 2.5 to 5.5°.

In the current system PEG-ML was used as interca-
late for the clay. PEG-ML had molecular weight
(M, =400 g/mol) that is capable of entering the sil-
icate galleries as demonstrated in Figure 3. The
scattering pattern for 1 and 2 phr ratios indicate an
exfoliated structure was obtained for the treated
clay. This is attributed to the treatment facilitating
PP insertion into the silicate galleries promoting
delamination of the periodic layered structure of
the clay. The phase morphology was correlated
with the structure observed by TEM. Figures 6 and
7 show the 1 and 2 phr nanocomposites. The image
shows individual silicate layers of thickness in the
order of a nanometer with aspect ratio in the range
of 100 to 250 nm. The exfoliated morphology was
due to a lower filler concentration, high-shear dis-
persion and compatibilization with PP-g-MA. In
the ultimate platelet configuration, the clay was
completely dispersed and fully exfoliated, resulting
in the specific surface at its maximum. This has
been achieved for the 1 and 2 phr nanocomposites.
Varela et al. suggested that greatest extent of exfo-
liation was obtained with 40%-wt PP-g-MA, where
MA promoted exfoliated morphologies consisting
of individual nanometer thick silicate layers sus-
pended in PP matrix (penetration of PP chains

Figure 6. TEM patterns of polypropylene nanocomposites
with 1 phr clay

Figure 7. TEM pattern of polypropylene nanocomposites
with 2 phr clay

within and delamination of the crystallites) [37].
The interaction between PP and PEGC treated clay
was expected to be due to the presence of the long
alkyl chain of PEGC and PP-g-MA. A lower (001)
diffraction signal intensity was related to a higher
extent of platelet exfoliation that occurred during
synthesis and processing of the nanocomposite.
Sinha Ray et al. suggested that polymer intercala-
tion proceeded from the primary clay particle edges
towards the particle center [10]. Complete nano-
layer separation required favourable polymer-clay
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interactions to overcome the penalty of polymer
confinement.

At higher clay loading of 5 phr, a small peak was
present at 5.5° in the diffraction pattern that was
due to the attainment of intercalation rather than
exfoliation of clay layers (Figure 5). TEM shows
the complex morphological features of the clay
state. The appearance of individual clay layers is
evident, but there are regions containing platelets
that have not separated giving rise to a periodicity
in structure and hence a diffraction peak. Although
the specimens were prepared with solvent, with
ultrasonication to facilitate the intercalation, full
exfoliation was not achieved. It was noted that the
mass transport of highly viscous resin into the clay
galleries presents a limitation. This step is consid-
ered as one of the important limiting factors for
clay platelet separation. In addition, the relative
amount of clay platelet separation and aggregation
depended on the mixing technique and surfactant
used for modifying the clay. In the case of the 5 phr
composite, a combination of effects gave rise to the
observed structure, such as limited intercalation at a
relatively high content of clay, shearing facilitation
to disrupt larger agglomerates and overcome
incompatibility of clay tactoids. The size of clay
lamella observed for PEG-dispersed PP nanocom-
posite was a reasonable match for the size dimen-
sion obtained previously in TEM studies of nano-
composites [16, 38, 39]. Figures 6 and 7 show the
exfoliated lamellae, tactoids composed of a vari-
able number of lamella and aggregates of tactoids.
Clay ratios (1 and 2 phr) showed more uniform dis-
tribution of silicate layer without clay aggregates.
Higher magnification (100 nm) clearly displays
that clay layers are homogeneously dispersed in the
PP matrix, except for 5 phr clay ratios. For 5 phr
clay ratio, the intercalated silicate layers are locally
stacked to a hundred nanometres in thickness and
from several hundred nanometres to more than one
micrometer in length [39]. The aspect ratio of clay
inclusions can be inferred from the length and
thickness of the dark lines in TEM micrographs at
different magnifications. Most clay particles were
well dispersed in PP matrix, which was due to good
compatibility between PP, PP-g-MA and end alkyl
chain of treated clay (monolaurate chain of PEG).
Avella et al. prepared exfoliated PP based nano-
composites by solution blending [40], similarly
from their observations, exfoliation of clay layers

100 nm

Figure 8. TEM pattern of polypropylene nanocomposites
with 5 phr clay

in nanocomposites occurred only at 1 and 3% wt of
clay loading, not at 5% wt clay. In the 5% wt nano-
composites (Figure 8). Some clay layers collapsed
leading to a tactoid system. Sinha Ray e al. sug-
gested that polymer intercalation proceeded from
the primary clay particle edges towards particle
centres [10]. Mass transport into the primary parti-
cles was found to be the limiting step for nanocom-
posite formation, the degree of constituent mixing
was critical for rapid nanocomposite formation.
Shear processing, such as with an ultrasonicator,
parallel plate rheometer, conventional compound-
ing equipment, high-shear mixer, decrease the
nanocomposite formation time by disruption of pri-
mary particles and establishment of composite uni-
formity. Ultraturrax mixing was sufficient to dis-
perse the clay layers. From our previous study
utilizing a polyether of higher molecular weight
(M, = 600 g/mol) for clay treatment prior to prepa-
ration of nanocomposites using solution blending,
we obtained exfoliated structure with 1, 2 and 5 phr
clay ratios [39].

Mass transport into the primary particles was found
to be a limiting step for nanocomposite formation,
with the degree of constituent mixing being critical
for rapid nanocomposite formation. Shear process-
ing with ultrasonication or conventional com-
pounding equipment will decrease the nanocom-
posite formation time by disruption of primary par-
ticles and establishing composite uniformity [10].
Disappearance of peaks in clay PP composites sug-
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gests two conclusions: 1. Exfoliation — separation
of clay lamella into individual clay layers.
2. Agglomeration — clustering of clay gallery lay-
ers, undisturbed by shearing action. Moad et al.
suggested that the clay layers exfoliated in the pres-
ence of PEO based surfactants in the preparation of
PP nanocomposites [16]. The authors melt interca-
lated untreated clay with PEO based surfactants for
preparation of PP nanocomposites. Shearing action
of the extruder assisted exfoliation of clay layers
without use of compatibilizer. Chiu et al. suggested
that Cloisite 30B filled polymer nanocomposites
will not exfoliate with PP-g-MA because of the
higher polarity of Cloisite 30B [41]. The same
authors demonstrated exfoliation with poly(styrene-
co-maleic-anhydride) (PS-g-MA) oligomer as com-
patibilizer instead of PP-g-MA. The higher polarity
of PS-g-MA resulted in exfoliation. Clay interlayer
expansion depends on compatibility between poly-
mer and organic intercalant and interactions
between the two phases [24]. MMT clay is com-
posed of regularly arranged tactoids and galleries.
The length of an organic modifier (in this case: the
long alkyl chain of monolaurate) and CEC are two
parameters that determine how the chains pack
between the silicate layers. Montmorillonite has
both surface and edge charges [2]. The charges on
the edges are easily accessible to modification, but
they do not accomplish much improvement in
interlaminar separation. These sites represent an
opportunity for attachment of functional groups
such as maleic anhydride. PP-g-MA increased both
the compatibility and chemical interaction between
the polymer and treated clay. This was a reason for
exfoliation of clay lamella. Ultraturrax high-shear
dispersion and PP-g-MA compatibilizer addition
along with long alkyl chain for compatibility with
PP were reasons for exfoliation of clay layers in the
PP matrix. Ultraturrax high-shear dispersion lead to
exfoliation of the clay layers, for researchers else-
where [42, 43].

4.2. Oxygen permeability

Nanocomposites are a multiphase system in which
the coexistence of phases with different sorption
and diffusion can cause complex transport phenom-
ena [35]. Montmorillonite gives rise to superficial
adsorption and specific interactions with some
gases and solvents [10, 40]. The presence of silicate

layers are expected to cause a decrease in perme-
ability of oxygen because of more tortuous paths
for the diffusing molecules that must bypass
impenetrable platelets (Figure 4). This phenome-
non is significant when the filler is of nanometer
size with high aspect ratio. Avella et al. suggested
that nanofillers (calcium carbonate) reduce the per-
meability to both oxygen and carbon dioxide, and
claimed that the nanofillers were responsible for
higher barrier properties improvement [11]. It
should be noted that nano-sized calcium carbonate
are spherical in shape. MMT clay layers can be
exfoliated or delaminated into nanometer platelets
with a thickness of about 1 nm and an aspect ratio
of 100-1500 and surface areas of 700-800 m?/g.
Each platelet has high strength and stiffness and
can be regarded as a rigid inorganic polymer whose
molecular weight (108 g/mol) is much greater than
that of typical polymers. Therefore, low fractions
of clays are required to achieve equivalent proper-
ties compared with conventional composites (cal-
cium carbonate). It was deduced that with increas-
ing clay content in a nanocomposites, the perme-
ability of gases was reduced. This was the case for
the composites in this research.

Table 2 lists the oxygen permeability for nanocom-
posites while Figure 9 graphically shows the per-
meability versus clay content. It can be seen that
the permeability of oxygen decreased with increase
in clay ratio. The 1 phr composition showed mar-
ginal reduction (~3%), but 2 phr reduced perme-
ability about 20% compared with the PP matrix.
The oxygen permeability of 5 phr clay composite
reduced by almost 30%. The clay layers themselves
are impervious to oxygen, providing barrier resist-
ance. The volume occupied by the clay and amount
of clay influenced the actual three-dimensional
arrangement and dispersion. At low concentrations,
permeability decrease was not significant indicat-
ing there was insufficient platelets to provide resist-
ance to permeability and the torturous path
required. The permeability depended on the aspect

Table 2. Oxygen permeability values for PP- PEGC treated
clay nanocomposites

() bilit,
PEGC Xygen permeablity Standard
[em3-mm/m2-day-atm] .
[phr] deviation
Sample 1 | Sample 2 | Sample 3 | Average
1 90.0 91.1 89.9 90.2 0.8
2 74.0 71.4 75.2 73.5 1.9
5 65.1 70.9 69.8 68.6 3.1
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Figure 9. Oxygen permeability of polypropylene nano-
composites with 1, 2 and 5 phr clay

ratio of the clay layers. Dispersion of clay ranged
from intercalation, exfoliation and agglomeration
of clay layers at 5 phr clay loadings. The effects of
nano-filler in a polymer material depend princi-
pally on six factors; 1. properties relative to the
polymer, 2. concentration (volume fraction), 3. size
distribution, 4. shape and distribution of shapes and
5. degree of dispersion 6. adhesion to the polymer
matrix. Since there are a number of factors to assess
for a polymer nanocomposite, barrier property
enhancement in nanocomposites can be applied to
validate the dispersion of fillers in a polymer
matrix [44]. The change in oxygen permeability of
nanocomposites was controlled by the clay content
and microstructure. Tactoids at low clay ratios (1
and 2 phr) exfoliated better than those at high clay
ratio (5 phr). The deviation of oxygen permeability
increased with clay ratios, indirectly supported by
the WAXS and TEM results. Lohfink ef al. sug-
gested that the oxygen permeability of PP-g-MA
was greater than pure PP [45], although it should be
noted that 10% of PP-g-MA was present in their
nanocomposites.

5. Conclusions

The aim was to obtain MMT with a modified sur-
face featuring hydrophobicity and increased affin-
ity with PP. The prospect of developing layered
silicates such as MMT as a multifunctional additive
for PP at less than 5% wt was satisfactory using
solution blending. Nanocomposites prepared using
PEG-ML treated clay in ratios of 1, 2 phr exfoliated
well in a matrix of PP blended with PP-g-MA, with
an exception of agglomerate formation for 5 phr
clay loading. Diffraction patterns suggested exfoli-

ation of clay layers in the PP nanocomposites. The
diffraction patterns cannot be used alone to ade-
quately describe nanoscale dispersion of the lay-
ered silicate. Interpretation of the structure and clay
state was validated with morphological observation
using TEM. The actual nanoscale dispersion and
overall global dispersion of the clay in PP was
revealed and nanocomposites with low loading
(1 and 2 phr) formed exfoliated clay layers. The
5 phr clay composition, revealed that clay layers
dispersed uniformly in the matrix, although some
clusters or agglomerated particles were detected
leading to the diffraction peaks observed using
WAXS. These clusters could be due to clay undis-
turbed by high-shear dispersion. Clay dispersion
increased the barrier properties by creating a tortu-
ous path to limit the progress of oxygen molecules
through the PP matrix. While a low loading 1 phr
showed an exfoliated structure, the amount was not
sufficient to adequately reduce the oxygen perme-
ability. The 2 phr provided improved resistance by
increasing the barriers for oxygen molecules to dif-
fuse around. This suggested a threshold was
obtained with exfoliated structures. At 5 phr, the
conditions employed to prepare the nanocompos-
ites or the volume fraction of clay particles was
insufficient to allow efficient exfoliation and dis-
persion of the clay. Oxygen permeability for
hybrids with clay loadings to 5 phr was less than
the corresponding values for pure PP, indicating
that platelet structure and dispersion were impor-
tant in obtaining permeability reduction.
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Abstract. A series of main-chain chiral polyketones have been synthesized through condensation polymerization of a
dihalide and a diketone with optically pure binaphthyl moiety as linkage in the polymer backbone. The solubility of the
polymers can be easily enhanced by substituents at the alpha position next to the carbonyl groups. Reducing the steric hin-
drance of the substituents in the monomers increases the reactivity of the polymerization. The chiral polymers exhibit large
optical rotations. Circular Dichroism (CD) spectra of the polymers are similar to those of the corresponding monomers. The
novel synthetic strategy may have great impact on future development of palladium catalyzed condensation polymeriza-
tions. The highly soluble chiral polymers synthesized allow for preparation of materials in the form of thin films and have
potentials applications in various areas such as chiral separation and recognition.

Keywords: polymer synthesis, molecular engineering, main-chain chiral polyketone, polycondensation

1. Introduction

Main-chain chiral polymers are of great interest
because of their important applications in chiral
separation and recognition [1-4]. In order to
achieve such goals materials must be stable and
possess functional groups. Considerable attention
has been focused on the synthesis of optically
active polymers with chirality in the main-chain
because the polymers typically exist or have the
tendency to form helical and rigid-rod configura-
tion, which offers enhanced capability in chiral
applications [5—-8]. Although it has constantly been
great synthetic challenges in constructing main-
chain chiral polymers, there are a number of strate-
gies developed to build chirality into the polymer
backbones. These include the polymerization of
chiral monomers and asymmetric polymerization
of achiral monomers using chiral catalysts [3,
9-16]. The asymmetric polymerization requires a

“Corresponding author, e-mail: xbi @csuniv.edu
© BME-PT and GTE

careful design of catalysts and laborious screening
for the right chiral ligands. Direct polymerization
of chiral monomers usually results in polymers of
decreased processibility, which has been overcome
by attaching long alkyl substituents [5, 6]. The
drawback is the alteration of rheological behavior
of the polymers.

Polyketones are a class of high performance mate-
rials that have attracted a great deal of attention due
to their high thermal stability, which is a result of
the incorporation of thermally stable carbonyl
and/or aromatic groups in the polymer backbones
[17-19]. These polymers typically exhibit high
glass transition temperatures and high melting
points [17], which makes them ideal candidates for
use as stationary phase in chromatography applica-
tions. Aromatic polyketones are synthesized by
Friedel-Crafts or nucleophilic aromatic substitution
reactions [20-25]. The materials are usually insolu-
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ble and intractable. Aliphatic polyketones have
been prepared through the copolymerization of car-
bon monoxide with ethylene or o-olefins [9, 26—
29]. Previously we have developed a new polymer-
ization route for the construction of aromatic alkyl
polyketones using palladium phosphine complexes
[30]. To further extend our research in new poly-
mer synthesis, we have developed the strategy of
synthesizing main-chain chiral polyketones using
palladium catalyzed condensation polymerization.
The chirality of the polyketone main chain is
achieved by utilizing chiral binaphthyl moiety,
which has been previously reported as chiral
monomer for other polymer synthesis [31-37]. The
synthesized chiral polyketones have been exten-
sively characterized by 'H and 13C NMR, gel per-
meation chromatography (GPC), polarimeter,
UV-Vis spectrometry and circular dichroism (CD).
To the best our knowledge, this is the first time that
soluble main-chain chiral aliphatic aromatic poly-
ketones are reported.

2. Experimental section
2.1. Materials and methods

Solvents (hexane, benzene, diethyl ether) were pre-
dried using 3 A molecular sieves, degassed and
stirred over benzophenone ketyl. The dried and
degassed solvents were vacuum-transferred into a
flame-dried flask equipped with a Teflon valve and
stored under N». Other solvents were distilled from
either CaH> or P>Os before use. All the chemicals
used were purchased from either the Aldrich
Chemical Company or ACROS Organics. Opti-
cally pure binaphthol was resolved according to lit-
erature procedures [38]. Optical rotation was
measured on a Rudolph Autopol III polarimeter
and a JASCO-J-720 circular dichroism spec-
troscopy. 'H NMR spectra were measured with a
Bruker AM 250 (250 MHz) spectrometer. 13C NMR
spectra were recorded at 62.9 MHz on a Brucker
AM 250 spectrometer. Molecular weights were
determined by gel permeation chromatography
(GPC) equipped with a Waters 410-differential
refractometer. A flow rate of 1.0 ml/min was used
and samples were prepared in THF. Polystyrene
standards were used for calibration.
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2.2. Synthesis

Synthesis of (R)-(+)-6,6"-dibromo-2,2-dihydroxy-
1,1-binaphthyl (1)

This compound was synthesized in 97.5% yield
(mp 208-209°C) from optically pure (R)-(+)-2,2’-
dihydroxy-1,1’-binaphthyl following a reported
procedure [39]. Characterizations by 'H NMR are
consistent with reported data.

Synthesis of (R)-(+)-6,6"-dibromo-2,2"-dimethoxy-
1,1-binaphthyl (2)

(R)-(+)-6,6"-dibromo-2,2’-dihydroxy-1,1’-binaph-
thyl (3.99 g, 8.49 mmol) and anhydrous K>CO3
(3.5 g, 27.3 mmol) were added in dry CH3CN
(50 ml) followed by a slow addition of CH3l
(1.56 ml, 25 mmol). The mixture was refluxed for
two days and cooled to room temperature before
poured into 200 ml of water. The mixture was fil-
tered and recrystallized from methylene chloride-
benzene (1:1 mixture) to give the desired product
(3.8 g, yield 89.5%). 'TH NMR (CDCl3): 6 4.12 (s,
OCHs, 6 H), 7.30 (d, 2 H), 7.64 (d, 2 H), 7.83 (d,
2 H), 8.26 (d, 2H), 8.36 (s, 2H). 13C NMR
(CDCl3): 6 56.62, 114.8, 117.3, 118.9, 126.8,
128.7,129.7, 129.8, 130.1, 132.3, 155.1.

Synthesis of (R)-(+)-6,6"-diiodo-2,2"-dimethoxy-
binaphthyl (3)

A solution of (R)-(+)-6,6"-dibromo-2,2’-dimethoxy-
binaphthol (4.72 g, 0.01 mol) and KI (16.6 g,
0.1 mol) in DMF (80 ml) was prepared and brought
to reflux. While the solution was still warm, NiBr,
(1.4 g, 6.48 mmol) and tri-n-butyl phosphine
(1.0 ml, 4.0 mmol) was added. Refluxing was con-
tinued overnight. Upon cooling, the solution was
diluted with 200 ml of benzene, and washed with
several portions of water and dried over MgSOs.
The solvent was evaporated and the solid was
recrystallized thrice from CH>Cly/Et2O solvent
mixture (1:1) to give a yellowish powder (yield
78%). 'TH NMR (CDClI3): 8 4.11 (s, OCH3, 6 H),
7.30 (d, 2 H), 7.63 (d, 2 H), 7.83 (d, 2 H), 8.25 (d,
2 H), 8.36 (s, 2 H). 13C NMR (CDCl3): 8 56.9,
88.8, 114.9, 119.1, 127.1, 128.9, 131.0, 132.9,
135.1, 136.8, 155.5. Element analysis: Calculated:
C 46.67%, H 2.85%. Found: C 46.23%, H 2.82%.
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Synthesis of (R)-(-)-6,6-dipropionoyl-2,2"-
dimethoxy-1,1-binaphthyl (4)

To a Schlenk flask was charged with (R)-(+)-6,6"-
dibromo-2,2’-dimethoxy-1,1’-binaphthyl (1.89 g,
4.0 mmol) and dry THF (50 ml). The solution was
cooled to —78°C in a dry ice-acetone bath and a
hexane solution of BuLi (1.6 M, 5.52 ml, 8.8 mmol)
was added slowly. After the mixture was stirred for
2 hours, N,N’-dimethylpropionamide (1.1 ml,
10 mmol) was added dropwise via a syringe. The
solution was allowed to warm to room temperature
overnight and was quenched by adding 10% HCI
(50 ml) solution. The organic layer was separated,
dried over MgSOy4 and evaporated. The residue was
purified by flash chromatography on silica gel
using benzene-ethyl acetate (15:1) as eluent to give
pure product 0.935 g (yield 54.9%). 'H NMR
(CDCl3): & 1.27 (t, CH3, 6 H), 3.09 (q, CH», 4 H),
3.81 (s, OCH3, 6 H), 7.13 (d, 2 H), 7.55 (d, 2 H),
7.81 (d, 2 H), 8.16 (d, 2 H), 8.55 (s, 2 H). 13C NMR
(CDCl3): 6 8.6, 31.9, 56.7, 114.5, 118.9, 124.7,
125.5, 128.2, 130.2, 131.8, 132.3, 136.3, 157.1,
200.8. Element analysis: Calculated: C 78.85%,
H 6.14% Found: C 78.43%, H 6.05%.

Synthesis of (S)-(—)-2,2 -dimethoxy-1,1-binaphthyl
(5)

The optically pure (S5)-(-)-2,2’-dimethoxy-1,1’-
binaphthyl was prepared by the reaction of (§)-(—)-
2,2’-dihydroxy-1,1’-binaphthyl with CHslI using the
similar procedure as described in the preparation of
(R)-(+)-6,6"-dibromo-2,2’-dimethoxy-1,1’-binaph-
thyl.

Synthesis of (S)-(-)-3,3-dipropionoyl-2,2 -
dimethoxy-1,1"-binaphthyl (7)

To a Schlenk flask was charged with (S)-(-)-2,2’-
dimethoxy-1,1’-binaphthyl (1.57 g, 5 mmol),
TMEDA (1.6 ml, 10.5 mmol) and dry ether (75 ml).
A hexane solution of n-butyl lithium (1.6 M, 7.1 ml,
11.3 mmol) was added dropwise. The mixture was
stirred for 3 hours at room temperature, and cooled
to —78°C. Propionaldehyde (1.04 ml, 15 mmol)
was added over a period of 10 minutes. The solu-
tion was stirred for 2 hr at =78°C and then warmed
to room temperature and stirred for another 3 hours.
The reaction was quenched by addition of an aque-
ous solution of HCI (10%). After evaporating the

solvent, the residue was redissolved in acetone
(50 ml), and Jones reagent was added dropwise into
the solution. The color changed from red to green
and then to red again. The reaction was stopped
when the red color persisted. Evaporating the sol-
vent gave an oil-like substance. The material was
purified using flash chromatography on silica gel
using dichloromethane-hexane (3:1, with 1% ethyl
acetate) as eluent to give a white crystal 0.965 g
(yield 45%). 'TH NMR (CDCl3): & 1.27 (t, CHs,
6 H), 3.14 (q, CH2, 4 H), 3.39 (s, OCH3, 6 H), 7.14
(d, 2H), 7.33 (t, 2 H), 7.45 (t, 2 H), 7.98 (d, 2 H),
8.19 (d, 2 H). 3C NMR (CDCls) 6 8.9, 36.7, 62.2,
125.4, 125.8, 125.9, 128.5, 129.5, 130.2, 130.9,
134.4, 135.6, 153.9, 205.3. Element analysis: Cal-
culated: C 78.85%, H 6.14% Found: C 78.68%,
H 6.15%.

Synthesis of (S)-(+)-6,6-dipropionoyl-2,2"-
dimethoxy-1,1-binaphthyl (8)

This compound was prepared from commercial (S)-
(+)-6,6’-dibromo-2,2’-dimethoxy-1,1’-binaphthyl
(steoroisomer of 2) following the same procedures
as described in compound 4. The "H NMR and
I3C NMR characterization resembles that for 4.

General procedure for the polymerization

To an oven-dried flask equipped with a Teflon
valve containing a spin-bar was charged with
Pd(OAc), (6.7 mg, 0.0299 mmol), P(+-Bu)z (3.3 mg,
0.0163 mmol) and ~-BuONa (100 mg, 1.04 mmol).
The Schlenk tube was degassed and refilled with
nitrogen. Arene dihalide (0.5 mmol), diketone
(0.5 mmol) and THF (2 ml) were added. The result-
ing mixture was heated under nitrogen to 70°C for
24 hr. The mixture was cooled to room temperature
and precipitated into methanol. The polymer
obtained was redissolved in THF and reprecipitated
several times to yield an off-white powder. The
yields range from 60-92%. Poly-(R)-(+)-9 and
poly-(R)-(—-)-10 were synthesized by the reaction of
4 with 1,4-phenylene and 4,4’-biphenylene, respec-
tively. Poly-(S)-(+)-11 and poly-(S)-(-)-12 were
synthesized by the reaction of 7 with 1,4-phenylene
and 4,4’-biphenylene, respectively. Poly-(R)-(+)-9.
'H NMR (CDCl3): 8 1.47 (CHs, 6 H), 3.70 (OCH3,
6 H), 4.75 (CH, 2 H), 6.99-8.49 (H-Ar, 14 H).
3C NMR (CDCl3): 6 19.8,47.2,56.7, 114.3, 118.7,
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125.4, 128.1, 128.6, 131.3, 131.8, 132.0, 136.2,
140.3, 157.2, 200.2. Poly-(R)-(-)-10. 'H NMR
(CDCl3): & 1.57 (CH3, 6 H), 3.71 (OCH3, 6 H),
4.82 (CH, 2 H), 7.03-8.55 (H-Ar, 18 H). 13C NMR
(CDCI3): & 19.6, 47.2, 56.4, 114.1, 118.5, 125.2,
127.5, 127.8, 128.1, 131.0, 131.5, 131.7, 135.9,
139.1, 140.6, 156.9, 199.8. Poly-(S)-(+)-11.
'H NMR (CDCl3): 6 1.54 (CH3, 6 H), 3.25 (OCH3,
m, 6 H), 4.69 (CH, 2 H), 6.90-8.19 (H-Ar, 14 H).
Poly-(S)-(-)-12. 'TH NMR (CDCI3): § 1.62 (CH3,
6 H), 3.25 (OCH3, m, 6 H), 4.81 (CH, 2 H), 6.98—
8.19 (H-Ar, 18 H). 13C NMR (CDCls): & 18.6,
51.8,62.4,124.8,125.2,125.7,127.3, 128.3, 128.9,
129.4, 130.0, 131.1, 134.3, 135.3, 139.4, 140.0,
153.4, 205.2. Poly-(S)-(+)-10 was synthesized by
reaction of 8 with 4,4’-biphenylene with the
IH NMR characterization the same as for poly-(R)-
(-)-10.

3. Results and discussion

Previously a facile synthesis of polyketones by
cross-coupling condensation polymerization has
been reported by our research group [30]. To fur-
ther synthesize optically-active chiral polyketones,
the initial attempt involved the reaction of (R)-(+)-
6,6’-dibromo-2,2’-dimethoxy-1,1"-binaphthyl (2)
with 1,4-diacetylbenzene under the reported cross-
coupling conditions. The reaction took place read-

ily to yield a solid which was insoluble in any
organic solvents. Therefore, it has been difficult to
process and characterize the resulted polymer using
solution techniques. We reasoned that the infusibil-
ity might be attributed to the rigid polymer back-
bone structures. In order to prepare soluble chiral
polyketones, a model reaction of compound 2 with
1,4-dipentanoylbenzene (Figure 2) was conducted
and surprisingly the resulting polymer product was
completely soluble in common organic solvents
including methylene chloride, chloroform, THF
and DMF. We believed that the solubility was
enhanced by the asymmetric center introduced in
the polymer backbone. The structures of the poly-
mers were studied by 'H NMR spectroscopy. The
peaks at 4 4.75 ppm in 'H NMR and at 6 200 ppm
in 13C NMR corresponded to methine and carbonyl
resonances in the polymer, respectively. The
molecular weight of the polymers was however low
as revealed by GPC (M,, = 7900). It was speculated
that the low molecular weight might associate with
the relative low oxidative addition activity of car-
bon-bromide bond with palladium complexes. To
test this thought, a further experiment was carried
out by polymerization of 1,4-dipentanoylbenzene
with 6,6”-diiodo-2,2’-dimethoxy-1,1’-binaphthyl
(3), which was synthesized with 83% yield by
nickel-catalyzed exchange reaction of 2 with KI
following a reported procedure [40] (Figure 1). The
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Figure 2. Palladium catalyzed polymerization of 2 with 1,4-dipentanoylbenzene

product can be easily isolated and purified by
recrystallization. The substitution of both bromides
by iodides was confirmed by the disappearance of
quaternary aromatic carbon resonance next to the
bromide at § 117.3 ppm and the appearance of a
peak at 88.8 ppm corresponding to the quaternary
aromatic carbon resonance adjacent to iodide in
I3C NMR spectra. The driving force for such a
reaction is the formation of thermodynamically
more stable KBr. Indeed, the condensation poly-
merization of 3 and 1,4-dipentanoylbenzene yielded
polymers with slightly higher molecular weights
(M,, = 8900).

By studying the structures of the monomers, it was
noticed that compounds 2 and 3 possessed steri-
cally bulky binaphthyl rings, which might hamper
the subsequent displacement of the bromides or
iodides in the intermediates formed from the oxida-

tive addition of palladium complexes. To reduce
the steric hindrance, we looked into the polymer-
ization of (R)-(+)-6,6"-dialkanoyl-2,2’-dimethoxy-
1,1’-binaphthyl (4) with 1,4-dihalobenzene or
4,4’-dihalobiphenyl, where the alkanoyl groups
were directly connected onto the binaphthyl rings
and the halides were attached to the less hindered
phenyl groups. Compound 4 was synthesized in
good yield by first treating 2 with BuLi to generate
6,6’-dilithio-2,2’-dimethoxy-1,1’-binaphthyl, which
further reacted with N,N-dimethylpropionamide.
The products were characterized by both 'H and
I3C NMR spectroscopy. The polymerization was
carried out by condensation reaction of 4 and 1,4-
dibromobenzene to yield main-chain chiral poly-
mers (Figure 3). A significant increase in the
molecular weight was observed (Table 1). This
supports our rationale that steric hindrance has
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Figure 3. Construction of optically active main-chain polymers
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Table 1. Polymerization results, optical rotation, and solubility

Entry?2 Myw PDI [olp Soluble in
poly-(R)-(+)-9° 16 800 2.44 1.65 CHCI3, CH2Cl,, THF, DMF, partially in Bz
poly-(R)-(-)-10¢ 19 400 2.77 ~108.30 | CHCIs, CH,Cl,, THF, DMF, partially in Bz
poly-(S)-(+)-10¢ 21200 2.61 78.10 |CHCls, CHCl,, THF, DMF, partially in Bz
poly-(S)-(+)-11° 8260 2.36 5.78 CHCl3, CH2Cl, THF, DMF, Bz
poly-(S)-(-)-12¢ 10 800 2.24 -60.10 CHCl3, CH,Cl,, THF, DMF, Bz
2R and § denote the stereoconfigurations of the optically active monomers
bthe linker between the chiral binaphthyls is 1,4-phenylene
cthe linker between the chiral binaphthyls is 4,4’-biphenylene
. . . 60 60
played a significant role in effecting the outcome of -~ CD-poly-(R)-()-10
this type of polymerization. Similarly, reaction of ~ CD-compound 4
. . . . 40t = UVpoly-(R)-(-)-10 {40
4,4’-dihalobiphenyl with 4 under the same condi- - Uv?coiég)uiédg
tions also yielded polymers with enhanced molecu- &
lar weights. g *r
To prepare other type of chiral polymers, the reac- >~ —
. . . . [=] PN N
tions of (5)-(-)-3,3’-dihalo-2,2"-dimethoxy-binaph- T Of * aaiians T
thyl with 1,4-dipropionylbenzene was also investi-
gated. However, only oligomers were obtained and 20t ~ +-20
the products could not be clearly identified. This

might be a combination effect of deactivation of the
palladium intermediate and the steric hindrance of
binaphthyl rings. Similarly, the polymerization of
(8)-(-)-3,3’-dipropionyl-2,2’-dimethoxybinaphthyl

(7) was also studied, where halides are not directly
bound to the bulky binaphthyl ring. In contrast to
the synthesis of 4, the reaction of (S)-(-)-3,3’-
dihalo-2,2’-dimethoxy-binaphthyl with BuLi and
subsequent treatment of the resulting product with
N,N-dimethylpropinylamide was sluggish and
yielded no desired products, which was attributed
to the stabilization of the lithium ion imposed from
the adjacent methoxy and less electrophilic nature
of the amide. This has been confirmed by the read-
ily reaction of 3,3’-dilithio-2,2’-dimethoxybinaph-
thyl with propionaldehyde to produce an alcohol
intermediate 6 in high yield. Compound 6 was eas-
ily oxidized by Jones agent to give 7 in good yield
(Figure 1). The condensation polymerization of 7
with 1,4-dihalobenzene and 4,4’-dihalobiphenylene
proceeded smoothly yielding main-chain chiral
polymers with molecular weights up to 11 000
(Figure 3). The experimental result supports our
analysis on the reactivity of this type of polymer-
ization reactions.

The structures of the resulting polymers were char-
acterized by both 'H and 13C NMR spectroscopy.
Chiral optical properties were studied by polarime-
ter and circular dichroism (CD) spectroscopy. Fig-

" 1 " L " 1 " 1 L 1 " 1 1
200 220 240 260 280 300 320 340 360

Wavelength, A [nm]

Figure 4. UV-Vis and CD spectra of poly-(R)-(-)-10 and
monomer 4

ure 4 shows the UV-Vis and CD spectrum of poly-
(R)-(-)-10 and its corresponding monomer (4). The
UV absorptions of the chiral polymer and monomer
are nearly identical. The CD spectrum of poly-(R)-
(-)-10 exhibits slightly hypsochromic shift as com-
pared to that of 4. Large optical rotations were
observed for chiral polymer poly-(R)-(-)-10
([oe]p = -108.3) comparable to those of the pure
monomer 4 ([o]p =-112.7). As a comparison,
poly-(S)-(+)-10 exhibited a large optical rotation of
[aJp = 78.1. The different optical activity for poly-
(R)-(-)-10 and poly-(S)-(+)-10 was further evi-
denced by circular dichroism (Figure 5). It is
interesting to note that the substitutents can alter
the direction of the polarized light. For polymers
with R stereoconfiguration, more rigid linker such
as biphenylene between the two chirality generat-
ing binaphthyl groups give polymers with large
negative optical rotations ([o]p =—-108.3, Table 1)
indicating that the binaphthyl chiral environment is
not disturbed. When shorter bridge such as 1,4-
phenylene is used, the sign of the optical rotation
has reversed to slightly positive ([o]p =1.65,
Table 1), an indication of the change of configura-
tion of the polymer chain. CD spectra of the poly-
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Figure 5. CD spectra of poly-(R)-(-)-10 and
poly-(S)-(+)-10

mers are similar to those of the monomers, suggest-
ing little formation of secondary chiral conforma-
tions, and polymers maintain their original rigidity.
It is important to note that the configuration of the
newly created chiral centers in the chiral polymers
might be important to the properties of the resulting
main-chain chiral polymers. Further investigations
on the stereochemistry of the chiral polymers and
its effect on properties of chiral polymers will be
conducted to delineate the structure-property rela-
tionship. Solubility tests indicate that the synthe-
sized polymers are readily soluble in organic
solvents such as chloroform, methylene chloride,
benzene, DMF and THF (Table 1). Thermal prop-
erties of the synthesized polymers such as measure-
ments of glass transition temperatures (7), thermal
decomposition experiments (7;) and other meas-
urements on physical properties are currently in
progress and will be reported in due time.

4. Conclusions

A simple route for the synthesis of the first soluble
optically active main-chain chiral polyketones has
been demonstrated using palladium catalyzed con-
densation reactions of dihalide and diketones. The
reactivity of the monomers can be tuned by
exchanging the positions of halide and alkanoyl
substituents on the aryl rings. Higher molecular
weight polymers can be obtained by reacting
binaphthyl alkyl ketones with 1,4-dihalobenzene or
4,4’-dihalobiphenyl. Optical rotation and CD data
indicate that the polymers adopt little helical con-
figuration. The high solubility of the synthesized
main-chain chiral aliphatic aromatic polyketones

allows for materials to be made in the form of thin
films and will expand potential applications of
polyketones in various areas including chiral sepa-
ration and recognition. Further measurements on
thermal properties of the synthesized materials and
synthetic strategy development of higher molecular
weight poly(alkyl-aryl ketone) are currently under
investigation.
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Abstract. Hybrid poly(ether-urethane)acrylate (PEUA)/titania (TiO2) microcomposites were prepared using a novel
method that includes a swelling of different photo-crosslinked PEUA networks in concentrated tetraisopropoxytitanate
(Ti(OiC3H7)4 or TIPT) precursor solution in organic media followed by the hydrolysis of covalently bonded polyalkoxyti-
tanate ([-OTi(OC3H7)2—],) chains and their aggregation to amorphous micro- and nano-scale sized TiO; particles. A forma-
tion of polymer/titania hybrids was confirmed by complex investigations of the hybrids using infrared (IR) spectroscopy,
small angle X-ray scattering (SAXS) analysis, scanning electron microscopy (SEM) and gravimetry. The dependence of
titania phase formation behavior versus functionality of the poly(ether-urethane)acrylate network was discussed. The pres-
ence of reactive groups in the organic network promotes the formation of surface-bonded ball-shaped type TiO; inclusions
as well as provides transparency to the hybrid film samples. The results obtained in this work can be applied for the devel-

opment of polymer/TiO> composite materials for multipurpose optical application and advanced sealants.

Keywords: polymer composites, hybrids, titania, material testing

1. Introduction

Nowadays a great interest of many leading scien-
tists in the world is attracted by perspective high-
performance hybrid organo-inorganic polymer
composite materials because of their multiple
applications. Typically, for the composites (includ-
ing hybrid composites) preparation the different
dispersed substances, like metals (Ag, Au, Cu, Pt)
[1, 2], carbon [3], clays [4], CaCOs3 [5], alumina
[1], silica [1, 6, 7], titania (TiOy) [1, 8-14] and oth-
ers could be used. The polymer/titania composites
are one of the most widespread due to their multi-
farious application fields, such as adhesives and
sealants [8], high-refractive thin films [9], photo-

“Corresponding author, e-mail: tolstov.aleksandr@rambler.ru
© BME-PT and GTE

catalysts [11], composite solid polymer electrolytes
for Li-batteries [13] or solar cells [14, 15]. Basic
methods of the polymer/titania composites prepara-
tion could be presented as follows: (1) formation of
polymer materials with introduced fine-dispersed
commercial TiO» [8] or commercially available sta-
bilized titania suspension [16], (2) self-made rela-
tively stable TiO2 sol preparation followed by
incorporation into polymer matrix [10, 17, 18], or
(3) condensation of different functional organotita-
nium monomers followed by their polymerization
until the linear TiO-containing oligomers or poly-
mer networks are formed [19].
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Here another perspective way was proposed for the
preparation of hybrid poly(ether-urethane)acrylate
(PEUA)/titania microcomposites. Photo-cured
poly(ether-urethane)acrylates were swollen in con-
centrated tetraisopropoxytitanate (Ti(OiCsH7)4 or
TIPT) solutions in organic media followed by
exhaustive hydrolysis of the covalently bonded pre-
cursor into titania aggregates. The microcomposites
prepared were studied thoroughly using infrared
(IR) spectroscopy, small angle X-ray scattering
(SAXS) technique, scanning electron microscopy
(SEM), gravimetry.

2. Experimental section
2.1. Materials

Oligooxypropylenes (OOP) with different func-
tionalities (hydroxyl-terminated) having molecular
weights of 2000 (bifunctional) and 5000 (trifunc-
tional) (OOP2000-2 and OOP5000-3, correspondingly)
were taken as the oligoether component of the
poly(ether-urethane)acrylates and were used as
received. Commercial toluene diisocyanate (TDI)
(mixture of 2,4- and 2,6-isomers with 80/20 ratio),
hexamethylene diisocyanate (HMDI), ethylene gly-

col monomethacrylic ester (MEG), acrylic acid
(AA), methyl methacrylate (MMA) and tertaiso-
propoxytitanate, Ti(OiC3H7)4, (all from Aldrich
Chemicals) were additionally purified by distilla-
tion at reduced pressure. Dicyclohexyl ketone
(DCHK) has been used as a photoinitiator for
PEUA curing without any purification. As solvents
and swelling agents the chemical grade 2-propanol
(2-P) or 1,4-dioxane (1,4-D) were used. As an
extractive solvent for gel fraction determination
pure acetone has been applied.

2.2. Preparation of
poly(ether-urethane)acrylates

Poly(ether-urethane)acrylates of different struc-
tures, functionalities (terminal acrylic unsaturation)
and molecular weights based on corresponding oli-
goethers, TDI or HMDI and MEG were synthe-
sized using a method that is similar with one
described in [20]. Composition and main character-
istics of the PEUA prepared are summarized in
Table 1. Schematically the PEUA macromolecules
architecture and their definite terminal acrylic func-
tionality were presented in Figure 1.
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=1—U-OCH20H20—C>—|:|—CD-OCHQCH20—U—I=

PEUA-1
o o)
J—"—OCHECHEO—CD—1_|—C>—| F~<——1 <> OCH,CH,0-|—
PEUA-2

Oy
\4(0
o
-~
et o
To. s
H H

vy

(CHy),

o. A\ ©
H. H H H
H H
| |

_0
L(CHy),

? where
(CH,), 1 : oop?002
| < : TDI
0

o ; ; 1 OOPS0003
| H : HMDI

PEUA-3

Figure 1. Schematic molecular architecture of PEUA synthesized
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Table 1. Composition and basic characteristics of uncured poly(ether-urethane)acrylates synthesized

Sample Composition Molar components ratio My, (viscosimetry) Molecular structure
PEUA-1 OOP2000-2/TDI/MEG 17272 2500 linear
PEUA-2 OOP2000-TDI/MEG 3/4/2 7000 linear
PEUA-3 OOP5%00-3/ HMDI/MEG 4/9/6 - hyper-branched
2.3. Photo-curing PEUA 100
m
N SR = ~1|-100% (1)
Functionalized poly(ether-urethane)acrylate net- Mo
0

works were synthesized from corresponding PEUA,
AA and MMA by typical photo-initiated copoly-
merization process [21] using DCHK photoinitiator
and film samples of 0.5 mm thickness were
obtained. The components ratio of the PEUA/
AA/MAA composite samples was 60/10/30 (by
weight). The free pendant COOH groups (presence
is caused by AA constituent) in the poly(ether-ure-
thane)acrylate networks are necessary to be the
junction points organic
poly(ether-urethane)acrylate constituent and inor-
ganic titania component of the composites pre-
pared. As a comparative non-functionalized (with-
out free pendant carboxyl groups) sample the
PEUA/MAA = 60/40 (by weight) was also pre-
pared.

covalent between

2.4. Preparation of polymer/titania hybrids
For preparation of hybrid polymer/titania micro-
composites the poly(ether-urethane)acrylate net-
works were swollen in 50% (by weight) TIPT
solution in 2-propanol or 1,4-dioxane at ambient
temperature for definite time. Swelling ratio values
for each PEUA network sample were calculated by
Equation (1):
o
OH
QCetty
HO
+ o}
o
OH HO
e}

H,C,0— 'n
oc Hy

OC,H,

where SR, mo and m; are the swelling ratio [%], film
weight before swelling [g] and swollen film weight
[g], respectively, g is a gel fraction content of initial
PEUA network (values varied in the range of 95.2—
97.3 for different PEUA networks).
Swollen samples have been dried at appropriate
conditions on air at ambient temperature followed
by heating in oven at 90°C for 3 hrs. The scheme of
possible interactions (according to literature data
[22]) between Ti(OiC3H7)4 precursor and function-
alized polymer network is presented below (Fig-
ure 2). Water traces (in the PEUA network or in the
solvents used) induces the condensation processes
between grafted (onto PEUA chains) and/or ‘free’
Ti(OiC3H7)s molecules that always result in
polyalkoxytitanate chains bonded with main
organic chains of PEUA network.
Hydrolysis of polyalkoxytitanate ([-OTi(OC3H7)>—]n)
chains covalently joined with poly(ether-ure-
thane)acrylate network was performed in boiling
water for an appropriate time (experimentally
determined) followed by drying in oven at 110°C to
constant weight. The samples composition and
their main characteristics are summarized in
Table 2. Quantity of TiO; adsorbed by PEUA net-
work was determined by Equation (2):
ocsl-l OCSH?

—0C,H,

OCSH? n OCSH?

OCSH? OC:,H7 —| ?CSH?
O— TI "ll'i
Jm OC3H; o

7

Figure 2. Reaction between COOH-functionalized polymer network (A1-A6 samples) and TIPT precursor
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Table 2. Composition and characteristics of hybrids prepared

Sample Gel Treatment Swelling TiO: TIPT Molar Trans-
code Composition content conditions ratio, SR | content | adsorbed® | AA/TIPT parencyb
[%] [%] [wt%)] [mg] ratio
Al TIPT/2-P; 2 hrs 12 3.8 139.5 1/0.35 T
A2 PEUA-1/AA/MMA 95 TIPT/2-P; 24 hrs 55 10.4 411.0 1/1.04 S
A3 TIPT/1,4-D; 24 hrs 120 13.6 560.8 1/1.42 S
A4 TIPT/1,4-D; 24 hrs 250 22.7 1046.6 1/2.65 S
A5 PEUA-2/AAMMA % TIPT/1,4-D; 72 hrs 300 30.8 1587.1 1/4.02 S
A6 PEUA-3/AA/MMA 97 TIPT/1,4-D; 24 hrs 153 19.4 854.0 1/2.16 S
A7 PEUA-2/MAA 95 TIPT/1,4-D; 24 hrs 203 16.8 719.9 - N

aQuantity of adsorbed TIPT [mg] per unit weight [1 g] of PEUA network
bT — transparent; S — semitransparent; N — non-transparent; before swelling the polymer networks are fully transparent

1 .
_ 00m, 1

moyq

-100%

2)

WTi0,abs

where wrio,aps and me are the quantity of TiO»
adsorbed [wt%] and final composite film weight
after complex treatment (swelling — drying —
hydrolysis — drying) [g], respectively. Quantity of
TIPT adsorbed was calculated by Equation (3):

IOOO'WTiOZabs “Mppr

3)

M11PTads =
(100 =wrig,aps ) Mri0

where mriprads 18 the Ti(OiC3H7)4 weight of chemi-
cally adsorbed (bonded) by PEUA network [mg],
Mripr and Mrio, are the molecular weights of TIPT
and TiO», correspondingly.

During hydrolysis of polyalkoxytitanate chains the
condensation and aggregation processes are carried
out and hybrid polymer/titania composites with
incorporated amorphous TiO2 micro- and nano-
sized structures and, correspondingly, defined level
of heterogeneity are formed [22, 23].

2.5. Samples characterization

Chemical changes during synthesis of hybrid
poly(ether-urethane)acrylate/titania microcompos-
ites were identified via infrared spectral studies of
the film samples using Bruker Tensor™ 37 FTIR
analyzer in the spectral region of 4000-600 cm-1.

For phase heterogeneity (at nano-scale level) char-
acterization a small angle X-ray scattering, SAXS,
of the hybrid samples were carried out by slit colli-
mated small angle X-ray camera KRM-1 according
to Kratky technique over the scattering angle 20 =
0.08-3.5° using Ni-filtered Cu-Kg, radiation (A =

0.154 nm). Geometrical adjectives of collimation
system satisfied the requirements of the infinite
high of X-ray beam [24]. Accomplishment of colli-
mation amendment procedure was performed by
Schmidt method [25]. Relative parameters of
microheterogeneity, like local heterogeneity range,
I, [26], and relative heterogeneity parameter (Porod
invariant), Q [27] were determined.

In order to characterize micro- and nano-scale het-
erogeneity the morphology studies of the compos-
ites prepared were performed by JEOL JSM 6060
LA Scanning Electron Microscope (Tokyo, Japan)
at an accelerating voltage of 30 kV. Before meas-
urements the samples were sputter-coated with
gold film of 5-10 nm thickness. Microscopy tech-
nique was combined with image analysis in order
to quantify the distribution size of the particles
(two-dimension analysis).

3. Results and discussion

3.1. Swelling behavior and gravimetry
analysis

Studies of hybrid PEUA/titania materials were car-
ried out using swelling characterization, gravimetry
analysis, IR spectroscopy, SAXS and SEM com-
bined with image analysis. Visual observations of
the initial polymer networks and their hybrid com-
posite analogues (after TIPT treatment and hydrol-
ysis) were carried out and certain changes are iden-
tified. As it was observed the initial polymer
networks are fully transparent for visible light,
whereas their treated (with TIPT solutions) ana-
logues are characterized by slight transparency
reduction. It is important that the aforementioned
changes are characteristic of the samples with pen-
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dant carboxylic functionality of the networks, while
the A7 composite (based on non-functionalized
polymer network) became deep-brown and non-
transparent. Apparently, it is connected with
enlarged linear dimensions of TiO; inclusions
formed during hydrolysis of physically adsorbed
tetraisopropoxytitanate agent within non-function-
alized poly(ether-urethane)acrylate network com-
pared to the other samples (based on COOH-con-
taining networks). A quite intensive dyeing of the
A7 sample film could be due to redox processes
that lead to partial oxidation of organic network
and corresponding reduction of Ti%+ into Ti3*. Tt
should be noted that for the other samples (A2-A6)
these processes are slightly pronounced.

The basic characteristics of initial polymer net-
works and composites obtained were determined
and the results were summarized and analyzed (see
data presented in Table 2). As it was found, all ini-
tial poly(ether-urethane)acrylate networks show
quite similar level of gel fraction content values in
the range of 95.2-97.3%. At the same time swelling
values of these film in different organic solvents
(2-P or 1,4-D) are different (from 120% for PEUA-
1/AA/MMA to 250% for PEUA-2/AA/MMA sam-
ples at the same treatment conditions), however
clear correlation between the swelling ratio and
chemical structure or composition was not deter-
mined. As it was found the TiO; content values for
all composites range are varied from 3.8 to
30.8 wt%. It is clearly seen, the quantity of TiO>
adsorbed depends on treatment time (in 50% TIPT
solution in different organic media), as presented in

w
=]

TiO, adsorbed [wt%]
8

e
[=]

0 20 a0 60 80
Treatment time [h]

Figure 3. TiO> content versus treatment time (50% TIPT

solution in different organic media) for micro-

composite samples: (1) A1-A2 in 2-propanol,

(2) A4-AS5 in 1,4-dioxane

Figure 3. In full compliance with the data presented
the poly(ether-urethane)acrylate networks shows
adequately high level of TIPT adsorption (espe-
cially the A5 sample having a maximum treatment
time in TIPT solution). It should be noted that rela-
tively low level of TIPT adsorption and TiO> con-
tent in Al and A2 composites is due to low
swelling level of poly(ether-urethane)acrylate net-
works in 2-P solvent compared to 1,4-D medium
(for A1 sample a complex influence of poor
swelling agent (2-P) as well as lowest treatment
time are found).

Analysis of adsorbed TIPT content and molar
AA/TIPT ratio data in the hybrid microcomposites
shows their direct correlation with treatment time.
Clearly, the increasing treatment time of PEUA
networks increases the quantity of TIPT adsorbed,
probably, due to increasing of Ti(OiC3H7)4 bonded
with PEUA networks and extended into grafted
[-OTi(OiC3H7)2—]n chains. Highest molar AA/TIPT
ratios (2.65 and 4.02 mol of adsorbed Ti(OiC3H7)4
per 1 mol of acrylic acid in poly(ether-urethane)
crylate network) in full range of hybrid composite
prepared were found for A4 (the best result among
the composites after 24 hrs treatment in TIPT solu-
tion) and A5 (maximum (72 hrs) treatment time)
compositions. Additionally, an evidence of grafting
and condensation (transformation of single TIPT
grafts into polyalkoxytitanate chains) processes of
TIPT component is the absence of Ti(OiC3H7)4
sweating (formation of moisture-initiated surface
thin coating of whitish TIPT hydrolysis products)
onto film sample surface during first stage drying
process. Moreover, the presence of isopropyl alco-
hol in the 1,4-D spent solution (after separation
from the TIPT agent) was also determined, but
quantitative (chromatography or titration) analysis
was not carried out. Thus, on the base of the results
presented it can be supposed that a creation of sin-
gle —Ti(OC3H7)3 grafts onto organic PEUA net-
work chains, their subsequent extension into
[-OTi(OC3sH7)>—]n chains, as well as exhaustive
hydrolysis and aggregation into spatial
—[O-Ti(O-)2—]n structures of amorphous TiO>
domains occurred. For confirmation of aforemen-
tioned facts of hybrid microcomposites formation
the spectral and phase investigations, using IR
spectroscopy, SAXS and SEM techniques were
carried out.
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3.2. IR characterization of the composites

IR spectra of initial polymer network (before treat-
ment) and the hybrids prepared (after full treatment
cycle; see 2.4. Preparation of polymer/titania
hybrids) are presented in Figure 4. Beforehand, it
must be noticed that chemical composition and
structures of initial poly(ether-urethane)acrylates
and photo-cured ones are quite similar in respect of
IR spectroscopy analysis. IR spectrum of initial
COOH-functionalized PEUA network of A4 (AS)
composition before TIPT treatment was presented
and used as a reference curve. The IR spectra of the
hybrid composites (A2, A3 and A4) were obtained
and analyzed.

As it can be seen the initial polymer network (Fig-
ure 4, curve 1) has typical characteristic bands of
well-known and well-described in literature
poly(ether-urethane)s (poly(ether-urethane)acry-
lates) [28]. For detailed analysis the most character-
istic (for these compositions) bands of O-H (N-H)
stretching vibrations in the region of 3500-—
3200 cm~! and C=0 stretching vibration at 1730-
1700 cm~! have been clearly selected. Here the
Gaussian peaks decomposition technique was
applied for analysis of relative bands of the spectra
to determine any chemical changes of the compo-
nents during the composites preparation. Addition-
ally, several other characteristic bands in the
spectral regions of 3000-2850, 1500-1400 and
~1000 cm~! were also found.

Detailed Gaussian peaks decomposition analysis of
the complex O—H (N-H) and C=0 bands shows the

C-0-C/C-H
~

Absorbance ——=

— ’\'u‘k/\/‘;
I S
2000 3000 4000

Wavenumbers [cm™']
Figure 4. Infrared spectra of initial polymer and the com-
posites prepared: (1) initial A4, (2) A2, (3) A3,
4) A4

following. The main constitution of O—H (N-H)
band of initial PEUA network corresponds to H-
bonded N-H stretching vibration of urethane com-
ponent centered at 3321 cm-!. Low intensity
stretching vibration of ‘free’ N-H groups and/or
O-H groups of carboxyls at 3456 cm~! was also
observed [29]. Complex C=0 band could be
divided at least on two peaks centered at 1711 cm~!
(C=0 stretch of free COOH groups) and at
1729 cm~! (C=0 stretch of urethane/(meth)acry-
lates ester groups). It should be noted that relative
intensity ratio of characteristic bands of ‘free’ car-
boxyls C=0 and urethane/(meth)acrylate ester C=0
(Ic=oc/Ic=oua), as well as relative intensity ratio of
O-H and N-H groups (Io_u/In-f) were used for
qualitative analysis of chemical changes within
hybrids formed. Other bands of the functional
groups having a secondary importance for current
IR spectra analysis have been also detected in the
IR spectrum of initial PEUA. Namely, the sharp
medium intensity bands at 2970 and 2870 cm™! are
attributed to C—H stretching vibration of methylene
groups of oligoether segments. Aromatic con-
stituent of the polyurethane is revealed by multiple
weak bands at 1473 and 1450 cm~! (C—C bonds), as
well as at 1273 and 1007 cm~! (C—H bonds). The
high intensity band at 1083 cm-! was attributed to
C-O-C ether linkage of oligoether constituent of
poly(ether-urethane)acrylate network.

In IR spectra of the TiO;-containing hybrid com-
posites (Figure 4, curves 2—4) well-defined changes
can be seen related to the presence of dispersed
TiO> inclusions formed inside polymer network.
Analysis of IR spectra of hybrid composites shows
the definite changes of absorption bands of the ini-
tial PEUA network. First of all, a significant inten-
sity increasing and wavenumber position shifts of
N-H (by 2-12 cm!) and O-H bands (by 7-1
9 cm™!) were found because of redistribution of the
proper H-bonds network of the pure PEUA compo-
nent when the inorganic (TiO2) component intro-
duced as well as an appearance of other functional
groups (like O—H groups on titania surface that
play a definite role in O—-H band intensity) of new
inorganic component was determined. The band
corresponds to O—H groups of the ‘free’ carboxyls
disappeared (at 3456 cm~!) and new characteristic
band of O-H having another nature (at ~3445-
3450 cm-!) observed. The increasing Io-n/IN-H
ratio in the range initial PEUA — hybrid compos-
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Table 3. FTIR analysis (Gaussian) of complex O-H (N-H) and C=0 bands of the hybrid composites

€=0 N-H 0-H
[carboxyl] [urethane/acrylate]
Sample . relative . relative | Ic=oc/Ic=ouwa . relative . relative | lo-g/IN_1
position | . position | . position | . position | , .
[em-1] intensity, [em-1] intensity, [em-1] intensity, [em-1] intensity,
Ic-oc [a.u.] Ic-ouwa [a.u.] In-n [aau.] Io-n [a.u.]

Initial A2 | 1711 0.147 1729 0.230 0.64 3321 0.006 3456 0.002 0.33
A2 1710 0.095 1729 0.156 0.61 3323 0.036 3437 0.027 0.75
A3 1712 0.043 1730 0.077 0.56 3331 0.056 3346 0.048 0.85
A4 1711 0.068 1729 0.141 0.48 3333 0.016 3449 0.008 0.50

apure PEUA network

ites evidenced of organic-inorganic hybrids forma-
tion. One can supposed an abnormally high inten-
sity of O—H band can be evidenced of incomplete
isopropyl alcohol elimination from relatively dense
organic-inorganic network of A2 and A3 compos-
ites compared to initial PEUA network. Similar
conclusions can be drawn when the analysis of
complex C=0 characteristic bands was carried out.
As it was found the position of corresponding C=0
bands is practically the same while their intensity
substantially changed. Actually, the relative inten-
sity Ic=oc/Ic=owa ratio is gradually decreased when
the TiO> content in the range of initial PEUA —
A2 — A3 — A4 is increased. It is an evidence of
decreasing ‘free’ COOH content in the composites
prepared due to their participation in chemical
interactions with initial inorganic constituent
(Ti(OiC3H7)4). Additionally, the appearance of a
new broad and high intensity Ti—O stretch in the
wavenumber region of lower 725 cm-! (a shoulder
of the mentioned peak is presented in Figure 4,
curves 2-4) in the composite samples was
observed. The shifts or redistribution of the intensi-
ties of other functional groups of organic con-
stituent, namely aliphatic and aromatic C—C and
C-H, C-O-C ether, etc., which do not take part in
any interactions during hybrid composites forma-
tion practically were not observed. Thus, detailed
IR analysis of the microcomposites prepared
allowed to confidently concluded that the chemical
interactions between carboxyl groups of poly(ether-

urethane)acrylate networks and Ti(OiC3H7)4 pre-
cursor are carried out and formation of the organic-
inorganic hybrids occurred.

3.3. SAXS measurements

To investigate the microheterogeneity level of the
hybrid composites prepared SAXS measurements
were carried out on initial PEUA, samples with
higher TiO> inclusions contents as well as pure
amorphous TiO» prepared using standard sol-gel
technique [30], and the results are reported in Fig-
ure 5 and Table 4. Clearly, the diffractogram pre-
sented shows that the initial components and hybrid

10000 -

—o— PEUA metwork
—p— Ad 1200
—a— AT
——TiO,

5000

I[a.u.]

20 [7]

Figure 5. SAXS diffractograms of initial components and
selected polymer/titania hybrids

Table 4. SAXS and SEM data of initial PEUA and hybrid A4 and A7 microcomposites

SAXS SEM; particle size [pum]
Sample . T .
Ip [nm] Q[a.u.] min max main fraction
Initial PEUA network 8.4 9.8 - - -
A4 5.0 11.2 0.17 2.502 0.90-1.71
A7 35 14.6 0.11 7.02 0.11-7.02

a a presence of TiO; particle with size of ~2.9 um was detected as anomalous
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composite samples obtained exhibit a strongly pro-
nounced level of heterogeneity. As it can be seen
the SAXS diffractograms obtained have a typical
exponential dependence for the composites with
relatively high polydispersity level of heteroge-
neous regions in nano-scale level. Clearly, that
amorphous TiO; has typical (for low-molecular
substances) high scattering intensity level in full
20 range and does not have any peaks on the
SAXS curve due to absence of well-defined nano-
scaled structural features. Otherwise, for initial
PEUA network as well as for the hybrid composites
the some similar peculiarities were found. Detailed
analysis of SAXS curves of initial PEUA network
and A4 hybrid at high resolution condition (Fig-
ure 5, high resolution supplement) shows a broad
flat peak centered at 20 = 1°. For A7 sample an
existence of this peak is also considered (at a little
higher 20) but it is not so appreciable. It can be evi-
dence of slight predominance of one closely-sized
nanoheterogeneous regions over the other ones.
Mathematical treatment of these plots is allowed to
calculate a characteristic size of nanoheterogeneity
regions, I, for the samples. Specifically, /, values
for A4 and A7 composites was found as 5.0 and
3.5 nm, respectively, compared to 8.4 nm for initial
PEUA network. As it will be shown below (SEM
measurements) these values do not reflect a real
heterogeneity of the hybrid composites and charac-
terize exceptionally nano-scale heterogeneity
(phase separation) level of typical poly(ether-ure-
thane)acrylates. Another method of heterogeneity
characterization was also applied and described
using Porod invariant. Actually, as it was calcu-
lated, the Porod invariant values, Q, for initial
PEUA network, A4 and A7 hybrids were about 9.8,
11.2 and 14.6 relative units, respectively. Thus, A7
hybrid composition (based on non-functionalized
poly(ether-urethane)acrylate) has a higher hetero-
geneity level compared to the A4 hybrid, and, cor-
respondingly, pure PEUA network (Table 4). Addi-
tionally, it should be noted that the A7 composite
sample has a higher intensity of scattering com-
pared to A4 composite in the full range of 20 scale
(up to 20 = 3°) that can be also due to higher het-
erogeneous regions content.

Summarizing the foregoing facts it can be con-
cluded that the microcomposite samples prepared
are characterized by well-defined nanoheterogene-
ity level. Increasing phase separation processes and

formation of smaller nano-scaled heterogeneous
regions occur while the amorphous TiO, agglomer-
ates are formed inside organic PEUA network. An
evidence of heterogeneous character of the hybrid
composites in micro-scale level will be shown
below using their morphology studies by SEM.

3.4. Morphology characterization

The surface morphology of the aforementioned
hybrid composites was investigated and SEM
microphotographs and basic heterogeneity charac-
teristics were presented in Figures 6, 7 and Table 4,
correspondingly. First, as it could be seen from Fig-
ure 6, a—d formation of the hybrid composites is
accompanied by partial fracturing of the samples
because of internal tension excess during formation
and enlargement of inorganic TiO; inclusions. The
morphology analysis of A4 composite (Figure 6a—
6b; Figure 7, curve 1) shows relatively low polydis-
persity level of dispersed phase with TiO particle
size from 2.50 to 0.17 um and, probably, even
lower (as an evidence of significant sample trans-
parency). The dominant TiO; fraction dispersed in
polymer network was about 0.90-1.70 um, whereas
the presence of large particles with linear dimen-
sion at ~3 um is atypical (see Table 4; Figure 7,
curve 1). It should be noted that for A4 hybrid rela-
tively uniform TiO, aggregates distribution in the
sample volume was found. As an interesting fact of
SEM studies, the ball-shaped dispersed titania par-
ticles (single or aggregates) were mainly observed
for this composition (Figure 6a—6b).

Otherwise, A7 hybrid (Figure 6¢c-6d) is character-
ized by uniform TiO; particles distribution with
particle linear dimension size in the range of 0.1-
7.0 um (Table 4; Figure 7, curve 2). It is important
that there are no any possibilities to determine the
dominant fraction of TiO inclusions in A7 hybrid
sample due to quite broad particle size range.
Moreover, irregular shape types of titania inclu-
sions are typical for this composite based on non-
functionalized organic poly(ether-urethane) acry-
late constituent. It could be also seen that volume
distribution of TiO, aggregates formed in A7 com-
position is mainly random (Figure 6¢—6d).

Thus, it can be concluded that typical hybrid poly-
mer/titania composites using a swelling approach
for hybrids synthesis were prepared and the sam-
ples obtained were studied in details. Carboxyl
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Figure 6. SEM microphotographs of hybrid composites prepared: (a, b) A4; (c, d) A7
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Figure 7. TiO; particles size distribution for microcom-
posites based on COOH-functionalized (1; A4
sample) and non-functionalized (2; A7 sample)
networks

functionality of polymer chain playing a role of
covalent bonding sites for inorganic Ti(OiC3H7)4

component and organic PEUA chains has a signifi-
cant influence on inorganic aggregates distribution
in the film samples as well as on TiO; particles
shape. Additionally, the samples with pendant
COOH functional groups are characterized by nar-
row titania particles size distribution.

4. Conclusions

Summarizing of the experimental results presented
in this work is allowed to conclude the follow. Syn-
thesis of polymer/titania hybrid microcomposites
via swelling of poly(ether-urethane)acrylate poly-
mer network in concentrated solution of tetraiso-
propoxytitanate in 2-propanol or, that was found as
more effective, 1,4-dioxane organic media were
carried out. The composites prepared were charac-
terized via IR, SAXS and SEM techniques, as well
as their gravimetric parameters and swelling behav-
ior in details. Gravimetric analysis shown that TiO»
content in the most polymer composites prepared
was found in the range of 3.8-30.8 wt%. SAXS
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studies are evidenced of nano-sized (3.5-5 nm) het-
erogeneity of the polymer/TiO2 composites pre-
pared, that is typical for initial PEUA network.
Using IR studies the formation of the hybrid micro-
composites via chemical interactions of high reac-
tive carboxylic groups of poly(ether-urethane)
acrylate constituent and Ti(OiC3H7)4 precursor was
clearly confirmed. Thus, the presence of functional
(pendant COOH) groups in photo-cured polymer
(PEUA) matrix exerts primary influence on a for-
mation of the hybrids. Functionality of initial
poly(ether-urethane)acrylate networks in relation
with tetraalkoxytitanate precursor has a direct
influence on both microscopic (TiO; particles size
distribution, shape of the TiO, aggregates) and
macroscopic (transparency) properties of the com-
posites obtained. The ball-shaped dispersed titania
particles (separated or aggregated) were mainly
observed for composition based on carboxyl-func-
tionalized poly(ether-urethane)acrylate network.
Moreover, a relatively wide TiO; particles size dis-
tribution (in the range of 0.1-7.0 um) for non-func-
tionalized network and narrower TiO; particles size
distribution (0.9-1.71 pm; main fraction) for
COOH-functionalized polymer network were
found for the microcomposites obtained.

Finally, the experimental data obtained in this work
could be used for elaboration of high-loaded trans-
parent or semitransparent TiO»-filled hybrid poly-
mer materials for multipurpose optical uses or
advanced sealants.
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