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The ongoing impact of carbon (allotropic forms)/polymer

composites
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Carbon reinforced polymer composites are in the
front line of technological applications and research
interest for decades. Tire industry, aerospace and
automotive industry, production of sport and leisure
goods, microelectronic and electrochemical manu-
facturing are some of the main fields of carbon/
polymer composites applications.

Carbon lies in the IV column of the periodic table,
being the lightest element of the column. It differs
substantially from the rest column’s elements due to
its ability to form sp? bonding. Carbon is found in two
allotropic forms in nature, diamond and graphite.
Carbyne and fullerenes are two additional allotropic
forms of carbon, chemically synthesized.

The significant impetus in the carbon reinforced
polymer composites (CRPs) was given by the indus-
trial production of carbon fibres. Although, the ear-
liest reference for commercial use of carbon fibers
goes back to the late 1800s, practical end use prod-
ucts utilizing carbon fibres first appeared in the
1960s. Car racing and aerospace industries were the
pioneers to exploit the high modulus, high strength,
and low weight properties of CRPs. On the other
hand, the electrical properties of particulate CRPs,
such as carbon black composites, were also inten-
sively investigated.

The advent of nanotechnology era and the develop-
ment of various types of polymer matrix nanocom-
posites gave the opportunity for a new breakthrough
in the field of CRPs. Carbon nanoinclusions, such as
single- and multi-wall carbon nanotubes, carbon
nanofibres, exfoliated graphite nanoplatelets, and
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recently graphene, embedded in a polymer matrix
result in composite systems with improved mechan-
ical and tribological characteristics, enhanced heat
resistance, and advanced optical and electrical
behaviours.

Mutual interactions between carbon nanoinclusions
and interactions between polymer macromolecules
and carbon nanoparticles, as well as, missing of
methods to achieve homogeneous or preferential dis-
tribution of nanofillers, are current drawbacks of
nano-CRP technology, in tandem with their eco-
nomic cost. These aspects are in the focus of world-
wide research efforts, in the field, since controlling
the distribution state and tuning the polymer-nano-
filler interactions will allow full tailoring of the
overall performance of composite structures.

The diversity of possible polymer matrices and car-
bon nanoinclusions — currently available and forth-
coming ones — for the production of nano-CRPs,
indicate that perspectives for future development
are wide open.

Prof. Dr. Georgios C. Psarras
Member of International Advisory Board
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Abstract. Reduced graphene oxide or graphene was dispersed in ultra high molecular weight polyethylene (UHMWPE)
using two methods to prepare nanocomposite films. In pre-reduction method, graphite oxide (GO) was exfoliated and dis-
persed in organic solvents and reduced to graphene before polymer was added, while reduction of graphene oxide was car-
ried out after polymer addition for in situ reduction method. Raman spectroscopic study reveals that the second method
results in better exfoliation of graphene but it has more amorphous content as evident from selected area electron diffraction
(SAED) pattern, wide angle X-ray and differential scanning calorimetry (DSC). The nanocomposite film produced by pre-
reduction method possesses higher crystallinity (almost the same as that of the pure film) as compared to the in situ method.
It shows better modulus (increased from 864 to 1236 MPa), better strength (increased from 12.6 to 22.2 MPa), network
hardening and creep resistance (creep strain reduced to 9% from 50% when 40% of maximum load was applied for 72 h)
than the pure film. These findings show that graphene can be used for reinforcement of UHMWPE to improve its tensile
and creep resistance properties.

Keywords: nanocomposites, mechanical properties, graphene, ultra high molecular weight polyethylene (UHMWPE)

1. Introduction solution, the caged structure of CNT is the main
Ultra high molecular weight polyethylene drawback for load transmission from polymer
(UHMWPE) has been extensively used for various matrix to the reinforcement as it slips from the
high performance application areas as biomedical, polymer matrix [6]. Functionalization of CNT par-
defence, etc [1, 2]. However, its adverse properties  tially solves this problem, but it destroys the caged
such as creep, abrasion resistance, etc. are still a  structure which leads to drop in tensile properties
matter of concern [3]. Several research groups have [7]. In this aspect, graphene or functionalized
observed that the mechanical properties of a poly-  graphene has the potential to supersede CNT. The
mer can be improved using small amount of nano- measured and theoretical properties of graphene are
fillers in it [4]. Among the nanofillers, carbon nan-  comparable with CNT [8], moreover, due to its flat
otube (CNT) is researched most as a reinforcement  structure, the strength translation towards matrix at
due to its excellent tensile properties [5]. However, different direction is possible (CNT has good ten-
after years of research, the expected improvements sile property only along its length) and matrix slip-
have not yet been achieved due to several reasons.  page problem can be minimized. Most of the groups
Except the difficulty of dispersing CNT in viscous  working with graphene based polymer nanocom-
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posites found improvements in mechanical proper-
ties [9, 10]. The mechanical and thermo mechanical
properties of graphene oxide reinforced poly lactic-
co-glycolic acid nanofiber mesh are significantly
enhanced when only 1 and 2 wt% of graphene oxide
were dispersed in it [11]. In a review on graphene
based nanocomposites, Sengupta et al. [12] listed few
graphene and high density polyethylene (HDPE)
based nanocomposites showing increase in mechani-
cal properties. Jiang and Drzal [13] found that the
paraffin wax modification on graphene results in
improved electrical conductivity and flexural prop-
erties than uncoated one for HDPE based nanocom-
posites. However, more research is required in this
field to understand the interaction of graphene with
polymer matrix. The basic problems are the disper-
sion and orientation of mono or few layered
graphene in the polymer matrix and the interface
between polymer matrices with graphene so that
efficient load transfer is possible. The strength real-
ization using graphene is not adequate till now;
mainly because of the lack of proper inter-phase
between graphene and polymer and due to the poor
‘between-plane’ strength of graphene causes slippage
of multilayer graphene [12]. For these, graphene
preparation, dispersion in polymer matrix and matrix-
graphene load transfer need to be investigated. In
this paper, reduced graphene oxide dispersed
UHMWPE nanocomposite films are prepared in
two different process routes. The produced films
are characterized to correlate with their tensile and
time dependant creep strain properties.

2. Experimental

2.1. Material

Graphite having particle size less than 10 pm was
procured from Shanghai Yifan Graphite Co Ltd.,
China. UHMWPE powder having average molecu-
lar weight of 3x10° was supplied by Shanghai Lianle
Chemical Co. Ltd., China. Ortho-dichlorobenzene
(ODCB) and N, N'-dimethylformamide (DMF) were
purchased from Aladdin Industrial Corporation and
Shanghai Boer Chemical Reagent Co. Ltd., China,
respectively. All other chemicals were supplied by
Sinopharm Chemical Reagent Co. Ltd., China and
used as received without further purification.

2.2. Preparation of graphite oxide (GO)
GO has been synthesized using Hummers method
from graphite [14]. In short, 5 g of graphite and 10 g
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of sodium nitrate (NaNO3) were added to 150 mL of
concentrated sulfuric acid (H,SO,4) with continuous
stirring (500 rpm) for 30 min. The mixture was kept
in ice bath to keep the temperature low and 15 g of
potassium permanganate (KMnQO,4) was added very
slowly in it (extreme care has been taken as it is a
highly exothermic reaction). The mixture was sub-
jected to ultrasonic treatment (42 kHz) for 30 min
and then kept for 3 h with stirring (500 rpm). It was
carefully mixed with 200 mL de-ionized water to
stop the reaction. 50 mL hydrogen peroxide (H,O,)
was added to reduce the un-reacted KMnQOy. The
mixture was centrifuged and washed twice with
dilute hydrochloric acid. Then it was washed three
times with de-ionized water and filtered with 0.2 um
acetate filter. The resulting GO was dried at 40°C
for 60 h. To test the graphene yield, 100 mg GO was
exfoliated and dispersed in de-ionized water with
30 min ultrasonic treatment and 1 h stirring (500 rpm)
and 0.5 mL of phenylhydrazine was added at 90°C
for reduction of graphene oxide. The reaction was
allowed to continue for 4 h. After that, graphene
was filtered, washed twice and dried for 4 h. The
yield was approximately 60 wt%. However, for nano-
composites preparation, graphite oxide (GO) taken
on weight basis was reported.

2.3. Preparation of nanocomposites

As solvent of UHMWPE and graphene dispersion
media, 1:4 (v/v) mixtures of DMF and ODCB were
selected. Graphene oxide and graphene forms sta-
ble dispersion in DMF [15] but DMF cannot dis-
solve UHMWPE. ODCB is a good solvent for
UHMWPE, as well as CNT can disperse reasonably
well in it [16]. Exfoliation of graphite in ODCB has
also been reported [17]. So, this solvent was chosen.
However, it has been observed that the exfoliation
and dispersion of GO is not very good in ODCB.
For this, a combination solvent system of DMF and
ODCB was used. Two routes were followed for dis-
persion of reduced graphene oxide in polymer:
Route 1 (R-1) or the pre-reduction method: 1 wt%
(on weight of UHMWPE) GO was exfoliated and
dispersed in DMF and ODCB (1:4 ratio) by ultra-
sonic treatment (30 min), followed by reduction
with phenylhydrazine for 4 h with continuous stir-
ring (500 rpm). Subsequently, 3% (w/v on total sol-
vent taken) UHMWPE powder was added slowly at
140°C with continuous stirring for 2 h till it com-
pletely dissolved.
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A variation of R-1 was also tried as follows: GO
was exfoliated in DMF, followed by reduction with
phenylhydrazine for 4 h with continuous stirring
(500 rpm). UHMWPE powder was added slowly at
140°C in ODCB (taken separately as 4 times of
DMF on volume basis) with continuous stirring
(500 rpm) for 2 h till it was completely dissolved.
Subsequently, the graphene dispersion was added
into it. However, as viscosity was very high, this
process did not give good dispersion of graphene in
polymer solution, so it was not used.

Route 2 (R-2) or in situ reduction method: 1 wt% (on
weight of UHMWPE) GO was exfoliated and dis-
persed in DMF and ODCB (1:4 ratio) with 30 min
ultrasonic treatment and 1 h stirring (500 rpm), fol-
lowed by addition of small amount of UHMWPE
(twice the weight of GO) at 140°C, stirring contin-
ued till the polymer dissolved, followed by reduc-
tion with phenylhydrazine for 4 h. Subsequently,
remaining UHMWPE powder was added slowly at

140°C with continuous stirring for 2 h till it com-
pletely dissolved. The dispersion contained total 3%
UHMWPE (w/v on total solvent taken).

Schematic representations of both the process
routes are described in Figure 1. In the case of route 2
or in situ reduction, Small amount of polymer is
added in the system before reduction as reduced
graphene oxide tends to re-agglomerate in the media.
The added polymer is expected to hinder the
graphene agglomeration after reduction. The total
amount of UHMWPE has not been added as the vis-
cosity will be very high so dispersion would be diffi-
cult and create disturbance in reduction process.
Again, the long stirring for 4 h during graphene
oxide reduction would lead to gel break down of
UHMWPE [18].

In both the process routes, after complete dissolu-
tion, the polymer-graphene dispersions were cast
into films and dried at 70°C for 48 h. The average
thickness of films was found to be 60 um.

Figure 1. Schematic representation of process routes starting from graphite (a), graphite oxide (b), graphene oxide (c),
polymer chains around graphene oxide as in route 2 (d), polymer coated graphene after in situ reduction in
route 2 (e), pre-reduction of graphene in route 1 (f) and graphene embedded in polymer as in route 1 (g)
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2.4. Characterization

Raman spectroscopic studies were carried out in
514 nm laser source of inVia Raman spectroscope
from Renishaw, UK. High resolution transmission
electron microscope (HRTEM model: JEM 2100)
from Jeol Inc., Japan was used for imaging and
selected area electron diffraction (SAED) studies of
graphene and graphene oxide (at 200 kV) and nano-
composite films (at 100 kV). X ray powder diffrac-
tometer (D/Max-2550 PC made by Rigaku, Japan)
was used to register the X-ray patterns of the parti-
cles. Differential scanning calorimeter (DSC) tests
were carried out in DSC Q20 produced by TA instru-
ments at a scanning rate of 10°C/min. Instron 4206
universal tester by Instron Engineering Corp. USA
was used for tensile tests. Sample strips with 2 mm
width have been cut and 10 samples were tested in
each case at a speed of 5 mm/min with a jaw sepa-
ration distance of 20 mm. The tensile modulus was
calculated at initial straining of 0.5 to 0.7%. Maxi-
mum strain at break was measured as percentage
ratio of extension to initial test length (jaw separa-
tion distance). For creep tests, the film strips of

same dimension were loaded with 20, 40, 60 and
80% of their average maximum strength. The strains
as percentage ratio of extension to initial test length
of 20 mm have been recorded at different test time.
Four samples were tested in each case. Both the ten-
sile and creep tests were carried out at laboratory
condition of 27°C and 65% relative humidity.

3. Results and discussions
3.1. Characterization of graphene-UHMWPE
nanocomposites
3.1.1. Raman spectroscopy
Figure 2 illustrates the Raman spectrum of graphite,
graphene, UHMWPE film and two nanocomposite
films made by two different process routes. D
(~1330 cm™") and G (~1580 cm™!) band peaks of
graphite and graphene are shown. The D peak, exists
in defected graphene, is due to first order zone bound-
ary phonons. The chemically converted graphene
includes significant amount of defects which causes
enhanced relative intensity of D band with respect
to G band [17]. The relative peak intensity of D
band to G band is often used to estimate the amount
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Figure 2. Raman spectra for graphite, synthesized graphene, UHMWPE film and graphene/UHMWPE nanocomposite

films in route 1 (R-1) and route 2 (R-2)
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of defects in carbon materials. The G band to D
band ratio gives an idea of in-plane crystallite size
(La) [19]. For the reduced graphene oxide synthe-
sized in this work, it is approximately 2.7 nm. The
C-C asymmetric and symmetric stretching bands
(1062 and 1129 cm™") of UHMWPE lie at the same
position for both the nanocomposite films produced
by R-1 and R-2 as shown in Figure 2. This proves
the unstressed condition of nanocomposite films or
the stress levels are same as the pure film [20]. The
relative peak intensities of G and D band peaks of
graphene differ in the nanocomposite films pro-
duced by two routes. After baseline correction, the
relative peak intensity of G band to D band of

100 nm

c)

graphene is lower in the case of R-2 (ratio 0.82,
La = 3.6 nm) which indicates less in-plane crystal
size of graphene than in the case of R-1 (ratio 1.22,
La = 5.4 nm). The D band intensity increases with
the thinning of graphene and is absent for bulk
graphite as defects can be observed more easily in
thinner flakes [21]. So, more intense D band for
nanocomposite film made by route 2 (R-2) can be
attributed to better exfoliation of graphene in the
polymer matrix. The reduction of graphene oxide
before addition of polymer leads to re-agglomera-
tion of graphene in route 1 while the polymer chains
hinder the graphene to form stacking in the case of
R-2. Hence, in situ reduction method (R-2) results

2 1/nm
man—

d)

Figure 3. TEM images of graphene oxide (a), graphene ((b) and (c)) and corresponding SAED pattern of graphene (d)
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in thinner graphene flakes and more dispersion of
graphene in the polymer matrix which consequently
shows more intense D band Raman peak as com-
pared to pre-reduction method (R-1).

3.1.2. Transmission electron microscope (TEM)

Figure 3 shows the transmission electron micro-
scope images of graphene oxide and graphene. After
reduction, graphene sheets are mostly monolayers.
The SAED pattern (Figure 3d) taken on the area
mentioned in Figure 3c confirms the monolayer
graphene [22, 23]. The synthesized graphene is
folded and crinkled at different places. Existence of

|
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bi- or tri- layered flakes is also observed from SAED
pattern taken in other areas. Hence, it can be con-
cluded that the synthesized graphene is mostly
monolayer while some few layered graphene also
exist. The few layered graphene should also exfoli-
ate to monolayer as it experiences further ultrasonic
treatment and stirring during nanocomposite prepa-
ration.

TEM images and corresponding SAED patterns of
the graphene/UHMWPE nanocomposites produced
by two routes have been shown in Figure 4. The
thin dark lines observed throughout the scanned area
of both nanocomposite films (Figure 4a and 4c) can

Figure 4. TEM images ((a) and (c)) and corresponding SAED patterns of graphene-UHMWPE nanocomposites by R-1 ((a)

and (b)) and R-2 ((c) and (d))
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be attributed to graphene. However, it is noteworthy
to mention that the crinkles developed by the ultra
thin polymer film may also contribute to some of
these lines. The TEM images show almost compa-
rable dispersion of graphene in both the nanocom-
posites. From the Raman G band to D band ratio,
R-2 or in situ reduction method results in thinner
graphene flakes, hence, better dispersion of graphene
in the resulted nanocomposite film. The SAED pat-
terns reveal the difference in crystalline content.
The patterns confirm the semi-crystalline nature of
nanocomposite film produced by R-1 or pre-reduc-
tion method (Figure 4b) while amorphous content
is very high in R-2 (Figure 4d). So, it can be con-
cluded from the intensity of crystal spots and dif-
fused amorphous rings that the crystalline content is
less for in situ reduced nanocomposite film.

3.1.3. Wide angle X-ray

Figure 5 shows the wide angle X-ray curves of the
three samples. The crystalline content estimated
from the curves is 39.8% for pure UHMWPE film
and almost same in 1 wt% graphene dispersed nano-
composite film produced through R—1 (39.6%).
However, it is reduced to 32% in nanocomposite
film produced by R-2. This may be attributed to the
better exfoliated state of graphene which restricts
the polymer chains to organize in particular arrange-
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Figure 5. Wide angle X-ray curves for UHMWPE film,
nanocomposite films produced by route 1 (R-1)
and route 2 (R-2)
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ment and hinders the crystallization of polymer
chains.

3.1.4. Differential scanning calorimetry (DSC)
Considering the heat of fusion for 100% crystalline
UHMWPE as 289 J/g [24], the crystallinity results
can be obtained from the DSC curves. The esti-
mated crystalline content for pure UHMWPE film
is 41%, for nanocomposite film produced by R-1 is
39% and for nanocomposite film produced by R-2
is 35% as calculated from the DSC curves shown in
Figure 6. The results are almost similar as that of
X-ray crystallinity data. So, the graphene obstructs
the crystal formation of polymer chains in nanocom-
posite film produced by in situ reduction method or
R-2. Peak melting temperature is almost same in all
three films, however, the onset of melting peak
shifted to higher side in the case of R-1 and the peak
width is much less, which indicates less variation in
crystal size for pre-reduction method or R-1.

0 70 140

_. R-2

ok 4
2L -
4 L p

1 i 1 "
0 —— R
=

= 2t .

g

5 <t i

I

N . | . ]
ol —— UHMWPE |
2L 4
4L p

1

1
70 140
Temperature [°C]

Figure 6. DSC curves for UHMWPE film, nanocomposite
films produced by route 1 (R-1) and route 2 (R-2)

3.2. Mechanical behavior of graphene-
UHMWPE nanocomposites

3.2.1. Tensile test

The tensile test results are shown in Table 1. The

tensile modulus calculated at initial straining (from

0.5 to 0.7%) shows good increase in R-1 or pre

reduced graphene based nanocomposite film than
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Table 1. Tensile test results of pure and nanocomposite films (average of 10 readings with standard error)

Sample name

Modulus [MPa] + standard
error (n = 10)

Maximum strength [MPa] +
standard error (n = 10)

Maximum strain [%] + standard
error (n = 10)

UHMWPE

864+7

12.6+2.0

58+5

R-1

1236+17

22.2+1.5

28+4

R-2

416+23

17.1£2.0

4145

the pure one (from 864 to 1236 MPa). However, it
is decreased significantly in R-2 produced nano-
composite film. In both the process routes, use of
1 wt% GO significantly improves the tensile strength
of the UHMWPE and reduces the breaking exten-
sion. R-1 supersedes R-2 in terms of strength; how-
ever, the strain to break is also reduced. As com-
pared to the pure film, the maximum strength has
been increased almost twice in nanocomposite film
produced by pre-reduction method or R-1 (from
12.6 to 22.2 MPa) and the strain is reduced to 28
from 58%. For nanocomposite film by R-2, the
strain is reduced to 41% with some improvement in
strength (17.1 MPa). So, network hardening of poly-
mer matrix is introduced by graphene in both nano-
composite films and the effect is more prominent in
the case of R-1. The results match with the observa-
tions made during characterization of the film. The
low tensile modulus, high extension and low strength
improvement are attributed to the lower crystalline
content of nanocomposite film prepared by in situ
reduction (R-2) while the high crystallinity as well
as the influence of graphene leads to very high reduc-
tion in maximum strain for R-1 nanocomposite film.
Representative tensile test curves of three types of
samples are shown in Figure 7. As the films are not
drawn, plateau zones are observed after maximum
stress till they fail. The zone length is significantly
reduced in both nanocomposite films which indi-
cate network hardening at high stress level; but, R-2
shows more extension before stress relaxation near
break. The tensile modulus (measured at low stress
level) of in situ reduced graphene based nanocom-
posite film is even less than the pure UHMWPE film
because of its higher amorphous content. The chain
stretching and reordering happen only at higher
stress level where the strength contribution of
graphene results in higher tensile strength of the
nanocomposite film (produced by R-2) than the
pure one. Hence, the in situ reduced nanocomposite
film has more ductility and significantly less modu-
lus than the pre-reduced one. The incorporation of
graphene in polymer matrix by R-2 method inhibits
the polymer crystallization, thus lowering the crys-
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Figure 7. Representative stress-strain curve of UHMWPE
film, nanocomposite films by R-1 and R-2

talline content which causes less strength improve-
ment, less modulus and more ductility as compared
to nanocomposite films produced by R-1 method.

3.2.2. Creep test

Creep tests have been carried out at different load-
ing on films upto 72 h as shown in Figure 8. The
test results are coded as ‘X-Y’ where X is sample
name (coded as PE for UHMWPE film, R-1 for
nanocomposite film produced by pre-reduction or
route 1 method and R-2 for nanocomposite film
produced by in situ or route 2 method) and Y is load
percentage of the average maximum load (as of
Table 1) applied on the sample throughout the creep
test. The results show that at 20% loading, strains of
pure and nanocomposite films are almost compara-
ble (Figure 8a) at the beginning while over the
extended period of time the strain is very high for
pure film. The nanocomposite films produced by R-1
and R-2 shows less creep strain. The difference is
more prominent at 40% loading (Figure 8b). The ten-
dency to creep strain is very high for pure UHMWPE
film as compared to nanocomposite films at that
laoding. The increase in load to 60% of the break-
ing load leads to failure in 4 h in the case of pure
film, while nanocomposite films fail after 24 h (Fig-
ure 8c). The strain on creep is much less in the case
of both nanocomposite films, however, nanocom-
posite film produced by pre-reduction or R-1
method shows better results than in situ reduced (R-2)
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Figure 8. Strain of pure films (PE) and nanocomposite films from route 1 (R-1) and route 2 (R-2) with time under 20% (a),
40% (b), 60% (c) and 80% (d) load of average maximum load

one at all loadings. The results are similar in nature
to tensile test results and hence, it can be concluded
that the polymer network hardening is the reason
behind the low creep for the nanocomposite films.
The strain rate is low for the samples undergoing
the such creep test. Hence, polymer samples get suf-
ficient time to reorder its chains, distribute the stress
and transfer the load to the reinforcing nanoparti-
cles. This leads to significant improvement in reduc-
tion of creep strain for both the nanocomposite
films.

A scheme to explain the morphology and properties
of nanocomposite films is shown in Figure 9. All
the solution cast films are semi crystalline in nature,
however, the crystals are not oriented to a particular
direction as there is no stretching or drawing. The
crystals grow with the evaporation of solvents till
they are obstruced either by neighbouring crystals
or by nanoparticles (here graphene nanoplatelets).
The process continues till complete solidification.
The entangled molecular chains having no particu-
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Figure 9. Schematic of proposed morphology for pure
UHMWPE film (a), nanocomposite film by pre-
reduction method (b) and nanocomposite film by
in situ reduction method (c)

lar orientation contribute to its amorphous fraction.
The nanoparticles reinforce the amorphous region
of polymer nanocomposites. In the case of pre-
reduced graphene dispersed nanocomposite film,
the graphene nanoplatelets are well distributed in
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the polymer solution, hence, the size distribution of
crystals are less as compared to pure one as shown
in Figure 9b. The better or fully exfoliated graphene
has higher surface area than the less exfoliated one,
so it restricts the polymer chains more than the mul-
tilayer graphene sheets. The interference of graphene
prevents the polymer chains to form the regular
crystalline array as shown in Figure 9c. When sub-
jected to tensile testing, the entangled polymer
chains in amorphous region get stretched and the
load is transferred to nanoparticles which leads to
increase in maximum strength. However, the ductil-
ity of the film is reduced significantly as the chain
mobility is restricted. The high amorphous content
of the in situ reduced nanocomposite film leads to
less tensile modulus and more ductility as com-
pared to pre-reduced one. The ductility of R-2 pro-
duced nanocomposite film never achieves the level
of pure UHMWPE film due to the nanofiller con-
strain and the tensile molulus at low stress level is
also less as it is less cryslline in nature.

4. Conclusions

Graphene can be used as reinforcement for
UHMWPE to improve its tensile property and to
reduce its creep behavior. The dispersion of graphene
in polymer matrix by the pre-reduction method may
not be as good as in situ reduction method, but the
latter leads to significant loss in crystallinity due to
restriction in polymer chains movements by the
exfoliated graphene flakes. In the in sifu reduction
process, the exfoliated graphene impedes the crys-
talline arrangement for the polymer which in turn
decreases the tensile modulus, increases strain at
break as well as the creep strain as compared to pre-
reduced graphene based nanocomposite. The net-
work hardening of matrix is more in pre-reduction
or the first route of nanocomposite film production
(strain reduced to 28%). The strength enhancement
in first route (more than 76% improvement as com-
pared to pure film) is also much better than the sec-
ond route due to reinforcement by graphene as well
as higher crystalline content. Hence, the crystalline
content is also a significant contributing factor for
improvement in tensile properties along with the
dispersion of graphene. It can be concluded that the
pre-reduction method is suitable for high strength
and creep resistant applications while in situ reduc-
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tion method may perform better for applications
where more ductility is required. The underlying
mechanism of graphene dispersion at its different
concentration needs to be explored by further char-
acterizations. More investigation in this route by
using functionalized graphene and drawing of films
will be expected and interesting.

Acknowledgements

Authors like to express their heartiest acknowledgement to
Dr. Baldev Raj, President Research, PSG Institutions, for
his continuous encouragement and help to facilitate this
work. Authors also express their deep gratitude to manage-
ment of PSG Institutions and College of Materials and
Engineering (CMSE), Donghua University for their support
as well as the financial support from the National Natural
Science Foundation for Distinguished Young Scholar of
China (50925312) and Natural Science Foundation of
China (51273040).

References

[1] Kavesh S., Prevorsek D. C.: Ultra high strength, high
modulus polyethylene spectra fibers and composites.
International Journal of Polymeric Materials and Poly-
meric Biomaterials, 30, 15-56 (1995).
DOI: 10.1080/00914039508031459

[2] Li C. S., Zhan M. S., Huang X. C., Zhou H.: Degrada-
tion behavior of ultra-high molecular weight polyeth-
ylene fibers under artificial accelerated weathering.
Polymer Testing, 31, 938-943 (2012).
DOI: 10.1016/j.polymertesting.2012.06.009

[3] Bracco P., Brunella V., Luda M. P., Zanetti M., Costa
L.: Radiation-induced crosslinking of UHMWPE in
the presence of co-agents: Chemical and mechanical
characterisation. Polymer, 46, 10648—10657 (2005).
DOI: 10.1016/j.polymer.2005.08.095

[4] Ramanathan T., Abdala A. A., Stankovich S., Dikin D.
A., Herrera-Alonso M., Piner R. D., Adamson D. H.,
Schniepp H. C., Chen X., Ruoff R. S., Nguyen S. T.,
Aksay I. A., Prud'Homme R. K., Brinson L. C.: Func-
tionalized graphene sheets for polymer nanocompos-
ites. Nature Nanotechnology, 3, 327-331 (2008).
DOI: 10.1038/nnano.2008.96

[5] Coleman J. N., Khan U., Blau W. J., Gun’ko Y. K.:
Small but strong: A review of the mechanical proper-
ties of carbon nanotube—polymer composites. Carbon,
44, 1624-1652 (2000).
DOI: 10.1016/j.carbon.2006.02.038

[6] Andrews R., Weisenberger M. C.: Carbon nanotube
polymer composites. Current Opinion in Solid State and
Materials Science, 8, 31-37 (2004).
DOI: 10.1016/j.cossms.2003.10.006



http://dx.doi.org/10.1080/00914039508031459
http://dx.doi.org/10.1016/j.polymertesting.2012.06.009
http://dx.doi.org/10.1016/j.polymer.2005.08.095
http://dx.doi.org/10.1038/nnano.2008.96
http://dx.doi.org/10.1016/j.carbon.2006.02.038
http://dx.doi.org/10.1016/j.cossms.2003.10.006

Bhattacharyya et al. — eXPRESS Polymer Letters Vol.8, No.2 (2014) 74-84

[7] Ma P-C., Siddiqui N. A., Marom G., Kim J-K.: Disper-
sion and functionalization of carbon nanotubes for
polymer-based nanocomposites: A review. Composites
Part A: Applied Science and Manufacturing, 41, 1345—
1367 (2010).

DOI: 10.1016/j.compositesa.2010.07.003

[8] Kuilla T., Bhadra S., Yao D., Kim N. H., Bose S., Lee
J. H.: Recent advances in graphene based polymer
composites. Progress in Polymer Science, 35, 1350—
1375 (2010).

DOI: 10.1016/j.progpolymsci.2010.07.005

[9] Arai T., Tominaga Y., Asai S., Sumita M.: A study on
correlation between physical properties and interfacial
characteristics in highly loaded graphite—polymer
composites. Journal of Polymer Science Part B: Poly-
mer Physics, 43, 2568-2577 (2005).

DOI: 10.1002/polb.20543

[10] Song P., Cao Z., Cai Y., Zhao L., Fang Z., Fu S.: Fabri-
cation of exfoliated graphene-based polypropylene
nanocomposites with enhanced mechanical and ther-
mal properties. Polymer, 52, 4001-4010 (2011).
DOI: 10.1016/j.polymer.2011.06.045

[11] Yoon O. J., Jung C. Y., Sohn I. Y., Kim H. J., Hong B.,
Jhon M. S., Lee N-E.: Nanocomposite nanofibers of
poly(D, L-lactic-co-glycolic acid) and graphene oxide
nanosheets. Composites Part A: Applied Science and
Manufacturing, 42, 1978-1984 (2011).
DOI: 10.1016/j.compositesa.2011.08.023

[12] Sengupta R., Bhattacharya M., Bandyopadhyay S.,
Bhowmick A. K.: A review on the mechanical and
electrical properties of graphite and modified graphite
reinforced polymer composites. Progress in Polymer
Science, 36, 638-670 (2011).
DOI: 10.1016/j.progpolymsci.2010.11.003

[13] Jiang X., Drzal L. T.: Improving electrical conductiv-
ity and mechanical properties of high density polyeth-
ylene through incorporation of paraffin wax coated
exfoliated graphene nanoplatelets and multi-wall car-
bon nano-tubes. Composites Part A: Applied Science
and Manufacturing, 42, 1840-1849 (2011).
DOI: 10.1016/j.compositesa.2011.08.011

[14] Hummers Jr. W. S., Offeman R. E.: Preparation of
graphitic oxide. Journal of the American Chemical
Society, 80, 1339 (1958).
DOI: 10.1021/ja01539a017

[15] Dreyer D. R., Park S., Bielawski C. W., Ruoff R. S.:
The chemistry of graphene oxide. Chemical Society
Reviews, 39, 228-240 (2010).
DOI: 10.1039/B917103G

84

[16] Bahr J. L., Mickelson E. T., Bronikowski M. J., Smal-
ley R. E., Tour J. M.: Dissolution of small diameter
single-wall carbon nanotubes in organic solvents?
Chemical Communications, 2, 193—-194 (2001).

DOI: 10.1039/B008042J

[17] Hamilton C. E., Lomeda J. R., Sun Z., Tour J. M., Bar-
ron A. R.: High-yield organic dispersions of unfunction-
alized graphene. Nano Letters, 9, 3460-3462 (2009).
DOTI: 10.1021/n19016623

[18] Narh K. A., Barham P. J., Keller A.: Effect of stirring
on the gelation behavior of high-density polyethylene
solutions. Macromolecules, 15, 464-469 (1982).

DOI: 10.1021/ma00230a051

[19] Subrahmanyam K. S., Vivekchand S. R. C., Govindaraj
A., Rao C. N. R.: A study of graphenes prepared by
different methods: Characterization, properties and sol-
ubilization. Journal of Materials Chemistry, 18, 1517—
1523 (2008).

DOI: 10.1039/B716536F

[20] Bakshi S. R., Tercero J. E., Agarwal A.: Synthesis and
characterization of multiwalled carbon nanotube rein-
forced ultra high molecular weight polyethylene com-
posite by electrostatic spraying technique. Composites
Part A: Applied Science and Manufacturing, 38, 2493—
2499 (2007).

DOI: 10.1016/j.compositesa.2007.08.004

[21] Ni Z., Wang Y., Yu T., Shen Z.: Raman spectroscopy
and imaging of graphene. Nano Research, 1, 273-291
(2008).

DOI: 10.1007/s12274-008-8036-1

[22] Suk J. W., Kitt A., Magnuson C. W., Hao Y., Ahmed S.,
AnJ., Swan A. K., Goldberg B. B., Ruoff R. S.: Transfer
of CVD-grown monolayer graphene onto arbitrary sub-
strates. ACS nano, 5, 6916-6924 (2011).

DOLI: 10.1021/nn201207¢

[23] Ferrari A. C., Meyer J. C., Scardaci V., Casiraghi C.,
Lazzeri M., Mauri F., Piscanec S., Jiang D., Novoselov
K. S.,Roth S., Geim A. K.: Raman spectrum of graphene
and graphene layers. Physical Review Letters, 97,
187401/1-187401/4 (2006).

DOI: 10.1103/PhysRevLett.97.187401

[24] Andjeli¢ S., Richard R. E.: Crystallization behavior of
ultrahigh molecular weight polyethylene as a function
of in vacuo y-irradiation. Macromolecules, 34, 896—
906 (2001).

DOTI: 10.1021/ma0008241



http://dx.doi.org/10.1016/j.compositesa.2010.07.003
http://dx.doi.org/10.1016/j.progpolymsci.2010.07.005
http://dx.doi.org/10.1002/polb.20543
http://dx.doi.org/10.1016/j.polymer.2011.06.045
http://dx.doi.org/10.1016/j.compositesa.2011.08.023
http://dx.doi.org/10.1016/j.progpolymsci.2010.11.003
http://dx.doi.org/10.1016/j.compositesa.2011.08.011
http://dx.doi.org/10.1021/ja01539a017
http://dx.doi.org/10.1039/B917103G
http://dx.doi.org/10.1039/B008042J
http://dx.doi.org/10.1021/nl9016623
http://dx.doi.org/10.1021/ma00230a051
http://dx.doi.org/10.1039/B716536F
http://dx.doi.org/10.1016/j.compositesa.2007.08.004
http://dx.doi.org/10.1007/s12274-008-8036-1
http://dx.doi.org/10.1021/nn201207c
http://dx.doi.org/10.1103/PhysRevLett.97.187401
http://dx.doi.org/10.1021/ma0008241

eXPRESS Polymer Letters Vol.8, No.2 (2014) 85-94 = XPRESS
Available online at www.expresspolymlett.com Polymer Letters
DOI: 10.3144/expresspolymlett.2014.11

Preparation and characterization of biopolymers
comprising chitosan-grafted-ENR via acid-induced reaction
of ENRS0 with chitosan

M. R. H. Mas Haris"", G. Raju'?

!School Chemical Sciences, Universiti Sains Malaysia 11800 Minden, Penang, Malaysia
“Malaysian Rubber Board, 1458 Jalan Ampang, 50450 Kuala Lumpur, Malaysia

Received 20 July 2013; accepted in revised form 26 September 2013

Abstract. This paper describes the first detailed tailored-approach for the preparation of biopolymers comprising chitosan
(CTS) grafted onto the backbone of epoxidized natural rubber (CTS-g-ENR). In a typical experiment, appropriate amount
of CTS and AICI;-6H,0 was added to a specified amount of ENR50 (ENR with about 50% epoxy content) dissolved in a
dual-solvent consisting of 1,4-dioxane and water (97.5:2.5% v/v) and the resulting mixture refluxed with continuous stir-
ring for 6 hours. Nuclear magnetic resonance (NMR) spectral analysis of a biocomposite, CTS-g-ENR-P1, revealed that its
epoxy content is 22.36% which is considerably lower than 44.93% as determined for ENR50-control (ENRS50 derivative
obtained under similar experimental condition but in the absence of CTS). This means that the grafting of CTS onto the
backbone of ENR had occurred. The revelation is affirmed by the presence of the characteristic absorption bands of CTS
and ENR, and the appearance of new bands at 1219, 902 and 733 cm™ in the Fourier transform infrared (FTIR) spectrum
of CTS-g-ENR-P1. Further evidence that CTS had been successfully grafted onto the backbone of ENR can be deduced and
described in this paper from the data obtained by means of Differential Scanning Calorimetric analysis, Thermogravimetric
analysis and Variable Pressure Scanning Electron Microscopy.

Keywords: biopolymers, chitosan, epoxidized natural rubber

1. Introduction that contain electrophilic sites. Chitosan is being used
Chitin is a linear biopolymer and the second most in a wide range of applications ranging from bio-
abundant natural polysaccharide after cellulose [1]. medical engineering, pharmaceutical and cosmetic
The usual commercially available chitin is typically — products to water treatment and plant protection [6].
extracted from crab and shrimp shells. Chitosan is  Being a natural polysaccharide, chitosan exhibits
derived from chitin [2]. It is composed of predomi- high biodegradability but have poor mechanical
nantly a(1—4)-linked 2-amino-2-deoxy-p-D-glu-  properties. As such, modification of polymers that
copyranose with some amount of, 2-acetamido-2-  possess excellent thermal and mechanical parame-
deoxy-D-glucopyranose sugars, depending on the ters with chitosan may result in the production of a
degree of N-deacetylation [3—5]. Due to the pres- new class of polymeric materials exhibiting not
ence of the primary amino (C-2), primary (C-6) and  only desired biodegradability but also good physic-
secondary (C-3) hydroxyl groups on each repeat unit, ochemical and mechanical properties [7].

chitosan is indeed a multinucleophilic material that Incorporation of chitosan in the matrices of elas-
may undergo specific reaction with other materials tomers is of interest to researchers in areas that
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involve the utilization of natural rubber or its deriv-
atives and chitosan [8—16]. Of special interest to our
current work, Lertwattanaseri et al. [13] reported
the preparation of a novel model case of bionano-
composites comprising nanofibrous chitosan bonded
to the backbone of epoxidized natural rubber (ENR)
via both amino and hydroxyl groups. Confirmation
of the proposed structure for the ENR—chitosan bio-
nanocomposite was done by qualitative and quanti-
tative FTIR techniques. Considering the nature of the
reactivity of the hydroxyl and amino groups of chi-
tosan, we believe the proposed structure is inconclu-
sive. Very recently, Riyajan and Sukhlaaied reported
the preparation of ENR-g-chitosan involving the
reaction of chitosan radicals with ENR molecules
using potassium persulphate (K,S,0g) as an initiator
[16]. The chemical structure of the ENR-g-chitosan,
specifically the presence of ether linkage in the
biopolymers, was confirmed by 'H-NMR and ATR-
FTIR.

Chitosan is soluble in acidic aqueous media [17, 18]
whereas ENR, being hydrophobic in nature, is not
[19]. This is the likely reason why there is very lim-
ited number of reports in the literature on homoge-
nous (liquid-liquid phase) or semi-heterogeneous
(liquid-solid phase) reaction condition involving
chitosan and ENR. Furthermore, ENR is known to
undergo ring-opening and double bond cleavage
reactions [20-25]. To date, there is no report on the
stability of the microstructure of ENR in conditions
with different concentrations of acid. In view of this
finding and as part of our interest to gain further
insights on the physicochemical and mechanical
properties of natural rubber latex films that were sub-
jected to acid and/or base treatments [26-27], we
have carried out the study on the effect of acidity on
the stability of the molecular structure of ENRS5O0.
We found by means of NMR spectroscopy that the
epoxidized isoprene units of ENR50 did not undergo
significant ring-opening reaction in 1,4-dioxane acid-
ified by the addition of dilute HCI or AICl;-6H,O
solution. This observation prompted us to investi-
gate and hereby report our findings on the acid-
induced reaction of ENR50 with chitosan.

2. Experimental

2.1. Materials

Epoxidized natural rubber with about 50% epoxy
content (designated as ENR50) and with relative
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M,, of 3.8:10° g/mol was supplied by Malaysian Rub-
ber Board, Kuala Lumpur, Malaysia. Chitosan (CTS)
with with relative M,, of 1.0-10° g/mol was pro-
vided by Advanced Materials Research Centre at
Kulim, Kedah, Malaysia. The degree deacetylation
of the CTS was determined by a titration method
[28] and found to be 96%. HCl and AlCl3-6H,O (pur-
chased from Merck, Damstardt, Germany), 1,4-diox-
ane (Fisher, Malaysia) and NaOH (System Chemar)
were used as received. Deuterated chloroform
(Merck, 99.8% with 0.03% TMS) was used as the
NMR solvent.

2.2. Instruments

"H-NMR spectra of samples dissolved in CDCl3
were recorded on a Bruker Avance-400 NMR spec-
trometer operating at 400.13 MHz. Tetramethyl-
siloxane (TMS) was used as the internal reference.
Infrared spectra were recorded using a Perkin- Elmer
2000 Infrared Spectrometer with 16 scans at 4 cm™!
resolution. Solid ENR50 and CTS-g-ENR biopoly-
mers were analysed directly using an attenuated
total reflection (ATR) technique within the wave
number range of 4000-650 cm™'. CTS was analyzed
in the form of KBr pellet (KBr: CTS = 98:2) within
the wave number range of 4000 to 400 cm™'. Differ-
ential Scanning Calorimetry (DSC) analysis was car-
ried out using Perkin-Elmer Pyris-1 DSC, equipped
with an internal cooler 2P-cooling accessory and
calibrated using n-decane and indium. Samples (5—
10 mg) were examined within an atmosphere of dry
nitrogen gas maintained at a flow rate of 50 mL/min.
All samples were annealed at a heating rate of
20°C/min (for both heating and quenching). For the
first scan, samples were heated from —50°C up to at
least 100°C and hold for about 2 minutes before
cooling (at 20°C/min) back to —50°C. The second
scan was performed after 2—5 minutes of waiting
time. Thermal weight loss measurements were made
using Perkin-Elmer TGA-7 thermogravimetric
analyser. Testing was carried out under a stream of
dry nitrogen gas (flow rate = 30 mL/min) at temper-
ature range of 40 to 600°C with heating rate of
10°C/min. Weight of samples used was within 4—
10 mg. Data of Variable Pressure Scanning Electron
Microscopy (VPSEM) was obtained with the use of
Carl Zeiss EVO LS 10 Scanning Electron Micro-
scope. The morphology of the ENR50, CTS and
CTS-g-ENR biopolymers were studied.
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2.3. Methods
2.3.1. Exposure of ENR50 to different
concentrations of HCI or AICI;-6H,O
ENRS50 (1.0 g) was dissolved in 95 mL 1,4-dioxane
at room temperature inside a 250 mL two-necked
round bottom flask equipped with a magnetic stirrer
and a reflux condenser. Then 5 mL of 0.0001 M HCI
was added dropwise and the resulting solution
stirred for 4 hours. A sample of the solution (10 mL)
was isolated every hour and placed in about 10 mL
of chilled 0.0001 M sodium hydroxide to neutralize
and precipitate the resulting ENRS50 derivative.
This derivative was isolated and washed with ample
amount (>200 mL) of distilled water. Then it was
placed in an oven with the temperature maintained
at 50°C for 24 hours. The procedure was repeated
but with the use of 0.001 M, 1.0 M and 3.0 M HCI.
All resulting polymeric materials were analysed by
NMR spectroscopy.
The experiment was repeated with the use of 0.75
and 0.30 g of aluminium chloride hexahydrate
(AICl5-6H,0) in lieu of HCI. ENRS50 derivatives
obtained after been exposed to AlICl;-6H,0 for 2, 4
and 24 hours were analysed by NMR spectroscopy.

2.3.2. Reaction of chitosan with ENRS0 in
acidified 1,4-dioxane

ENRS5O0 (1.0 g) was dissolved in a dual-solvent con-
sisting of water and 1,4-dioxane (2.5:97.5% v/v)
inside a 250 mL two-necked round bottom flask
equipped with a magnetic stirrer and a reflux con-
denser. Then CTS (1.0 g) and AICI3-6H,O (0.75 g)
were added and the content of the flask was refluxed
with continuous stirring for 6 hours. Subsequently,
the resulting mixture was cooled and filtered. The fil-
trate containing the product was concentrated under
reduced pressure using a rotary evaporator and cast
on a glass plate. The product (CTS-g-ENR-P1) was
dried in an oven (50°C) for 24 hours.

The experiment was repeated with the use of a lower
concentration (i.e. 0.30 g) of AICl3-6H,0. The prod-
uct obtained is designated as CTS-g-ENR-P2. For
the purpose of obtaining a reference sample (ENR50-
control), ENR50 was subjected to similar reaction
condition with the use of 0.75 g of AICl;-6H,0 but in
the absence of CTS. All resulting polymeric materi-
als were characterized by means of FI-NMR, FT-
IR, SEM, DSC and TGA techniques.

4. Results and discussion
4.1. Effect of acidity on the stability of the
molecular structure of ENR50

"H-NMR spectra of ENR50 and ENR50 derivatives
that were obtained after ENR50 been exposed to
0.0001, 0.001, 1.0 and 3.0 M of HCI for 1 hour are
depicted in Figure 1. The epoxy group of an epoxi-
dized natural rubber is known to be randomly distrib-
uted on the backbone of the polymer. Nonetheless,
a fairly comprehensive characterization of the struc-
ture of liquid epoxidized natural rubber by means of
1D-NMR and 2D-NMR spectroscopy is available in
the literature [29]. For simplicity, the proton reso-
nances of ENR50 as observed in Figure 1 are assigned
to a simplified structure depicted in Figure 2 as fol-
lows: methyl protons bonded to the epoxidized iso-
prene unit a (—-CH,—~CH3COCH-CH,—) = 1.29 ppm;
methylene protons bonded to the epoxidized iso-
prene unit b (-CH,—~CH3;COCH-CH,—) = 1.55 ppm,
methyl protons bonded to the isoprene unit ¢

c |2
Epoxy content = 51.05%
de
h g f E‘
A AL
[ 4 3 2 1 0 m
0 ?5 g pp
Epoxy content = 46.98%
1,4-dioxane
Residual CHCI, h
A J J L
8 7 6 4 2 1 0  ppm
(i) he 2§
Epoxy content = 46.12% llu

8 7 6

A\
P
(iii) \gi

Epoxy content = 14.09%

“ 8 7 [ .\gg, 4 1%, 2 i 0 ppm

Epoxy content = 10.55%

L 2 1 0 ppm

(v) g 5

Figure 1. "TH-NMR spectra of (i) ENR50 and its derivatives
obtained after ENRS50 has been exposed
(11) 0.0001 M, (iii) 0.001 M, (iv) 1.0M and
(v) 3.0 M of HCI for 1 hour
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Figure 2. A simplified structure of ENR50

(-CH,—CH3C=CH-CH,-) = 1.67 ppm, methylene
protons bonded to the isoprene unit d (—CH,—CHj
COCH-CH;-) overlapped with the methylene pro-
tons bonded to the epoxidized isoprene unit e
(-CH,—CH;3;COCH-CH,-) = 2.04 ppm; methylene
protons bonded to the isoprene unit f (—CH,—CHj3
COCH-CH;-) = 2.15 ppm; methine proton bonded
to the epoxidized isoprene unit g (—CH,—CH3;COCH-
CH,-) =2.70 ppm; methine proton bonded to the iso-
prene unit h (—CH,—CH3C=CH-CH,-) = 5.10 ppm.
The presence of residual amount of 1,4-dioxane and
chloroform can be observed at 7.16 and 3.70 ppm.
The epoxy content [30] can be determined with the
use of Equation (1):

A
2T 100% (1)

Epoxy content = ————
A2.7 + A5.1

where 4,7 and 45 refer to the integral area of g =
2.7 and h = 5.1, respectively. From Figure 1(i), the
actual epoxy content of ENRS50 is determined to be
51.05% whereas that of the ENRS50 derivatives
(Figure 1(ii)-1(v)) obtained after ENR50 having
been exposed to 0.0001, 0.001, 1.0 and 3.0 M HCI
is 46.98, 46.12, 14.09 and 10.55%, respectively. The
effect of acidity on the stability of the molecular
structure of ENR50 becomes clear when we con-
sider the degree of reduction of its epoxy content.
The difference in epoxy content of ENR50 and that
of the ENRS50 derivative obtained after having been
exposed to 1.0 and 3.0 M HCl is 36.96 and 40.50%,
respectively. However, when in 0.0001 and 0.001 M
the difference is only 4.07 and 4.93%, respectively.
This means the molecular structure of ENRS50
remained fairly intact at low acid concentration
([H*]1 <0.001 M) even though its epoxidized isoprene
units were likely to be fully protonated and suscep-
tible to undergo ring-opening reaction with nucle-
ophiles.

4.2. Effect of AICI;:6H,0 on the epoxidized
isoprene unit of ENRS0

A solution containing AlCIl;-6H,0 is mildly acidic

(pH =4.5) due to the formation of hydronium ion as

illustrated by the Brensted-Lowry acid-base reac-

ey [AI(H,0),(OH)F* + H,0’

Figure 3. Acid hydrolysis of aluminium ion

tion in Figure 3. When AICI5-6H,0 dissolved in
water, the aluminium ion will be surrounded with
six water molecules. The AI** aqua complex ion,
[AI(H,0)]*", is a weak Brensted-Lowry acid that
donates a proton, H*, forming the AI** aqua complex
ion, [Al(H,0)sOH]**, whereas the water molecule
acts as a weak Bronsted-Lowry base that accepts
the proton forming the hydronium ion, H;O".

"H-NMR spectra of ENR50 derivatives that were
obtained after ENR50 having been exposed to
AICI3-6H,0 for 2, 4 and 24 hours are depicted in Fig-
ure 4. Their corresponding epoxy content is deter-
mined to be 44.93, 44.04 and 38.84%, respectively.
In keeping with the above finding wherein diluted
HCI was used, the epoxidized isoprene units of

™S

Residual
CHCI,

Epoxy content = 44.93%

1,4-dioxane

Epoxy content = 44.04%

TMS
14-dioxane ’ J/L

' 8 7 6 5 4 3 2 1 0 ppm
™S
Epoxy content = 38.84%
1,4-dioxane
’ 6 ppm'

T8 7 6 5, 4 3 2 1
(i) \E/’

Figure 4. "H-NMR spectra of ENR50 derivatives obtained
after ENR50 has been exposed to AICl3-6H,0
for (i) 2 hr, (ii) 4 hr and (iii) 24 hr
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ENRS5O0 did not undergo significant ring-opening
reaction even though being likely fully protanated
in a solution containing AlCl;-6H,0.

4.3. Nuclear magnetic resonance spectral
analysis

Figure 5 depicts the fourier transformed 'H-NMR
spectra of ENR50-control and CTS-g-ENR-P1. The
epoxy content of ENR50-control and CTS-g-ENR-
P1 is determined to be 44.93 and 22.36%, respec-
tively. It is therefore evident that ENR50 underwent
a substantial reduction in epoxy content only in the
presence of CTS. As such, it is reasonable to deduce
that the grafting of CTS onto the backbone ENR50
had likely occurred via ring-opening reaction of
protonated epoxidized isoprene units. The plausible
reaction pathways leading to the formation of CTS-
g-ENR biopolymers is discussed later in the text.

4.4. Infrared spectral analysis

Figure 6 shows the Fourier transform infrared spec-
tra of ENR50, CTS and CTS-g-ENR-P1. The char-
acteristic vibrational absorption bands of ENR50:
2961, 2923 and 2856 cm ™' are due to C—H stretch-
ings of the -CH3— and —CH,— groups, 1660 cm™! is
due the C=C stretching, 1448 and 1376 cm™' are
due to C—H bendings of the —-CH,— and —CH;—
groups, 1259 and 1018 cm™' are due to C-O-C
stretching and bending of the epoxy group, 873 cm™!
is due to C—H bending attached to the epoxy group

Residual
CHCI,

Epoxy content = 44 .93%

and 837 cm™ is due to C—H bending attached to the
unsaturated carbon [31]. The characteristic bands of
CTS: broad band at 3600-3100 cm™' are due to a
combination of O—H and N—-H stretchings of the
hydroxyl and primary amine groups, 2956 cm™' is
due to the C—H stretching of the -CH,— group, 1638
and 1560 cm™! (overlapped) are due to the N-H
bendings of the amide and primary amine groups,
broad band at 1080-1033 cm™' is due the skeletal
vibration involving C-O stretching, 896 cm™ is due
the stretching of C—O-C linkage [32]. For CTS-g-
ENR-P1 (Figure 6(iii)), the normally broad band
due to the absorption of hydroxyl and amino groups
became narrower and shifted to a lower frequency,
centered at about 3322 cm™!, indicating that chemi-
cal reaction had taken place predominantly at the
primary amine rather than at the hydroxyl groups.
The considerable reduction of the intensity of the
band at 873 cm™! suggests that the epoxy group was
involved in the reaction. The presence of the char-
acteristic absorption band at 1645 cm™ due to the
N-H bending suggests that the primary amine group
of chitosan was involved in the reaction. Further-
more, the appearance of additional bands at 733,
902 and 1219 cm™! assignable to N-H wag, C-N
bond and saccharide structure of chitosan, respec-
tively [33], affirms that CTS-g-ENR-P1 was pro-
duced likely via the acid-induced attack of the pri-
mary amine of the former on the epoxide ring of the
latter.
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Figure 6. FTIR spectra of (i) ENR50, (ii) CTS and
(iii) CTS-g-ENR-P1
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4.5. Differential scanning calorimetric
analysis

The thermograms (DSC second run curves) of CTS/
ENRS50-control, CTS-g-ENR-P1 and CTS-g-ENR-
P2 are illustrated in Figure 7. Two cycles of heating
and cooling runs were carried out in order to elimi-
nate the moisture effect, and the temperature region
was taken into consideration to avoid thermal degra-
dation in the first heating. The 7, of CTS/ENRS50-
control, sample prepared by physically mixing appro-
priate amounts of CTS and ENRS50, was found to
be —27.24°C. This Ty is very close to that of ENR50
(-23.90°C), indicating no reaction took place under
this condition. The 7, of CTS is not observed in Fig-
ure 7 because it occurred at a higher temperature,
203°C [34], i.e., outside the temperature range indi-
cated. The T, of CTS-g-ENR-P2, the biocomposite
obtained with the use of a lower concentration of
AlCl3-6H,0, is 2.88°C. The fact that only one 7, was
detected for CTS-g-ENR-P2 exemplify a new prod-
uct that had formed arising from the grafting of
CTS onto the backbone ENRS50. The T, of CTS-g-
ENR-P1, the biocomposite obtained with the use of
a higher concentration of AlCI3-6H,0, is also not

6

o
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Figure 7. DSC curves of the CTS/ENR50-control, CTS-g-
ENR-P1 and CTS-g-ENR-P2

90

observed in Figure 7 because it is closer to that of
CTS which occurred outside the temperature range
indicated.

4.6. Thermogravimetric analysis

The thermogravimetric (TGA) and derivative ther-
mogravimetric (DTG) curves of ENR50, CTS, CTS-
g-ENR-P1 and CTS-g-ENR-P2 are depicted in Fig-
ure 8 and Figure 9, respectively. The DTG curve of
ENRS5O0 exhibits one-step degradation process with
rapid weight loss of 48% at 418°C. The major mass
loss occurred within 310 and 570°C is 96% due to
the total pyrolysis (decomposition of the hydrocar-
bon in nitrogen atmosphere) of the rubber matrices.
The amount of carbonized residue deduced from the
TGA curve of ENR50 beyond 600°C is about 2.5%.
DTG curve of CTS exhibits mass loss at two stages.
The initial mass loss of 12% occurred within 40 and
240°C due to loss of solvent molecules (water and
acetic acid). The second stage shows a mass loss of
52% within 240 and 400°C due to degradation (via
chain scission) of CTS [35]. The amount of car-
bonized residue deduced from the TGA curve of
CTS beyond 600°C is about 33.8% which is quite
substantial compared to that of ENR50. However,
from the view point of thermal stability it is of inter-
est to note that within 270 and 340°C only about 1%
of ENR50 degraded whereas CTS degraded by about
38%. Therefore, ENR50 is thermally more stable
than CTS.

Both DTG curves of CTS-g-ENR-P1 and CTS-g-
ENR-P2 show approximately similar three degrada-
tion stages. The first mass loss of 3% occurred within
40 and 150°C attributable to solvent molecules
(water and 1,4-dioxane) imbedded in the biopoly-
mers. The second mass loss of 15% occurred within
140 and 300°C due to the destruction of amino
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Figure 8. TGA curves for ENR50, CTS, CTS-g-ENR-P1
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Figure 9. DTG curves for ENR50, CTS, CTS-g-ENR50-P1
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groups of CTS [9]. The third is the major mass loss
of' 56% occurred within 300 and 594°C due to a com-
bination of chain scission of the grafted CTS and total
decomposition of the rubber matrices. The amount
of carbonized residue deduced from the TGA curves
of CTS-g-ENR-P1 and CTS-g-ENR-P2 beyond
600°C is 24 and 9%, respectively. Therefore, it is
apparent that lesser amount of CTS incorporated
(grafted) onto the rubber matrices resulted in a
lower amount of carbonized residue beyond 600°C.
The thermal stabilities of CTS-g-ENR-P1 and CTS-

QU LM mag= 28x EHT = 1500KY WO= 70mm Signal A=VPSE GAow noaz [
Vacuum Mode = Extended Pressre | Probe = 300 pA Torw 35088

g-ENR-P2 are quite similar and likely due to a com-
bination of that of CTS and ENRS5O0, i.e., higher
than that of CTS but lower than that of ENR50.

4.7. Morphology study

SEM micrographs of CTS, ENR50 and CTS-g-
ENR-P1 are shown in Figure 10. The chitosan has a
flaky and uneven shape with smooth surface but the
ENRS50 displays a rough and groove like structure
with some debris. Micrographs of the biocomposite
show a one-phase morphology with a reduced gap
between the chitosan and the rubber matrices sug-
gesting not only good interfacial interactions but
also very likely that CTS has been successfully
grafted onto the backbone of the ENR.

4.8. Reaction pathways for the formation of
CTS-g-ENR biopolymers

The plausible reaction pathways for the formation of
CTS-g-ENR biopolymers are proposed in Figure 11.
In a mildly acidic condition such as in solution con-
taining AICI53-6H,O (pH = 4.5), the epoxidized iso-
prene units of ENR50 would likely be protonated and
susceptible to attack by reactive nucleophiles. How-

= 42X 15.00 KV A5mem  Signal A= VPSE GIDae 11 0um
Vacuum Mode = Extended Pressure | Probe = 300 pA Tazes
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Figure 10. SEM micrographs of (i) CTS, (ii) ENR50, (iii) CTS-g-ENR-P1 at magnification of 42x, (iv) CTS-g-ENR-P1

biopolymers at magnification of 500%
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Figure 11. Reaction pathways for the formation of CTS-g-ENR biopolymers

ever under the similar mildly acidic condition, CTS
being a multinucleophilic material would be par-
tially protonated. The unhindered primary (C-6)
hydroxyl group of CTS would be protonated render-
ing it non-reactive, whereas some of the sterically
hindered primary amino (C-2) and secondary (C-3)
hydroxyl groups would be free, i.e., remain as reac-
tive nucleophiles. A primary amino group is much
more reactive than a secondary hydroxyl group. As
such, the grafting of CTS onto the backbone of
ENRS50 would involve solely the attack of the pri-
mary amino (C-2) of CTS on the protonated epoxi-
dized isoprene units of ENR50. The attack may occur
via sterically favored pathway (a) and sterically
disfavored pathway (b) as illustrated in Figure 11.
However, considering that CTS is a bulky polymeric
entity and the fact that ENR50 remained structurally
stable in the mildly acidic condition, we are of the
opinion that the acid-induced reaction of ENR50
with CTS occurred preferentially or regioselec-
tively via the sterically favored pathway. This notion
is further supported by the infrared spectral analysis
described above.

5. Conclusions

The effect of acidity on the stability of the molecu-
lar structure of ENR50 was investigated. It is hitherto
elucidated by means of NMR spectroscopy that
ENRS50 remained structurally stable in 1,4-dioxane
acidified by the addition of dilute HCI or
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AICI53-6H,0 solution. Based on this finding, the
acid-induced reaction of ENR50 with CTS in a
dual-solvent consisting of 1,4-dioxane and water
(97.5:2.5% v/v) was explored. Two type of biopoly-
mers CTS-g-ENR-P1 and CTS-g-ENR-P2 consist-
ing of higher and lower amount CTS, respectively,
grafted onto the backbone on the natural rubber
derivative were prepared. The structural and physic-
ochemical properties of the products as compared
to that of the starting materials were characterized
by means of FT-NMR, FT-IR, SEM, DSC and TGA
techniques. The regioselectivity of the acid-induced
reaction is discussed and it is concluded that the
biopolymers were formed via sterically favored
pathway involving the attack of the primary amino
(C-2) of CTS on the protonated epoxidized isoprene
units of ENRS50.
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Curing kinetics, mechanism and chemorheological behavior
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Abstract. The curing kinetics and mechanism of epoxy novolac resin (DEN) and modified epoxy novolac resin (MDEN)
with methanol etherified amino resin were studied by means of differential scanning calorimetry (DSC), Fourier transform-
infrared (FT-IR) spectroscopy and chemorheological analysis. Their kinetics parameters and models of the curing were
examined utilizing isoconversional methods, Flynn-Wall-Ozawa and Friedman methods. For the DEN mixture, its average
activation energy (E,) was 71.05 kJ/mol and the autocatalytic model was established to describe the curing reaction. The
MDEN mixture exhibited three dominant curing processes, termed as reaction 1, reaction 2 and reaction 3; and their E,
were 70.05, 106.55 and 101.91 kJ/mol, respectively. Besides, £, of reaction 1 was similar to that of DEN mixture, while £,
of reactions 2 and 3 corresponded to that of the etherification reaction between hydroxyl and epoxide group. Moreover,
these three dominant reactions were n order in nature. Furthermore, their curing mechanisms were proposed from the
results of DSC and FTIR. The chemorheological behavior was also investigated to obtain better plastics products via opti-
mizing the processing schedules.

Keywords: rheology, autocatalytic kinetic model, curing mechanism, activation energy

1. Introduction still attracts great interest for both fundamental and
Epoxy resins have been widely applied in many applied chemistry areas. Meanwhile, in the curing
areas such as aerospace and electronics industries in ~ reaction of epoxy resins, amino resins are widely
the form of surface coatings, structural adhesives, used as hardeners but the curing mechanism is still
advanced composites and packaging materials due not completely revealed [4-6]. Yong Lv et al. [7]
to their well-balanced properties. For example, studied the curing kinetics of a diglycidyl ether of
epoxy resins possess excellent thermal stability, bisphenol A with a methanol etherified amino resin,
moisture resistance, chemical stability, superior but they did not discuss the origin of proton, which
electrical and mechanical properties and good adhe-  is important to methanol etherified amino resin.
sion to many substrates [1-3]. As well as known Besides, the curing process is related to the rheolog-
properties, such as, the superior mechanical and ical behavior. The viscosity of curing system varies
chemical properties of epoxy polymers are profited not only with temperature and flow conditions but
from the complicated curing processes, in which a  also with reaction time. Therefore, in order to opti-
low molecular weight oligomer is transformed into  mize the properties of the cured product, it is impor-
an infinite molecular weight polymer forming a tant to understand the relationship between the cur-
three-dimensional network structure. Therefore, elu-  ing kinetics and rheological behavior of the entire
cidation of the reaction mechanism of epoxy curing  epoxy system.

*Corresponding author, e-mail: gp.zhang@siat.ac.cn
© BME-PT

95



Zhao et al. — eXPRESS Polymer Letters Vol.8, No.2 (2014) 95-106

Many efforts have been done to determine the appro-
priate models to describe the curing kinetics dis-
tinctly [8—12]. Because of the complex nature of
thermosetting reactions, phenomenological models
are the most popular for these systems. The simplest
models are those based on n'" order kinetics. Another
widely used model is the autocatalytic expression.
Regarding rheological behavior, an advance was
made from the correlation between viscosity and
temperature that include kinetics and/or structure
information [13, 14]. However, there are few studies
to investigate the kinetic model from chemorheo-
logical behavior.

In our previous work, novolac epoxy resin of DEN
431 (abbreviated as DEN) was modified by p-
hydroxybenzoic acid (PHBA). The modified novolac
epoxy resin (MDEN) was cured with amino resin to
prepare cured composites with superior thermal,
mechanical and dielectric properties [15]. In this
work, the curing kinetics, curing mechanism and
chemorheological behavior of DEN/amino resin
and MDEN/amino resin systems were further inves-
tigated to discuss their differences. The curing kinet-
ics of the studied systems was examined by dynamic
differential scanning calorimetry (DSC) at different
heating rates, and the curing mechanism was pro-
posed by the aid of the results of DSC and Fourier
transform-infrared (FT-IR) spectra. Simultaneously,
the chemorheological behavior was further investi-
gated to optimize the process schedule.

2. Experimental

2.1. Materials

Novolac epoxy resin of DEN 431 with epoxy equiv-
alent weight of 177-200 g/mol (Dow Chemical Com-
pany, Russellville, Arkansas, USA), methyl etheri-
fied amino resin of Cymel 303 (HMMM) (Cytec
Industry, Penfield, NY, USA) and 2-ethyl-4-methyl-
imidazole (EMI-24) (Shanghai Chemical Reagent
Factory, Shanghai, China) were used as received
without further purifications. Modified DEN (MDEN)
was prepared according to our previous study [15].
These chemical structures were presented in Fig-
ure 1.

2.2. Characterization

The FT-IR spectra were recorded on a Bruker Ver-
tex 70 spectrometer (Bruker Optik GmbH, Ettlin-
gen, Germany) in the range of 4000400 cm™'.
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The curing kinetics analysis was conducted by a TA
Q20-1173 DSC thermal system (TA instruments,
New Castle, USA) with heating rates of 2.5, 5, 10,
and 15°C/min, respectively, and ranging from 50 to
300°C. Nitrogen gas was purged at a flow rate of
about 50 mL/min.

The chemorheological behavior was measured using
an Anton Paar MCR302 rheometer (Anton Paar
GmbH, Graz, Austria) with a heating rate of
2.5°C/min and ranging from 40 to 280°C.

2.3. Theoretical calculations

The heat flow measured in DSC is proportional to
both the overall heat release and the curing rate, as
shown by Equation (1) [16]:

dQ

2 - 0,5 = 0, KT)a) m
where dQ/dt is the heat flow, Oy, is the total heat
released when an uncured material is brought to com-
plete cure, da/dt is the curing rate, a is the extent of
reaction, k(7)) is the rate constant, 7 is the tempera-
ture, and f{a) is the reaction model. For epoxy cur-
ing, f(a) is usually taken in the form of (1 — a)” (n™-
order reaction) or of a™(1— «)" (autocatalytic
reaction). The explicit temperature dependence of the
rate constant is introduced by replacing A(7) with

the Arrhenius equation (Equation (2)):

da _ Aexp( - IfT)ﬂa)

dr

where A4 is the pre-exponential factor, £ is the acti-
vation energy, and R is the gas constant. When a sam-
ple is heated at a constant rate, the explicit temporal
dependence in Equation (2) is eliminated through
the transformation shown by Equation (3):
Lo - o

where f = d7/d¢ is the heating rate. Kinetics analy-
sis of a nonisothermal resin-cured system can be
performed by the multiple f. Two different isocon-
versional methods employed in this study were as
follows, and the advantage of the two kinetics meth-
ods is that they do not assume a particular form of
the reaction model.

2

)

2.3.1. Flynn-Wall-Ozama method
The isoconversional integral method was also pro-
posed independently by Flynn, Wall and Ozawa
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using Doyle’s approximation of the temperature
integral [17, 18]. This method is based on Equa-
tions (4) and (5):

E, E,
R) —Ing(a) —5.331— 1.052( RT) “4)

InB=1In (A

o(a) = J 5

where g(a) is the integral conversion function.

This method has been used in present computations
of the activation energy at different values of con-
version. Thus, for a constant a, the plot of (Inf) vs.
(1/T) obtained from DSC thermograms using vari-
ous heating rates, should render a straight line where
the slope allows the determination of the apparent
activation energy. The experimentally evaluated val-
ues of the activation energy were used to determine
the appropriate kinetic model which best described
the conversion function of the process studied.

)

2.3.2. Friedman method
The Friedman method is also used to determine a
kinetic model of the curing process [19]. The method
is based on Equation (6):

da

1—:
ndt

(6)

Ea
T

d
1n/3d—‘; = In[4f(a)] ~

In case of the n-order reaction, Equation (6) was
transformed into Equation (7):

-~ ~
HMMM DEN
OH H
— 05
o] (0]

EMI-24 MDEN

Figure 1. Chemical structures of HMMM, EMI-24, DEN
and MDEN
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da

dt

a

%

RT

=In4 + nin(l — a) (7

In[4f(a)] = ln[
The value of In[4f(a)] can be obtained from the
known values of In[da/dt] and E,/RT. Therefore, the
plot of In[4f{a)] and In(1 — a) yields a straight line
where the slope corresponds to the reaction order
(n). The intercept is the natural logarithm of the fre-
quency factor if the reaction mechanism is n-order
kinetics. Otherwise, for autocatalytic process, the
Friedman plot would reveal a maximum of In(1 — a)
approximately around —0.51 to —0.22 which is equiv-
alent to degree of curing (@) of about 0.2—0.4. This
is due to the autocatalytic nature that shows the max-
imum reaction rate to be at 20—40% conversion.

3. Results and discussion

3.1. Reaction activities of DEN and MDEN
The reaction activities of DEN and MDEN were
investigated by non-isothermal DSC with HMMM
and EMI-24 as curing agent and accelerator, respec-
tively. It can be seen from Figure 2 that there was
no obvious exothermic peak appearing in the mix-
ture of DEN/HMMM, which indicated that the reac-
tion activity of the system was pretty low without
cross linking reaction happening. Besides, in the mix-
ture of DEN/HMMM, one sharp endothermic peak
at about 155°C can be ascribed to the evaporation
of residual solvent in DEN or HMMM, such as an
ether. In contrast, there was a broad exothermic
peak existing in MDEN/HMMM system between
85 and 275°C, which implied that the reaction activ-
ity of MDEN/HMMM system was higher than that
of DEN/HMMM system. Interestingly, adding EMI-
24 into the DEN/HMMM system, one obvious exo-
thermic peak at about 150°C with much narrower

0.0

—— DEN/HMMM
o —— MDEN/HMMM a
2 —— DEN/HMMM/1 wi% EMI-24 2
G -0.1 i
5 -02 =
= =
= =
< =
w 0.3 W
L o
I I
-0.4

100 150 200 250

Temperature [°C]

Figure 2. DSC curves based on the systems of DEN mix-
ture and MDEN mixture at 10°C/min
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temperature zone was present in the DSC curve.
The higher reaction activity of MDEN was resulted
from the phenol hydroxyl which could offer the
acidic environment.

3.2. Non-isothermal reactions of
DEN/HMMM/EMI-24 and MDEN/HMMM
The non-isothermal DSC curves for the epoxy resin
system examined in the study at different heating
rates ranging from 2.5 to 15°C/min were shown in
Figures 3a, 3b and 3c. It can be found that two exo-
thermic peaks were observed in the curing process
of DEN/HMMM/EMI-24 as shown in Figure 3a.
This phenomenon was conflicted with the curing
reaction of common epoxy-amine system. For exam-
ple, according to previous work of Sbirrazzuoli et
al. [20], only a single exothermic peak was found in
the stoichichiometric epoxy-amine system and the
epoxy system with excess of amine. Besides, the
onset, peak, and final cure temperature of exothermic
peaks shifted to higher temperature area with
increasing heating rates. This result can be ascribed
that lower heating rates offered longer time for the
reaction of chemical groups. However, at higher
heating rates, there was not enough time for curing
and therefore the DSC curves shifted to a higher
temperature to compensate for the reduced time.
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I
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=)
Z 05
=
2
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o
(=1
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In order to verify the origin of the low temperature
peaks identified with arrow, the curing of DEN/
EMI-24 systems was also traced at the same heating
rates as shown in Figure 3b. It could be seen that
the peak temperatures of DEN/EMI-24 were the
same as these of DEN/HMMM/EMI-24 at lower
temperature area at respective heating rates. Gener-
ally, imidazole with low content was used to cat-
alyze and study the etherification. Heise and Martin
[21] found that the —OH-adduct reaction occurred
only for 1-unsubstituted imidazoleles (such as EMI-
24) with a shoulder on the main exothermic peak at
low EMI-24 concentrations. However, for the 1-
substituted imidazoles, the OH-adduct reaction did
not occur; only the O -adduct reaction occurred
through 3-N with the epoxide ring without similar
shoulder. Regrettably, Heise and Martin [21] did
not explain why OH-adduct reaction could form a
shoulder and O™ adduct reaction could not form a
shoulder. These observations were consistent with
the results of Ooi et al. [4]. The curing mechanism
of DGEBA/EMI-24 was studied by Chen and Liu
[22] and they revealed that the whole curing reaction
was divided into two independent stages. OH-
adduct reaction and O7-adduct reaction were
responsible for the first exothermic peak and etheri-
fication reaction led to the second exothermic peak.

— 25°C/min
204 — "5°Cimin
= —— 10°C/min
o 154 — 15°C/min
w
1.0
=)
=
= 059 .
=
$ oo \_‘_/Z‘\s.
~0.54— . . . . .
50 100 150 200 250 300
b) Temperature [°C]
—— DEN/HMMM/EMI-24
0.0047 —— MDEN/HMMM
0.003
E
S 0.0021
3
0.0014
0.000

1500 2000 2500

Time [s]
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d)

Figure 3. Non-isothermal DSC curing behavior of (a) DEN/HMMM/EMI-24, (b) DEN/EMI-24, (c¢) MDEN/HMMM and
(d) their curing reaction rates at the heating rate of 5°C/min
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However, the common results of previous work
were that the first exothermic peak got smaller and
smoother with the decrease of the concentrations of
1-unsubstituted imidazoles. In the previous study
reported by Ooi et al. [4], it was difficult to observe
that the lower temperature peak or shoulder was
present at 1 wt% of 2-Phl. Therefore, it was under-
standable that no lower temperature peak or shoul-
der occurred in the DEN/EMI-24 system and the
corresponding curing mechanism has now been
generally accepted without debate. From Figure 3a
and 3b, it could be concluded that the first exothermic
peak was attributed to the reaction between DEN
and EMI-24, and the main peak was due to the reac-
tion between DEN and HMMM.

Figure 3¢ represented the dynamic thermograms of
MDEN/HMMM system. Each of the DSC runs
showed a broad exothermic peak with shoulders,
which likely suggested that the non-isothermal
reaction can be considered as a combination of dif-
ferent kinetics process from a statistical viewpoint
[23]. Compared to DEN/HMMM/EMI-24, the value
of heat flow was relatively low and stable during
the whole curing process, which indicated the cur-
ing reaction was relatively mild. It would need
much more time to complete the curing and decrease
the internal stress during curing. This curing reac-
tion behavior was further verified as shown in Fig-
ure 3d. For curing of DEN/HMMM/EMI-24 at the
heating rate of 5°C/min, the maximum curing rate
reached 0.004 s~!, which was fivefold than that of
MDEN/HMMMM (about 0.0008 s™'). On the other
hand, it needed about 2000 s to complete the curing
reaction for the system of MDEN/HMMM at the
above condition.

3.3. Kinetic model

From the aforementioned DSC results, it could be
seen that MDEN had wider temperature range to
complete the curing reaction, which indicated that
their curing mechanisms were also different. In
order to reveal their differences, the kinetic model
was examined utilizing isoconversional methods. It
was known that the reaction activation energy (£,)
represented the potential barrier and the evolution
of the curing reaction [8]. As shown previously for
epoxy curing, model-free iso-conversional kinetics
analysis could allow one to yield reliable kinetics
parameters as well as to accomplish agreement with
isothermal data. Without assuming a particular
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form for the reaction model, these methods allow
for evaluating £, as a function of conversion (). This
E;-a correlation usually corresponded to change of
reaction mechanisms; it may reflect relative contri-
butions of parallel reaction channels to overall reac-
tion kinetics [24, 25]. In this work, Flynn-Wall-
Ozawa method was employed to analyze the mech-
anism of the non-isothermal reaction. Based on
Equation (4) through linear fitting of In(f) versus 1/7,
the values of £, were obtained for a particular a.

The variation of £, with the conversion (a) and that
of conversion with temperature were shown in Fig-
ure 4. It could be observed that the values of £, var-
ied with the increase of @ and exhibited a signifi-
cantly changing characteristic during the curing
reaction. For DEN/HMMM/EMI-24, the curing
process was characterized by a decrease in E, from
~80 to =50 kJ/mol. The decrease of E, implied that
the rate determining step of curing changed to a
process with smaller £, [26]. The curing rate was
generally controlled by the rate of chemical reac-
tion and the diffusion of reactants. When the molec-
ular motion was hindered and molecules only expe-
rienced a series of diffusion jumps to engage in a
chemical reaction, the diffusion became a rate deter-
mining factor. Therefore, the decrease in £, was
attributed to diffusion control [20]. An interpreta-
tion of this behavior of £, variation with conversion
was an apparent decrease in molecular mobility and
the polymer gels or due to a kinetic compensation
effect has been reported [23]. To eliminate these
effects, the mean value of the E, at the conversion
of curing in ranges of 0.1-0.5, was found to be
71.05 kJ/mol, which was quite typical for epoxy/
amine copolymerization [25]. However, for the sys-

—=— MDEN/HMMM
—=— DEN/HMMM/EMI-24
—=— DEN/HMMM/EMI-24
—=— MDEN/HMMM

- 250
100+
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601 £ - 100
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Figure 4. Variation of £, on the conversion and the depend-
ence of the conversion on temperature at the heat-
ing rate of 5°C/min for DEN/HMMM/EMI-24
and MDEN/HMMM systems
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tem of MDEN/HMMM, the E, of the curing process
increased to =106 kJ/mol from the value of
~61 kJ/mol. The increase in E, indicated that chem-
ical reaction was still a rate determining factor.
Although, increase of the conversion resulted in the
higher glass transition temperature (1) of the poly-
mer products, as soon as the actual experimental
temperature rose above the Ty, which did not result in
the appearance of glass transition effect [27]. In
MDEN/HMMM system of Figure 3d, the curing rate
was so low that the curing did not increase the T,
obviously, and then the influence of chemical reac-
tion on £, outweighed that of the diffusion, which
resulted in the increase of E,. Besides, for MDEN/
HMMM system, the mean value of £, can be calcu-
lated as mentioned above method as 77.44 kJ/mol.
From the curve of conversion vs. temperature, it
can be seen that the extent of conversion in DEN/
HMMM/EMI-24 was higher than that in MDEN/
HMMM at the same temperature. This was consis-
tent with the difference in the £, and higher £,
value would lead to higher barrier [24].

To construct the kinetic model, the kinetics analysis
of DSC curves was carried out by separating of the
three dominant overlapping exothermic peaks using
Gaussian distribution equation and analyzing the dis-
tinct characteristic of each exothermic peak. As an
example of MDEN/HMMM, the DSC thermogram
(solid line) and the calculated data (dashed line)
with three resolved peaks were illustrated in Fig-
ure Sa, at a heating rate of 5°C/min [23, 28]. Accord-
ing to Flynn-Wall-Ozawa method, the variation of £,
for the three reactions at different conversion was
shown in Figure 5b. It can be seen that the £, values
tended to increase with the increase of conversion
for reaction 1 and the £, values kept at a more com-
parative steady state for reactions 2 and 3. Besides,
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— — Reaction 1
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W 0.06 4
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=, 004

2

2

® V4

£ 002
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the mean £, value (70.05 kJ/mol) for reaction 1 was
almost the same as that (71.05 kJ/mol) of DEN/
HMMM/EMI-24. This implied that the mechanism
of reaction 1 was similar or same as the reaction of
DEN/HMMM/EMI-24. By the aid of the catalyst
(H"), the —~OCHj reacted with epoxide group and
hydroxyl group as shown in Figure 9. Meanwhile,
the mean E, values for reactions 2 and 3 were
106.55 and 101.91 kJ/mol, respectively, which were
in excellent agreement with those reported for
etherification by Cole et al. [29] (101.4 kJ/mol) and
Sbirrazzuoli et al. [30] (104 kJ/mol). This corre-
sponding etherification was shown in Figure 9.
Because the constancy of £, indicated a single lim-
iting process, reaction 2 was attributed to the ring-
opening reaction of epoxide with phenol hydroxyl,
and reaction 3 resulted from the ring-opening reac-
tion of epoxide with hydroxyl activated by neigh-
boring carbonyl group. From the chemical structure
of MDEN, it could be seen that etherification may
occur intramolecularly, which was influenced some-
what by diffusion.

In our case, the average £, value obtained from
Flynn-Wall-Ozawa method was used for the deter-
mination of the reaction order of the DEN/HMMM/
EMI-24 and MDEN/HMMM. In general, the mech-
anisms of thermoset curing were classified into two
major kinetic reactions, an n-order and an autocat-
alytic reaction. Friedman method was usually
employed to construct kinetic model. Figure 6
depicted Friedman plots as an exemplification of
DEN/HMMM/EMI-24, the reactions 1, 2 and 3 of
MDEN/HMMM at a heating rate of 5°C/min. For
DEN/HMMM/EMI-24, since In[4f{a)] and In(1 — a)
were not linearly related and evidently showed a
maximum in the range of the degree of conversion
mentioned above. All the results suggested that cur-
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Figure 5. (a) DSC thermograms of MDEN/HMM recorded at 5°C/min and (b) values of the £, of MDEN/HMMM obtained
from Flynn-Wall-Ozawa method at different conversion of curing
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ing reaction was autocatalytic in nature. The auto-
catalytic nature can be explained by the transforma-
tion of protons. For reactions 1, 2, and 3, In[Af{a)]
and In(1 — a) were perfectly linearly related in the
range of the degree of conversion mentioned above,
which indicated that all reactions were n order in
nature.

For the nM-order model, the kinetics parameters n
and A could be obtained by the slope of the linear
dependence In[4f{(a)] vs. In(1 — @), according to the
Equation (7). The results of the kinetics parameters
for reaction 1, reaction 2 and reaction 3 were listed
in Table 1.

For the autocatalytic model, Equation (6) was trans-
formed into Equation (8):

a) %
=Inf— |+
dr RT

= Ind + nin(1 — a) + min(a)

In[4f(a)]
(®)

Equation (8) can be solved by multiple linear regres-
sion, in which the dependent variable was In(da/d?),
and the independent variables were In(a), In(1 — @)
and 1/7. The results of the multiple linear regres-
sions analysis for DEN/HMMM/EMI-24 were listed
in Table 2. It can be seen that the variations of 4, m,
and n with the heating rate were in the same ranges
as those reported by Hardis et al. [13].
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Figure 6. Plots of In[A4f(a)] vs. In(1 — a) of DEN/HMMM/
EMI-24 and MDEN/HMMM based on the E,
from Flynn-Wall-Ozawa method at a heating rate
of 5°C/min

3.4. Isothermal FTIR analysis

To elucidate the cross-linking mechanism, FTIR
spectroscopy could be employed to track the changes
of chemical bonds during the process of curing
reaction. The rotation and vibration information was
very specific to the chemical bonds, and the peaks
in the spectrum corresponded to certain chemical
bonds allowing simple identifications. The relative
intensity of peaks was also directly proportional to
the relative concentration of the components in a
sample [31-33]. Isothermal FTIR analysis of the cur-
ing of DEN/HMMM/EMI-24 and MDEN/HMMM

Table 1. The kinetics parameters evaluated and their standard deviation (SD) for the curing of MDEN/HMMM system

Heating rate E/SD InA
[°C/min] (kJ/mol| [s71] Mean/SD n Mean/SD
Reaction 1 2.5 16.14 1.31
5 15.96 1.21
10 70.05/5.85 634 16.25/0.26 125 1.24/0.05
15 16.57 1.20
Reaction 2 2.5 23.91 1.43
5 24.38 1.61
106.55/1. 24.26/0.24 1. .1
10 06.55/1.57 2431 6/0 T6a 58/0.10
15 24.45 1.62
Reaction 3 2.5 20.10 1.28
5 20.03 1.23
101.91/0. 20.04/0. 1.26/0.04
10 01.91/0.37 9.0 0.04/0.08 127 6/0.0:
15 20.11 1.27

Table 2. The kinetics parameters evaluated and their standard deviation (SD) for the curing of DEN/HMMM/EMI-24 system

Heating rate

E/SD

InA

[°C/min] (kJ/mol] 5] Mean/SD n Mean/SD m Mean/SD
25 17.90 2.13 1.18
5 17.73 2.11 1.13
71.05/4.24 17.82/0.25 2.29/0.22 1.25/0.16
10 18.11 2.59 1.48
15 17.52 2.33 1.21
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with definite curing temperatures (160 and 200°C)
and different curing time (0, 30, 45 and 60 min) were
shown in Figures 7a, 7b and 7c, respectively. To the
three samples, the specific peak at 1550 cm™! attrib-
uted to stretching vibration of triazine ring remained
unchanged throughout the curing reaction and could
be considered as an internal standard. Meanwhile,
their corresponding changes of group intensity at
various times were also depicted in Figures 7d, 7e
and 7f. The peaks at 915 cm™! were corresponded to
the epoxide group and the intensity was observed to
decrease over time during the curing reaction. The
decrease can be explained by the opening of the
epoxide group in the curing process. Besides, it can
be found that the characteristics peak at 1385 cm™
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assigned to —CHj stretching vibration in amino
resin also decreased due to its reaction with epoxide
group and hydroxyl group. Surprisingly, the peaks
at 3447 cm™! assigned to —~OH stretching vibration
increased over time in DEN/HMMM/EMI-24 sys-
tem, which was due to the higher reaction activity
of epoxide than that of hydroxyl, and the produced
—OH was more than the consumed —OH, and these
—OH increased the polar of cured polymer [34-37].
The relative high polarity of —OH resulted in high
dielectric constant and water absorption, and the
results were consistent with our previous works [15].
While in MDEN/HMMM system, the -OH decreased
over time, and the higher curing temperature
improved the conversion rate of reactive groups.
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Figure 7. FTIR spectra of three samples at various curing time and their relative intensity change of different reactive
groups: DEN/HMMM/EMI-24 at 160°C (a,d) ; MDEN/HMMM at 160°C (b, e); MDEN/HMMM at 200°C (c, f)
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3.5. Mechanism of DEN/HMMM/EMI-24 and
MDEN/HMMM
According to the above results of DSC, FTIR and
other relative studies [7, 21, 22, 38], the mecha-
nisms of DEN/HMMM/EMI-24 and MDEN/HMMM
were proposed as shown in Figures 8 and 9. From
Figure &, it could be seen that the transformation of
proton can afford the acidic environment to assist
the reaction between DEN and HMMM. Besides,
due to the higher activity of epoxide, the produced
—OH was more than the consumed —OH. Therefore,
these mechanisms could explain that the kinetic
model was autocatalytic and the cured DEN resin
had higher dielectric constant and water absorption.

Furthermore, from Figure 9, it was observed that
phenol hydroxyl can afford the acidic environment,
therefore, the phenol hydroxyl and the hydroxyl acti-
vated by carboxyl could attack the epoxide and
methoxy group, which made the cross linking in
intermolecular and intramolecular simultaneously.
Compared with DEN/HMMM/EMI-24, the viscos-
ity had less effect on the reaction in MDEN/
HMMM, which could illustrate that the £, increased
with conversion.

3.6. Analysis of chemorheological behavior
In order to relate the viscosity of the reactive system
to the reaction kinetics, the oscillatory shear flow
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measurements were performed under non-isother-
mal condition as the thermocalorimetric measure-
ments. The complex viscosity and the conversion as
function of the temperature were plotted in Fig-
ure 10. At the beginning, the complex viscosity
decreased with temperature, and then a lowest vis-
cosity was obtained at a certain temperature. There-
after, a very rapid increase of the viscosity was
observed with obvious gelation. The following
plateau in complex viscosity with temperature
appeared ascribing to the dynamic modulus [14].
Besides, for DEN/HMMM/EMI-24, when the con-
version (a) was below 0.2, the low complex viscos-
ity cannot hinder the diffusion of molecule chains.
Therefore, the curing was controlled by chemical
reaction in this region. Meanwhile, when the con-
version (a) was above 0.2, the viscosity increased
rapidly with conversion, the diffusion of molecule
chains got difficult, and the curing reaction was con-
trolled by diffusion. Oppositely, for MDEN/HMMM,
even the conversion (a) reached to 0.9, the viscosity
was too low to hinder the diffusion of molecular
chains. Therefore, the cure reaction was controlled
by chemical reaction during almost the whole
process. All these results were consistent with E,,.
Moreover, the lowest viscosity can be considered as
the watershed in control mechanism of viscosity.
Before the watershed, the viscosity was sensitive to
temperature and could be controlled by tempera-
ture. Therefore, this mode was called physical mech-
anism of viscous falling. After the watershed,
increased temperature could only change the trend
in viscosity increase and not decrease the viscosity

10° - DENJHMMM/EMI-24 1.0
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1044 EMI-24
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Figure 10. Variation of complex viscosity on temperature
and the dependence of the conversion on tem-
perature at the heating rate of 2.5°C/min for
DEN/HMMM/EMI-24 and MDEN/HMMM
system

of reactive system; this mode was called chemical
mechanism of viscous increase. These control mech-
anism could conduct us to obtain better plastics
products during resin molding [39, 40].

4. Conclusions

The curing kinetics of epoxy novolac resin (DEN)
and modified epoxy novolac resin (MDEN) with
methanol etherified amino resin were studied. The
curing reaction of DEN resin mixture was autocat-
alytic in nature, due to the transformation of protons
and its average £, was calculated to be 71.05 kJ/mol.
The curing of MDEN resin mixture was consisted
of three dominant reactions (reactions 1, 2 and 3),
as evidenced by the presence of two shoulders in
the DSC thermograms. Thereinto, the activation
energy value of the reaction 1 was similar to that of
the DEN resin curing; the activation energy values
of reactions 2 and 3 were almost constant (106.55 and
101.91 kJ/mol, respectively), which were close to
those of etherification. The reaction 2 was attributed
to the ring-opening reaction of epoxide with phenol
hydroxyl, and the reaction 3 was resulted from the
ring-opening reaction of epoxide with hydroxyl
activated by neighboring carbonyl group. Their pos-
sible mechanisms were proposed via the results of
FTIR and DSC. At last, chemorheological behavior
was also characterized to instruct us preparing bet-
ter plastics products via controlling viscosity.
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Abstract. In this paper, we are reporting a novel strategy for the preparation of conductive polyaniline-clay nanocomposite
in Polyvinylchloride (PVC) matrix by admicellar emulsion polymerization using a low cost renewable resource based sur-
factant cum dopant. The highly oriented percolated network of polyaniline-clay nanocomposite in PVC matrix was revealed
from the studies made by scanning electron microscopy (SEM) and atomic force microscopy (AFM). Fourier transform
infrared spectroscopy (FTIR) results suggested that porous template was formed by the noncovalent interactions among the
hydroxyl groups present in the nanoclay edges and the chloride ions present in PVC matrix. Here, the bio-based surfactant,
4-hydroxy-2-pentadecyl benzene-1-sulphonic acid (PDPSA) performed multiple roles of dopant, emulsifier and soft template
during the polymerization of anilinium*PDPSA~ (An"PDPSA") in PVC-clay matrix. The prepared composite exhibited
electrical conductivity (4c) of 4.8:1072 S/cm and electromagnetic interference shielding efficiency (EMI SE) of 55.2 dB

suggesting it as a prospectable candidate for the encapsulation of electronic devices in high technological applications.

Keywords: nanocomposites, admicellar emulsion polymerization, conducting polymers

1. Introduction

Nanostructured electrically conducting polymer
composites are explored largely due to their com-
bined properties of the conventional polymers such
as ease of processability, low density, environmental
stability and corrosion resistance with electrical
properties of conducting polymers. Literature reveals
that conducting polymers with nanoscale morpholo-
gies including tubes, wires and fibres can be con-
structed by either self-assembly [1, 2] or template
approach [3—6] for the fabrication of electronic
devices such as batteries, capacitors, light emitting
diodes and sensors. Development of polyaniline
(PANI) wires using self-assembled micelle of
amphiphilic dopant by self-assembly approach has
been reported earlier [7]. Carswell ef al. [8] and

*Corresponding author, e-mail: sudhajd2001@yahoo.co.in
© BME-PT

other authors [9—11] have used adsorbed surfactants
as templates for the synthesis of morphologically
controlled PANI and polypyrrole nanowires on flat
surfaces. Babu et al. [12] proposed solvent directed
self-assembly of m—gelators for the preparation of
hierarchically aligned orthophenylene vinylene
amide nanofibers on polystyrene matrix. Poly-
styrene micro porous materials with porosity rang-
ing from micro to nano range prepared through the
sublimation of solvent by Guenet and coworkers
[13, 14]. A new way to pattern conjugated polymers
with nanoscale dimensions on a solid surface has
been described by admicellar polymerization (AP)
[15]. AP can be visualized as a technique analogous
to emulsion polymerization where the adsorbed
bilayered surfactant aggregates are used as tem-
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plates on various surfaces. Interactions between
polymers and surfactants in the bulk have been
extensively reviewed due to its relevance in many
industrial applications.

Small diameter, high aspect ratio, excellent conduc-
tivity, and high thermo-mechanical stability are
required to create conductive composites for high
performance applications. Researchers have shown
that nanocomposites with different morphologies
can be produced by tuning of polymer-clay interac-
tions [16-21]. Synthesis of conducting polyaniline-
clay nanocomposites (PCN) is receiving attention in
this respect since they are associated with the above
mentioned novel properties. We have reported earlier
that ‘PDPSA’ derived from cashew nut shell liquid
played multiple role of intercalating agent, structure
directing agent and dopant during the formation of
nanostructured PCNs [14, 22]. In the present work,
we are reporting a novel strategy for the preparation
of highly oriented percolated patterns of PCN in
PVC matrix (PVCPCN) using a combined mecha-
nism of porous template and self-assembly approach.
Onset of percolation threshold concentration (PTC)
was manifested from the morphological studies in
combination with electrical conductivity measure-
ments. The entanglement among the clay, PANI and
PVC in PVCPCN composite was manifested from
rheological measurements and FTIR. Electrical con-
ductivity, thermal properties and EMI SE of these
composites were evaluated.

2. Experimental

2.1. Materials

Bentonite clay with cation exchange capacity of
80 meq/100 g and a chemical formula of (Na, Ca)g_33
(Al; 67Mgp 33)Si4019(OH),'nH,0 was purchased from
Loba Chemie, Bombay, India. Aniline monomer,
methyl alcohol and ammonium persulphate (APS)
obtained from s.d.fine chem limited, Bombay, India.
PDPSA was prepared through the sulphonation of
3-pentadecyl phenol, (cashew export promotion
council, India) based on the procedure reported ear-
lier [8]. Polyvinyl chloride [molecular weight: M, =
61 500, M,, = 88 500, PDI = 1.4] was procured from
Nikunj enterprises, Bombay, India. Aniline was vac-
uum distilled prior to use.

2.1.1. Preparation of An"PDPSA™ micelle
An"PDPSA™ micelles were prepared by mixing sto-
ichiometric proportion of 0.025 g of aniline

(2.9:103 mole) and 0.011 g (2.9-1073 mole) of
PDPSA in water at 60°C for 1 hr.

2.1.2. Preparation of PVC-Clay dispersion

2.5 g of PVC in 250 mL chloroform was taken in a
500 mL three-necked round bottomed flask and was
fitted with a mechanical stirrer and a reflux con-
denser. Then it was heated with stirring under reflux
for 1 hr until the complete dispersion of PVC. Clay
dispersion was prepared separately by stirring
0.025 g clay in 25 mL water at 60°C for 4 hrs. Then
the prepared clay dispersion was added drop wise to
the PVC dispersion and stirred well for getting a
homogeneous system.

2.1.3. Preparation of electrically conductive
PVCPCN
Electrically conductive PCN percolates in PVC
matrix were prepared by admicellar polymerization
of ‘An"PDPSA ™ in PVC — clay dispersion using APS
as oxidant initiator. 100 mL of 1073 M solution of
An"PDPSA~ was added drop wise to the PVC-clay
dispersion and stirred for 2 hrs. The mixture was
then cooled down to 0°C by keeping in an ice bath
and a solution of APS (0.03 mole) dissolved in 50 mL
water was added drop wise to initiate the polymer-
ization. Reaction continued for another 3 to 4 hrs. The
emeraldine green colored conductive composite
formed was isolated by precipitating from methanol.
It was then filtered, washed several times with
methanol and dried in a vacuum oven for 3 days at
60°C. The purified product is designated as PVCPCN.
The procedure was repeated for developing com-
posites with varying weight percentage of conduc-
tive PCN and the details are depicted in Table 1.
The same procedure is repeated for the preparation
of composites without clay and was designated as
PVCPN and the details were given in Table 1. PAN-
ICN and PANI-PDPSA were prepared as per the
procedure reported earlier [22].

2.2. Fabrication of conductive films

Electrically conductive PVCPCN and PVCPN com-
posites were cast into film from an electrically heated
film making press. The compression moulded sam-
ples (thickness 10 mm, planar area 5.2-10~* m?) were
prepared by keeping the composites at 100°C for
five minutes under pressure. Then films were
allowed to cool at room temperature and measure-
ments were made after keeping for 24 hr.
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Table 1. Electrical conductivity and EMI SE of PVCPN and PVCPCN composites

Sample code Wt% of PANI Wt% of clay C‘";g/'gntllv ity EMI SE [dB] at 10 GHz

PVC 0.0 - - -

PANI-PDPSA 100.0 - 35 -

PVCPN 1 5.0 - 23310° 71
PVCPN 2 75 - 2451072 8.2
PVCPN 3 10.0 - 220102 14.8
PVCPCN 1 25 10 8.46:10°° 353
PVCPCN 2 5.0 10 42610° 56.7
PVCPCN 3 75 10 47310° 66.0
PVCPCN 4 10.0 10 458107 73.2

2.3. Characterization techniques

UV-Vis absorption spectra of the PVCPCN com-
posites were studied using UV-Vis spectrophotome-
ter [Shimadzu model 2100, Japan] in the range of
300-1100 nm. FT-IR measurements of the compos-
ites were made using fully computerized Nicolet
impact 400D FT-IR spectrophotometer (Czech
Republic, EU). X-ray diffraction studies were done
using powder X-ray diffractometer (Philips X’pert
Pro, Netherlands) with CukK, radiation (4~
0.154 nm) employing X’celarator detector and mono-
chromator at the diffraction beam side. Thin films
casted on glass plates were used employing stan-
dard sample holder. Electrical conductivity (og4.) of
films was measured using the standard spring loaded
pressure contact four probe conductivity meter sup-
plied by Keithley (Germany) as per the standard
procedure ASTM F 43-99. The conductivity (a¢)
was calculated using Van der Pauw relation oy =
[In2/(z-d)]-(1/V). Where d is the thickness of the
film, / is the current and V' is the voltage. Morphol-
ogy of the hard and soft template formation was
observed under AFM. Images were recorded under
ambient conditions using Ntegra multimode Nano-
scope IV (Netherlands) operating in the tapping
mode regime. Micro fabricated silicon cantilever
tips (MPP-11100-10) with a resonance frequency of
284-299 kHz and a spring constant of 20—-80 Nm™!
were used. The scan rate varied from 0.5 to 1.5 Hz.
Complementary studies were made using scanning
electron microscope (SEM, JEOL make, model JSM
5600 LV,Germany) at 15 kV accelerating voltage.
ESEM experiments with the dispersion of PVC-clay
were carried out using the FEG Quanta ESEM
instrument (Hitachi, Japan). TEM measurements
were carried out using FEI (Tecnai G2 30 S-TWIN,
USA) with an accelerating voltage of 100 kV. For
TEM measurements, the sample solutions were

coated on a formvar coated copper grid and dried in
vacuum at room temperature before observation.
Thermal analysis of the composites was performed
with TA instruments (Differential Scanning Calori-
metry 2920, Switzerland) instrument under nitro-
gen atmosphere. Rheological property of the con-
ductive composite was measured using Modulated
Compact Rheometre-150 Physica (Germany). Par-
allel plate sensor with a diameter of 50 mm and a
gap size of 0.25 mm were used and measurements
were done in dynamic oscillatory mode at 100°C
(frequency range 0.001-1000 rad/s). EMI SE of the
prepared samples have been measured using a labo-
ratory developed one-port coaxial sample holder
backed by short on Vector network analyzer (VNA)
Wiltron 37247B (Germany) in the desired fre-
quency range. The return loss (RLin dB) of the sam-
ple was measured on the calibrated VNA by con-
necting the one port sample holder at the test port
without and with the sample. Half of this measured
RL is the EMI SE of the sample in dBs.

3. Results and discussion
3.1. Mechanism for the formation of ‘percolated
conductive composite, PVCPCN

Percolated pattern of electrically conductive
PVCPCN prepared by admicellar oxidative radical
polymerization of An"PDPSA™ in PVC-clay disper-
sion using APS as initiator and is shown in Fig-
ure 1. Formation of ‘porous template’ was mani-
fested from the studies made using SEM, AFM and
TEM in combination with FTIR. FT-IR spectra of
PANI, PVC-clay dispersion, PVC, PVCPCN and
clay are shown in Figure 2, respectively. PANI
showed characteristic bands at 1552 and 1483 cm™
(stretching vibration of quinoid ring and benzenoid
ring), 3100 cm™'(N-H str), 2900 and 2850 cm™!(C-
H str), and 1297 cm™!(C-N). PVC exhibited charac-
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Figure 2. FT-IR spectra of (a) PANI, (b) PVC clay disper-
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teristic bands at 1447 cm™'(CH»), 1239 cm™!(C-H
of CHCI), 1026 cm™(C-C), 969 cm™'(CH; rocking)
and 710, 615 cm™!(C-Cl) [12]. Clay showed charac-
teristic peaks at 1025 cm™ [v (Si-O)], 913 cm™ [v
(Al-OH)] and 528 cm™! [v (Si-O-Al)]. However, the
FTIR spectra of PVC-clay dispersion exhibited the
bands at 1477, 1227, 1021, 744 and 710 cm™'. The
observed shift in the bands of PVC-clay dispersion
compared to the characteristic bands of PVC and
clay revealed the presence of noncovalent interac-
tions among clay and PVC moieties. These interac-
tions are responsible for the formation of porous
template. Microscopic analysis of PVC-clay disper-
sion exhibited almost uniform microporous shapes
having pore diameter of ~1.5 um ESEM and ordi-
nary SEM images were shown in Figure 3a and 3b,

respectively. Dimension of the pore size and thick-
ness were further confirmed by AFM studies and
the corresponding image of the PVC-clay was
shown in Figure 3c. The AFM image of a single
pore is given in Figure 3e and its height profile is
depicted in Figure 3d. Pore size of the template is
measured to be ~1.32 um which is almost matching
with the observation from SEM analysis and wall
thickness of the pore is measured as ~100 nm. The
pore wall was formed by parallel stack of silicate
layers and its aggregates through edge to edge asso-
ciation as reported earlier [23]. Further formation of
porous template was confirmed by TEM analysis
and the image of the same is given in Figure 4. Here
also the image measured pore size of ~1.3 um with
well defined wall thickness of 98 nm.

FTIR spectrum of PVCPCN exhibited bands at
1578, 1489, 1298, 1009, 800, 676, 506 cm™' and
shown in Figure 2 curve d. The observed shift in the
positions of bands in PVCPCN compared to the
characteristic bands of PANI, clay and PVC can be
ascribed due to the formation of noncovalent inter-
action among the clay, PANI and PVC moieties.
Thus, the various noncovalent and covalent interac-
tions among the various entities present in clay,
PANI and PVC are responsible for the formation of
steady and uniform films.

The mechanism for the formation of steady and uni-
form conductive films can be explained by the results
obtained from FTIR and morphological analysis.
Initially, aniline combines with the amphiphilic
dopant PDPSA to form An"PDPSA™ by the acid-
base reaction. Later they will self-assemble in water
to form cylindrical micelles as shown in Figure 1.
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Figure 3. SEM image of porous template (a) ESEM, (b) ordinary SEM, (c) AFM image of PVC-clay pores, (d) AFM pro-
file of porous template, (¢) AFM image of a single pore

Figure 4. TEM image of (a) porous templates of PVC-clay, (b) single pore

During agitation An"PDPSA™ micelles present in
the emulsion can be easily introduced into the
hydrophilic pores present in PVC-clay dispersion
through the driving force of interfacial attraction
between the hydrophilic charges present in the
walls of the pore towards the micelle. In the pres-
ence of excess aniline, some portion of the aniline
will imbibe inside the cylindrical micelle and some
portion will be retaining in the chloroform layer. In
the presence of oxidative radical intiator APS, poly-
merization initiates inside the pore and propagates
through the walls. Similar polymerization propaga-
tion process guided by the hydrophilic groups pres-
ent in the hard template was reported earlier and it
strengthens our observation [24-26]. As polymer-
ization proceeds further, the various covalent and
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noncovalent interactions among clay tactoids, PVC
and PANI become stronger and this may cause col-
lapsing the walls of pores to form percolated net-
work structure in PVCPCN. This mechanism is
supported by the studies made by other researchers
[27]. The AFM micrographs of PVCPCN are shown
in Figure 5a (cast in glass plate) and Figure 5b
(casted in HOPG plate). SEM picture of the same is
given as Figure 5c. Both micrographs exhibited per-
colated wires of PCN (bright shade) in PVC matrix
(dark shade) having micrometer in length and diam-
eter of ~20 nm. The AFM height profiles of the same
are shown in Figure 5d and Se respectively. Topo-
graphical analysis showed that the heights of the
PCN particles are in ~5 to 20 nm suggesting the for-
mation of nanostructured conducting particles of
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Figure 5. AFM micrographs of PVCPCN observed during the onset of percolation (a) casted in glass plate, (b) casted in
HOPG substrate and (¢c) SEM image of PVCPCN (d, ) AFM height profile of PVCPCN during onset of polymer-
ization casted in glass plate and HOPG substrate respectively

PCN in PVC matrix. The surface roughness of the
film was measured to be 1.776 nm. Based on the
morphological and spectroscopic experimental evi-
dence, a plausible mechanism for the formation of
highly oriented percolated structures of nanowires
of PCN in PVC is illustrated as per Figure 1.

3.2. UV-Vis spectroscopy

Electronic state of the conductive composite was
manifested from UV-Vis spectroscopy. UV-vis spec-
tra of PANI, PCN, PVCPN and PVCPCN are shown
in Figure 6. PANI exists in the emeraldine salt state.
PANI exhibited three peaks at (i) 340 nm corre-
sponding to m—7* transition of benzenoid structure,
(i1) 440 nm corresponding to the polaron band to
n* (iii) 700-900 nm corresponding to m-polaron
bandpresent in the PANI chain. However, PCN and
PVCPN exhibited a broad absorption maximum at
460 nm due to the merging of two initial peaks (330
and 460 nm) and a second absorption maximum at
750 nm. The absorption spectra of PVCPCN showed
similar pattern with a red shift in the polaron band
with a free carrier tail at 900 nm. This red shift
observed in the composites when compared to
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Figure 6. UV-visible spectra of (a) PANI, (b) PCN,
(c) PVCPN, (d) PVCPCN

PVCPN is due to the formation of more number of
delocalized charge carriers present in the polaron
band.

3.3. X-ray diffraction studies

X-ray diffractograms of clay, PANI-PDPSA, PVCPN
and PVCPCN were recorded using thin films of
samples having 100 pm thicknesses and are shown
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Figure 7. XRD plots of (a) clay, (b) PANI-PDPSA,
(c) PVCPN, (d) PVCPCN

in Figure 7. Clay showed d001 basal spacing of
12.1 A at 20 = 6.7° corresponding to the distance
between the layers along the c-axis direction. PANI
exhibited characteristic broad peak at 20 = 23.4°
and a sharp reflection at 20 = 3.4° corresponding to
the self assembled aggregated structure. PVCPN
exhibited diffraction peaks at 20 = 3.3, 9.4, 28.6°
with d-spacing of 25.5, 9.0, 3.0 A respectively. In
PVCPCN, the diffraction peak corresponding to the
doo1 plane of clay completely shifted to 20 = 3.3°
with d-spacing of 26.4 A and might have merged
with the aggregated peak of self assembled PANI-
PDPSA.It exhibited peaks at broad peaks at 20.52,
25.22,27.26° with d-spacing of 4.21,3.43 and 3.18 A,
respectively.

3.4. Electrical conductivity and EMI shielding
efficiency
Electrical conductivity measurement of the PVCPN
and PVCPCN were done using thin films of uni-
form thickness and the values are depicted in Table 1.
PANI-PDPSA exhibited conductivity of 3.5 S/cm.
PTC of the conductive material in the composite
was determined by plotting electrical conductivity
measurements against the concentration of conduc-
tive material. It was observed that electrical conduc-
tivity exhibited a plateau beyond certain concentra-
tion and is considered as the onset of a conductive
path in the matrix. This value depends upon the
shape and size distribution of conductive particles
in the polymer matrix and has been applied to
describe electrical conductivity observations within
various composites. For PVCPN, PTC is observed

to be 7.5 weight percentage with conductivity
2.45-1072 S/cm and that of PVCPCN showed PTC
at 5 weight percentage with conductivity
4.26-1072 S/cm. Similar observations were made by
other researchers [28]. Thus, the electrical conduc-
tivity measurement also substantiated the formation
of more ordered conductive network in presence of
clay. This observation is complimentary to the obser-
vations from SEM and AFM.

Effect of PVCPN and PVCPCN on EMI SE was
studied and the details are showed in Table 1. It was
observed that as the amount of conductive filler load-
ing increased, EMI SE also showed a hike in the
values. The EMI SE of conductive films of PVCPN
containing PANI 5, 7.5 and 10% were measured to
be 7.1, 8.2 and 14.8 dB respectively. EMI SE meas-
urement of PVCPCN films containing conductive
fillers of 2.5, 5, 7.5 and 10% exhibited EMI SE of
35.3, 56.7 66 and 73.2 dB respectively. The higher
EMI SE value observed for PVCPCNEs is attributed
from the higher extent of attenuation favoured by the
multiple reflection mechanism induced by the nano
clay layers having high interfacial area [29]. Thus
the films containing PCNs could attenuate electro-
magnetic radiation by two mechanisms of absorp-
tion and multiple reflections.

3.5.DSC

PVC showed a thermal transition at 75°C corre-
sponding to the glass transition of PVC. PANI exhib-
ited a broad endothermic transition at 106°C due to
breaking of the intermolecular hydrogen bonding
present in the bulk PANI. PVCPN exhibited a broad
endothermic transition between 79-106°C which
can be considered as the energy transition due to the
noncovalent interaction among the various moieties
present in PVCPN. But PVCPCN showed three tran-
sitions between 102—123°C, which can be ascribed
due to the unwinding of PCN chains through break-
ing the noncovalent interactions between clay tac-
toids and PVC.

3.6. Rheology

The presence of exfoliated nanoclay layers and the
interaction between the conductive filler-host matrix
was manifested from rheological property measure-
ments. Loss modulus (G") and storage modulus
(G") were measured as a function of frequency at
100°C under angular frequency sweep of 0.001 to
1000 rad/sec at 5% strain. The G’ is related to the
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Figure 8. Variation of G’ and G” with angular frequency:
(a) G" of PVCPCN (b) G" of PVCPCN (c) G’ of
PVCPN and (d) G” of PVCPN

ability of the material to store energy when an oscil-
latory force is applied to the specimen and the G" is
related to the ability to lose the energy. These prop-
erties were measured to examine the degree of entan-
glement in the conductive composite of PVCPCN.
Variation of G' and G” with angular frequency of
PVCPN and PVCPCN are shown in Figure 8. Both
exhibited distinctly different oscillatory responses.
G’ and G" of PVCPCN is found to be greater than
that of PVCPN. This could be due to the presence
of entanglement induced by the percolated nanoag-
gregates present in PVCPCN [30, 31].

4. Conclusions

In summary, electrically conductive films with
highly ordered percolated conductive network pat-
tern (PVCPCN) were successfully prepared by self-
assembly cum porous template based strategy. Here,
the surfactant cum dopant, PDPSA derived from a
low cost renewable resource based product could
function as soft template and structure-directing
agent. Thus the combination of self-assembly growth
with hydrophilic porous template allows the forma-
tion of large scale percolated patterns of nanowires.
This capability in retaining template without post
processing is challenging in organic electronic
devices. Moreover, property evaluation of this mate-
rial exhibited excellent electrical conductivity and
EMI SE which makes them a promising candidate
for EMI/electrostatic dissipating matrix for high
technological applications. Further, the proposed
strategy can be exploited for the development of
percolated patterns of nanostructured conductive
molecules in other insulative matrices for the fabri-
cation of nanoelectronic devices.
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Abstract. To speed up curing of ethylene vinyl acetate (EVA) films as encapsulation materials for photovoltaic modules, a
dual curing agent of benzoyl peroxide (BPO) and butylperoxy 2-ethylhexyl carbonate (TBEC) was introduced in this work.
The experimental results indicated that for the weight ratio of BPO/TBEC of 0.6/2.4, over 80% gel content of EVA was
yielded after curing at 130°C for 12 min. Compared with the case of single curing agent, the present one obviously operated
at much lower temperature with faster rate. By carefully studying the influence of curing agent proportion and curing con-
ditions on gel content of EVA films, as well as rheology and curing kinetics, the mechanism involved was analyzed and ver-
ified. The results are believed to be useful for developing new curing system of EVA encapsulation films with improved

processability.

Keywords: industrial applications, ethylene vinyl acetate (EVA) films, curing, dual curing agent, properties

1. Introduction

Silicon wafers in solar cells (also called photo-
voltaic (PV) modules) are generally embedded in
encapsulation polymer films by either glass/glass or
glass/plastic technology. The latter plays a vital role
to bond different components. So far, the most com-
mon encapsulation material for PV modules is eth-
ylene vinyl acetate (EVA) because of its balanced
performance [1-3]. To provide high transparency,
electrical insulation and mechanical stability for
photovoltaic system, EVA films have to be cured
during encapsulation [4], which has a direct impact
on the production efficiency and products quality.
It is worth noting that curing of EVA is quite time-
consuming. When dicumyl peroxide (DCP) acts as
curing agent, the lamination process typically pro-

*Corresponding author, e-mail: cesrwh@mail.sysu.edu.cn
© BME-PT

ceeds under vacuum and high pressure at 150-160°C
for a while (>30 min) [5]. To accelerate curing of
EVA films, efforts to develop advanced curing agent
have been made. Butylperoxy 2-ethylhexyl carbon-
ate (TBEC), for example, was found to be able to
decrease the curing temperature and time to 145°C
and 20-25 min, respectively [6]. In addition, ben-
zoyl peroxide (BPO) was applied, which allowed for
curing below 100°C. Nevertheless, the high exhaust
rate of BPO caused damage to surface roughness
and pre-curing would occur as decomposition tem-
perature of BPO was close to the processing tem-
perature.

Meanwhile, Beheshty et al. [7] studied curing of
unsaturated polyester with acetyl acetone peroxide
(AAP) solution as low temperature curing agent
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and t-butyl perbenzoate (TBPB) as high tempera-
ture curing agent. The results showed that the cur-
ing temperature was reduced by 10°C and the cur-
ing speed was increased. Firstly, the low tempera-
ture curing agent was decomposed to initiate the
curing, increasing local temperature of the polymer
owing to the exotherm. Then, decomposition of the
high temperature curing agent is triggered, which
further increase the curing rate [8]. Xia and Cook
[9] also used dual radical initiator system of two
peroxides with different initiation rates to polymer-
ize nona-ethylene glycol dimethacrylate. The maxi-
mum heat flow was reduced and polymerization
process was spread over a broader range of temper-
ature without affecting the degree of curing.

The above review suggests that dual curing agent
rather than single curing agent would be more effec-
tive for accelerating curing of EVA films. In this
context, we combine BPO and TBEC into one group.
It is hoped that the BPO could induce crosslinking
reaction of EVA at lower temperature, while TBEC
takes effect at higher temperature as mentioned
above. Hereinafter, the influences of compounding
proportion and curing conditions on gel content of
EVA films are investigated to verify our design.
Kinetics and rheology of curing as well as optical
property and storage performance of EVA films are
also studied. The outcomes of this work will be
helpful for industrial applications in practice.

2. Experimental section

2.1. Materials

Granulated EVA copolymer with 32% vinyl acetate
(VA) content (EVA MA-10, melt flow index =
40 g/10 min, melting point= 65°C, density =
0.950 g/cm®) was supplied by Polyolefin Company
(Singapore) Pte, Ltd. The low temperature curing
agent BPO was purchased from Shanghai Aladdin,
China. The high temperature curing agent TBEC was
bought from Shangyu Shaofeng Chemical Co., Ltd.,
China. The anti-ageing system of EVA encapsulation
films was provided by cooperative enterprise [10].
Ultraviolet absorbent 329, antioxidant 1010 and light
stabilizer 944 were also bought from Shangyu
Shaofeng Chemical Co., Ltd., China.

2.2. Preparation of EVA films
EVA films containing BPO/TBEC were prepared as
follows. EVA granules (45.0 g) and a certain portion

of the additives were mixed by a HAAKE mixer
(RC300p, HAAKE, Germany) at 70°C with a rotor
speed of 50 r/min. Afterwards, the compounds were
pressed into films 0.40 mm thick (with a 0.15 mm
gas exhaust layer) by a laminator (CHTECH, CH-
0205, China). For comparison, EVA films with sin-
gle curing agent TBEC were fabricated under the
same way.

The curing of EVA films took place in a RGFDY-
002 solar cell laminator (Jinan Rui PV Machinery
Co., Ltd., China) in vacuum. Effects of curing time
and temperature were studied.

2.3. Characterization

Cured EVA films were extracted by xylene at 150°C
for 24 h (ASTM D5492). After extraction, the sam-
ples were dried a vacuum at 80°C for 24 h. Gel con-
tent, GC, was calculated from Equation (1):

_Wl_WZ

GC -100% (1)

1
where W, denotes the weight of EVA films before
extraction, W, the weight of EVA films after extrac-
tion. To check stability of the curing performance,
the EVA films containing curing agent were stored
at 60°C for a month and then cured. Then, gel con-
tent was determined by the xylene extraction.

To monitor the curing process, EVA films with the
curing agents were mixed in a HAAKE torque rheo-
meter (RC300p, HAAKE, Germany) for 20 min at
different temperatures (110, 120, 130 and 140°C)
with a rotor speed of 30 r/min. Torque-time and tem-
perature-time curves were recorded.

Kinetics study of curing of EVA films was carried
out by differential scanning calorimeter (DSC) with
TA instruments Q10 under nitrogen atmosphere at
different heating rates (1, 3, 5, 7 and 9°C/min) from
=50 to 250°C. The weights of all the specimens
were approximately 3—5 mg.

A transmittance haze meter (WGT-S, Bogoo, China)
was used to measure light-transmittance and haze
values of cured EVA films according to the method
of ASTM D 1003: 2007 [11].

The storage performance test is according to the fol-
lowing steps. After been stored at 60°C for a month,
the EVA films were cured by a solar cell laminator
(Jinan Rui PV Machinery Co., Ltd., RGFDY-002)
in a vacuum. The gel contents (GC%) of EVA films
were tested by xylene extraction.
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3. Results and discussion

Crosslinked EVA chains are insoluble in hot xylene,
while the non-crosslinked ones are dissolvable. On
the basis of this principle, the gel content measure-
ment not only reflects crosslinking degree of cured
EVA films, but also can be used to optimize curing
conditions. Figure 1 shows the dependence of gel
content of cured EVA films on relative proportions
of the dual curing agent. It is seen that under the
curing temperature of 130°C, the gel content of the
cured EVA films with BPO/TBEC ratio of 0.8/2.2 is
about 85%. With a rise in the concentration of TBEC,
the gel content gradually decreases. Similar trend
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—C— Curing temperature = 130°C, curing time = 20 min
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Figure 1. Gel contents of EVA films cured by BPO/TBEC
at different temperatures as a function of BPO/
TBEC weight ratio
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also appears for the curing at 120°C. Since the gel
content at BPO/TBEC ratio of 0.8/2.2 resembles
that at 0.6/2.4, the latter value is chosen as the opti-
mal one from the viewpoint of economic benefit
considering that BPO is much cheaper than TBEC.
Figure 2 further reveals the effect of curing time.
The gel content of cured EVA films increases with
increasing curing time as usual. The most interest-
ing issue lies in the fact that for the curing tempera-
ture from 110 to 130°C, the gel content of the EVA
films cured by BPO/TBEC is higher than that of the
EVA films cured only by TBEC. When the curing
temperature is raised to 140°C, the TBEC cured EVA
films possess higher gel content. These phenomena
imply that BPO serves as an accelerator for TBEC,
which reduces both curing time and curing temper-
ature of EVA system. Synergy between dual curing
agent can be used to explain this phenomenon that
the low temperature curing agent was decomposed
to initiate the curing, increasing local temperature
of the polymer owing to the exotherm. Then, decom-
position of the high temperature curing agent is
triggered, which further increase the curing rate [8].
Consequently, the gel content of the EVA films
cured by the dual curing agent at 130°C is almost
the same as that cured by TBEC alone at 140°C (cf.
Figure 2¢ and 2d).
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Figure 2. Gel contents of EVA films cured for different times. Curing temperature: (a) 110°C, (b) 120°C, (c) 130°C, and

(d) 140°C
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Since a gel content of 80% fits the requirements of
practical usage, the optimum curing conditions can
thus be determined: curing temperature = 130°C, cur-
ing time = 12 min, and BPO/TBEC = 0.6/2.4, which
will be applied in the subsequent tests.

Crosslinked networks are built up in the course of
curing, which must affect rheological behavior of
the polymer. Examination of changes in torque as a
function of time would in turn gives us some insight
into the curing behavior. Figure 3 shows that follow-
ing the feeding peak at the beginning, the torque of
EVA increases with time due to viscosity increase
originating from curing reaction. The torque
reaches maximum when curing completes, and then
decreases with further increasing time. Figure 3a
exhibits that for the curing temperature of 110°C, the
torque of EVA cured by BPO/TBEC increases more
rapidly than that by TBEC. The curing time corre-
sponding to the maximum torque, . [12, 13], of EVA
with BPO/TBEC is 9.5 min, while that with TBEC
is more than 20 min. In the case of higher curing
temperature, the difference of rheological behavior
between EVA with BPO/TBEC and EVA with TBEC
declines, as characterized by the more and more
smaller difference in 7. Clearly, BPO takes effect in
the dual curing agent system within a relatively
wide temperature range. Even in the case of 140°C,
its accelerating role is still perceived.

25 1120
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= 180 &
£ 5] . Ca
—_ @
£ 80 =
=4 [
S 10
= o 2
@
5 420
% 5 10 5 20
a) Time [min]
30 140
3
1-TBEC
25 . 2z BPO(aawt“ VTBEC (3 wiew) 1120
3 - Curing temperature 1100
E 20 =)
= leo @
- @
g 15f 3
8 ; 1%° g
1 ) E
’ lao
5 1420
) 2
% 5 10 15 20°
c) Time [min]

To investigate curing kinetics of the EVA system,
DSC measurements were conducted. It can be
observed from Figure 4 that there are several transi-
tions during heating of EVA containing curing
agents. Two exothermic peaks appear in the region
of 40-80°C, one of which at about 50°C is attrib-
uted to a secondary crystallization, whereas the peak
around 65-70°C is the thermo-dynamical melting
point of the PE crystallites of EVA [14-16]. The cur-
ing of EVA occurs in the region of 100—180°C by
the emergence of a double exothermic peak. For
EVA with TBEC, enthalpy of the endothermic peak
at 125°C is 0.48 J/g and that of the endothermic peak
at 150°C is 15.9 J/g. The latter corresponds to the
decomposition of TBEC. When the curing agent is
replaced by BPO/TBEC, enthalpy of the endother-

—— BPO (0.6 Wt%)ITBEC (2.4 wt%)
— TBEC (3 wt%)
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\I\I~
|

20 50 80 110 140 170 200
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Figure 4. DSC heating curves of EVA with different curing
agents recorded at a heating rate of 3 °C/min

30 140
2 20
1
25 1-TBECE
-BPO 6 wt" WTBEC (3 wt%) 1400
T 20 3 Curing temperature %)
= £,
p
=3 =
2 a
£
@
b) Time [min]
30 150
3
1-TBEC
25 2-BPO Ciﬁ M%'}ITBEC (3wt%) J 120
3- Cunng temperature
- 5
z 19 ¢
—_ =}
E 8
@
1130
2
15 200

d) Time [min]

Figure 3. Torque versus time of EVA cured at different curing temperatures: a) 110°C, b) 120°C, ¢) 130°C, d) 140°C
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Figure 5. DSC heating curves of EVA containing (a) TEBC (3 wt%) and (b) BPO (0.6 wt%)/TEBC (2.4 wt%) recorded at

different heating rates

Table 1. Curing kinetics characteristics of EVA films at different heating rates tested by DSC

EVA film with TBEC EVA film with BPO/TBEC
(EVA:TBEC =100:3) (EVA:BPO:TBEC =100:0.6:2.4)
B 1 3 5 7 1 3 5 7 90
T [K] 370.46 382.59 387.73 387.47 391.09 355.57 383.61 387.98 390.23 392.06
T, [K] 416.19 427.67 433.26 436.55 440.45 414.98 426.61 433.75 436.19 439.65
Ty [K] 432.20 445.36 450.21 454.32 455.97 429.42 443.01 448.43 452.59 458.80

*Ti is the start temperature of curing and 7t is the end temperature of curing

mic peak at 125°C becomes 2.1 J/g. In combination
with the above results of torque rheometer, a con-
clusion can be drawn that decomposition of BPO
indeed initiates the curing of EVA at lower temper-
ature and accelerates the curing of EVA as expected.
Further research on curing kinetics of EVA films
was also carried out by DSC at different dynamic
heating rate (Figure 5) and corresponding kinetics
characteristics are listed in Table 1.
The activation energy used to reflect the curing rate
can be calculated by classic Kissinger equation
(Equation (2)) [17] according to the data in Table 1:
- lnﬁ2 =
p

1nA+E“ 2
RT 2

R is the gas constant, 7}, is the Kelvin temperature,
A and E, are material constants. The constant £,

12.5
12.0 b .
15}

5 1M10F -~

= /

]
105k /-
100f o —a— TBEC

—e— BPO/TBEC
9.5 L L
0.0023 0.0024
a) 1T, [K)

called the activation energy, is often interpreted as
the energy barrier opposing the reaction. The con-
stant 4, most often called the frequency factor, is a
measure of the probability that a molecule having
energy £, will participate in a reaction.

Plotted —Inp/T3 versus 1/T, curve in Figure 6a give
a straight line with a slope of —£,/R. Caculated E,
for EVA film with TBEC and EVA film with BPO/
TBEC were listed in Table 2.

Table 2. Curing activation energies of EVA respectively
cured by TBEC and BPO/TBEC

. Kissinger Ozawa
Content of curing agent (J/mol] (3/mol]
TBEC (3 wt%) 132.9 133.0
BPO (0.6 wt%)/TBEC (2.4 wt%) 123.2 123.7
25
—u— TBEC
—e— BPO/TBEC
20t
1.5}
[:=%
=
1.0+
05}
0.0 L
0.0023 0.0024
b) 1T, (K]

Figure 6. Corresponding data obtained from DSC caculation for EVA films: a) curves for Kissinger equation, b) curves for

Ozawa equation

120



Xue et al. — eXPRESS Polymer Letters Vol.8, No.2 (2014) 116122

Table 3. Light-transmittance and haze values of EVA films
cured with different curing agents

Light-
. . Haze value
Content of curing agent transmittance
[%o]
(Y]
TBEC (3 wt%) 91.0 (0.04) ]0.33 (£0.006)
BPO (0.2 wt%)/TBEC (2.8 wt%) | 90.9 (0.06) |0.34 (£0.002)
BPO (0.4 wt%)/TBEC (2.6 wt%) | 90.8 (+0.02) [0.36 (£0.004)
BPO (0.6 wt%)/TBEC (2.4 wt%)| 90.8 (+0.02) [0.39 (£0.002)
BPO (0.8 wt%)/TBEC (2.2 wt%) | 90.9 (0.02) |0.38 (£0.002)
BPO (1 wt%)/TBEC (2 wt%) 90.8 (+0.04) |0.40 (+0.004)

For comparison, the activation energy was also cal-
culated by Ozawa equation (Equation (3)) [18].
Corresponding Inf versus 1/T curve was plotted in
Figure 6b and calculated £, were also listed in
Table 2:

AE

2R

As listed in Table 3, the curing activation energies
of EVA estimated by the two methods are similar to
each other. It means that the data have a high relia-
bility. In the case of dual curing agent, the curing
activation energy is 123.7 J/mol, which is lower than
that of EVA cured by TBEC (133.0 J/mol) [19, 20].
It manifests that the curing reaction of EVA becomes
easier so that it can be conducted at lower tempera-
ture. The accelerating effect of BPO is proved again.
Optical losses in a PV module consist of reflection
losses and absorption losses of the encapsulations
in the front [21, 22]. After curing, optical properties
of EVA films might change. Table 3 shows light-
transmittance and haze values of EVA films after
curing. The light-transmittance of the EVA films
cured by TBEC is 91.0% and the haze value is
0.33%o. It’s fortunately to see that the two parame-
ters of the EVA films with BPO/TBEC are close to
those of EVA films without BPO. The addition of
BPO particles does not affect optical property of
EVA films owing to its decomposition during cur-
ing. This ensures application of the EVA films in
practice.

In general, EVA films have to be stored in ware-
house for a period of time before packaging. During
this period, temperature fluctuation might make the
pre-compounded curing agents inactivate, espe-
cially when the low temperature curing agent is
incorporated. (The self-accelerating decomposition
temperature of BPO is 83°C and its half-life of 10 h

0.4578E,
RT

p

logB = log — 2315 — 3)
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90
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Figure 7. Gel contents of nonstored and stored EVA films
cured at 130°C for different times

is 72°C). Therefore, curing performance of the EVA
films after storage should be checked. Figure 7 com-
pares gel contents of the cured EVA before and after
storage at 60°C. The two plots almost overlap each
other. Basically, the gel contents are greater than
80% regardless of curing time. It is evident that the
EVA films with BPO/TBEC have acquired suffi-
cient stability for industrial applications.

4. Conclusions

The dual curing agent of BPO/TBEC proves to be
able to significantly lower curing temperature and
speed up curing process of EVA films as character-
ized by evolution of gel content and rheology behav-
ior. Because decomposition of peroxide curing agent
BPO under lower temperature initiates the curing of
EVA and the exotherm further triggers decomposi-
tion of the high temperature curing agent TBEC, the
curing activation energy of EVA is reduced. Mean-
while, the optical properties of cured EVA films meet
the requirements for practical use with light-trans-
mittances of ~91% and haze values of ~0.35%o. On
the other hand, the addition of the dual curing agent
does not affect storage stability of the EVA films.
Crosslinking degree of the EVA films pre-stored at
60°C for one month is identical to that of the films
without experiencing the storage.
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Abstract. This paper deals with the synthesis and characterization of a new type of anhydrous ionic conducting lithium
doped membranes consist of polyimide (PI), poly (ethylene oxide) (PEO) and lithium trifluoromethanesulfonate
(LiCF3S03) for solid polymer electrolyte (SPE). For this purpose, different molar ratios of lithium salt (Li-salt) solution are
added into poly (amic acid) (PAA) intermediate prepared from the reaction of 3,3',4,4’-benzophenon tetracarboxylic dian-
hydride (BTDA) and 4,4’-oxydianiline (ODA). PEO is incorporated into PAA since it forms more stable complexes and
possess high ionic conductivities. Then, Li-salt containing PAA solutions are imidized by thermal process. The effect of
interaction between host polymer and Li-salt is characterized by FT-IR (Fourier Transform Infrared) spectroscopy and SEM
(scanning electron micrsocopy). The conductivities of Li-salt and PEO containing PI composite membranes are in the range
of 1077-107° S-em™!. The conductivity increases with incorporation of PEQ. Thermogravimetric analysis results reveal that

the PI/PEO/LiCF;SO3 composite polymer electrolyte membranes are thermally stable up to 500°C.

Keywords: polymer composites, polymer membranes, ionic conductivity

1. Introduction

Polyimides (PIs) belong to the important class of
polymeric materials known as ‘high performance’
polymers due to their high thermo-oxidative stabil-
ity [1], their exceptional mechanical properties,
good film forming ability and superior chemical
resistance [2—6]. Although, high performance poly-
imides are widely used in the microelectronics
industry because the imide rings may provide per-
mittivities equivalent to those of high dielectric
constant to materials [7]. Work on polymer/salt
mixtures has increased during recent years due to
the growing interest in these systems as fast ion
conducting systems. Several types of lithium ion
conducting polymer electrolytes have been pre-
pared as perfect homogenous mixtures of the com-
ponents, namely, PEO as the polymer matrix which
is capable of solving different alkali metal salts, and

*Corresponding author, e-mail: atillag@marmara.edu.tr
© BME-PT

lithium trifluoromethanesulfonate (LiCF3SO3),
lithium tetrafluoroborate (LiBF,) and lithium per-
chlorate (LiCIOy4) as a lithium salt [8]. However,
these electrolytes show satisfactory ionic conduc-
tivity only at temperatures above 70°C. The con-
ventional belief has been that the high degree of
local order (‘crystallinity’) is what makes the ionic
conductivity too low at ambient temperatures.
Therefore, much attention has been devoted to the
task of increasing the amorphous content of the
PEO electrolyte; either by using large-anion lithium
salts, by adding liquid plasticizers or ceramic fillers
to the polymer [9-12]. When the electrolytic com-
ponent is in the form of a dry polymer matrix, it
consist of a high molecular weight homo or copoly-
mer, which is cross-linkable or non-cross-linkable
and includes a heteroatom in its repeating unit such
as oxygen or nitrogen for example, in which an
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alkali metal salt is dissolved such as LiCF;SOs,
LiClOy4, LiTFSI etc. In the literature, ion-conduct-
ing polyimide membranes are selected as promising
candidates for separating the electrodes because
such a membrane has the mechanical stability to
prevent shorts on rough handling, the chemical sta-
bility to prevent decomposition reactions that
organic liquid electrolytes are prone to suffer at ele-
vated temperatures, and the ability to resist penetra-
tion of lithium dendrites [13]. In the literature, there
are only a few studies similar to the work that has
been carried out by several research groups [14-22].
For instance, U.S. Patent 5888672 issued to Gustaf-
son and Antonucci [ 14] disclosure a battery wherein
each of the anode, cathode and electrolyte layer is
based upon soluble, amorphous and thermoplastic
polyimide. In another study, Johnson et al. [15]
explored to comprise a solid, thermoset polyimide
matrix doped with a lithium salt (LiTFSI). Wensley
prepared several optically clear polyimide based
electrolytes and determined the minimum required
amount of lithium per mole of imide ring in soluble
polyimide for rechargeable batteries [16]. The aim
of the present work is to investigate the effects of
Li-salt and PEO on the ionic conductivity and mor-
phological behavior of PI based polymer elec-
trolyte.

2. Experimental

2.1. Materials

3,3",4,4"-Benzophenone tetracarboxylic dianhy-
dride (BTDA, Aldrich, Steinheim-Germany), 4,4'-
Oxydianiline (ODA, Aldrich, Steinheim-Germany),
Poly(ethylene oxide) (average My, = 100.000 g-mol ™!,
powder, Aldrich, Steinheim-Germany), Lithium
trifluoromethanesulfonate (LiCF3SO3, 99.995%-
Aldrich, Steinheim-Germany), Dimethylacetamide
(DMAc, Aldrich, Steinheim-Germany) were dried
under vacuum before being used and stored in
home-designed glove box (Ercom Kompresor, Kar-
tal/Istanbul, Turkey) until use.

2.2. Preparation of lithium salt containing
polyimide membrane

ODA and DMAc were placed into a 100 mL three-
neck flask under nitrogen purge. The mixture was
stirred until the solution was clear. BTDA in equal
molar amount to that of ODA was added to the
solution and stirred for 24 h at room temperature to
give a viscous, transparent and yellow solution of

HN ) Ny oH O_OC%V

BDTA-ODA based PAA

Figure 1. Shematic representation of synthesis BTDA-
ODA based PAA

PAA (Figure 1) which afforded approximately 20%
solid by weight. PAA solutions containing different
amounts of LiCF3S0; salt were converted to poly-
imide by thermal imidization technique heating one
hour each at 80—-100—150-200-250°C ranges applied
onto glass plates (F1-F4) (Figure 2). Polyimides
having long PEO moieties in the main chain (F5
and F6) have been prepared by heating overnight at
relatively low temperatures to prevent the degrada-
tion of polyether chain (=150°C).

2.3. Characterization

FT-IR spectrum was recorded on Perkin Elmer
Spectrum 100 ATR-FTIR spectrophotometer (Perkin
Elmer, Waltham, MA, USA). SEM imaging of the
films were performed on Philips XL30 ESEM-FEG/
EDAX (Philips, Eindhoven, The Netherlands). The
specimens were prepared for SEM by freeze frac-
turing in liquid nitrogen and applying a gold coat-
ing. The thermal stability of the samples was tested
in the temperature range of 30—-800°C by thermo-
gravimetric analysis (TGA) using a PerkinElmer
STA 6000 instrument (PerkinElmer, Waltham, MA,
USA) under air atmosphere at a heating rate of
10°C/min. Differential scanning calorimetry (DSC)
measurements were carried out with a Perkin Elmer
Pyris Diamond (PerkinElmer, Shelton, CT, USA).
The samples were analyzed under a nitrogen atmos-
phere in the temperature range —100 to 400°C at a
heating rate of 10°C/min and cooling rate of
100°C/min. Standard tensile stress-strain experi-
ments were performed at room temperature on a
Materials Testing Machine Z010/TN2S (Zwick
GmbH&Co. KG, Ulm, Germany) using a crosshead
speed of 5 mm'min~'. The mechanical properties of
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Figure 2. Shematic representation of preparation of Li-salt-doped polyimide membrane

the PI based polymer electrolytes were determined
by standard tensile stress—strain tests in order to
measure tensile strength and elongation at break.
The specimen dimensions were 60.00 mm in length
and 8.00 mm in width. Four parallel measurements
were carried out for each sample.

Ionic conductivity measurements were recorded
using a Gamry Potentiostat/Galvanostat/ZRA (Gamry
Series G 750, Warminster, PA, USA) with Gamry
Framework software system EIS300. EIS spectra
were analyzed using Echem Analyst 5.67 software.
The polymer electrolyte (PE) was placed between
two SS (type 304, 0.025 mm thick, Alfa Aesar,
Karlsruhe, Germany) electrodes in a cell. The thick-
ness of the membrane was measured before and
after the EIS measurement, to assure a constant
thickness throughout the experiment. Ionic conduc-
tivity was measured under an argon atmosphere
using a potantiostat/galvanostat and a home-design
glove box with conductivity cell. The frequency
ranged from 40 Hz to 100 mHz at a perturbation
voltage of 5 mV. The ionic conductivity values of the
polymer electrolyte systems are calculated from the
intercept of real part of the complex impedance

plot, which is resistance of the film and known area
using the Equation (1) [19, 20]:

- ()6

R A

where o is conductivity; L/A4 is geometrical factor, L
is the thickness of the electrolyte film; R is resist-
ance of the electrolyte film; and A4 is the area of the
film.

Linear Sweep Voltammetry (LSV) measurement was
recorded using a Gamry Potentiostat/Galvanostat/
ZRA (Gamry Series G 750, Warminster, PA, USA)
with Gamry Framework Software System PHE200
(Physical Electrochemistry Software, Warminster,
PA, USA). LSV experiment was performed to inves-
tigate the electrochemical stability window of the
polymer electrolyte (F5) employing SS as working
electrode and lithium foil (Sigma-Aldrich, Stein-
heim-Germany) as reference and counter elec-
trodes. Cell assembly was carried out in argon atmos-
phere inside the glove box. The scanning rate was
1 mV-s~! and the potential ranged from open circuit
potential to 5.0 V (vs. Li/Li").

(1)
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Figure 3. Picture of the conductivity cell

All the electrochemical experiments were carried
out in an Argon atmosphere in a home-designed
glove box at room temperature (Figure 3).

3. Results and discussions

3.1. FT-IR

The structures of membranes were investigated by
FTIR. To evaluate the molecular interactions between
PI and PEO, the FTIR spectrum of pure PEO was
also displayed in the insert of Figure 4. Figure 4
shows the FTIR spectra of (a) membrane FO,
(b) membrane F1, (¢) membrane F5, (d) membrane
F6 and (e) pure PEO. In all these work, the com-
plexation is confirmed by the appearance of new
peaks, frequency shifts, changes in intensities or
shape of existing peaks in the FTIR spectra. The
chemical bonding between PEO chain, LiCF3SOs,
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Figure 4. FT-IR spectra of a) PI and b) PI-LiCF3SO; c¢) PI-
PEO and d) PI-PEO-LiCF;SOj; e) pure PEO

PEO-LiCF5SO3; and PI structure was discussed
below.

The FT-IR spectroscopy indicated that complexa-
tion has occurred between polymer matrix and salt.
Figure 4 curve a is FT-IR spectra for polyimide film
without the addition of a Li salt or any solvent. The
characteristic absorption bands of the imide groups
near 1776 (asym. imide carbonyl stretching), 1713
(sym. imide carbonyl stretching) and 1371 cm™!
(imide C—N stretching) were observed in the FTIR
spectrum after thermal imidization of the poly
(amic acid). Meanwhile, the characteristic absorp-
tion of the amide carbonyl at 1640 cm™' did not
appear in the spectrum, indicating that the imidiza-
tion reaction is complete. Strong bands in the range
of 1300 cm™! (imide C—N stretching) and 744 cm™!
(imide C—H bending) are also observed in the spec-
trum. Other absorption bands at 1617 and 1492 cm™!
are aromatic C=C stretching and benzene ring
vibrations, respectively. Moreover, the spectra of
membrane FO show asymmetric stretching ether
(C—0O-C) bands at 1228, 1162 and 1089 and aro-
matic C—H bending bands between 980 to 832 cm™
[23].

On the other hand, Figure 4 curve b shows FT-IR
spectrum of PI-LiCF3;SO; membrane. The resulting
polyimide electrolyte shows strong peaks at about
1652 and 1590 cm™!. Previously it was reported
that, polyimide electrolyte shows a very strong dou-
blet at about 1670 and 1640 cm™'. These peaks are
the evidence for the complex between lithium salt
and the imide rings of the polyimide [24]. Slight
shifts observed in these peaks could be attributed to
the use of different salts and different polyimide
materials. Also it can be seen that, the characteristic
polyimide peaks at 1776 and 1713 cm™ are shifted
to 1770 and 1717 cm™!, respectively. The other bands
at 1256 and 1289 cm™! related sym. CFj stretching
and asymm. SOj; stretching modes. Also the com-
plexation of the LiCF;SO;5 salt with PI was con-
firmed by the presence of new peak at 662 cm™!
corresponding to free SOs™ ion [25]. Furthermore it
indicates an interaction/complexation between
polyimide material and Li-salt. It is known that Li*
is a very good complex forming species and there-
fore, it may possibly form some strong coordinate
bond with the imide nitrogen atom or the imide car-
bonyl [26].

As can be seen in Figure 4 curve e, in the pure PEO
spectrum a large broad band appears centered at
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3466 cm™!. Pure PEO shows a large, broad band of
CHj stretching at 2910 cm™'. However, the band is
split into two at 2918 and 2884 cm™! corresponding
to asymmetric and symmetric CH, stretching,
respectively [27]. Other bands at 1490, 1368—1342
and 1113 cm™' are CH, scissoring, CH, wagging,
C-0O-C stretching modes [28, 29].

The existence of chemical interchain between PEO
with PI was proved by FTIR study. As it can be seen
in Figure 4 curves ¢ and d, the band at 1743 and
1746 cm™" corresponds to the esther carbonyl groups.
The presence of ester bonds resulted in a shift of the
peak of the imide carbonyl groups at around 1708
(curve ¢) and 1712 cm™" (curve d). In these spectra,
the peaks at 1645 and 1648 cm™' were attributed to
the amide carbonyl groups due to partially imidiza-
tion of membranes F5 and F6 which were imidized
at low temperatures.

3.2. Morphology properties of polyimide
membranes

The morphologies of the PI, PI-PEO and their com-
posite polyelectrolyte membranes were studied by
scanning electron microscopy (SEM) as shown in
Figure 5. As seen in Figure Sa, the fractured surface
of the PI membrane is dense and homogeneous.
Since the thermal imidization was performed by
stepwise heating up to 250°C, microporosity was not
observed on the membrane. However, the surface
morphology of the Li salt containing membrane is
rough compared with neat PI film as seen in the

ActV. Spot Maen . el WD f——— L 1 um
4001V 2D B0 S, 85 7 i
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SEM image (Figure 5b). In Figure 5c the random
distribution of PEO structure in PI matrix can be
seen. Since the imidization was performed at low
temperature to protect the polyether chain from
thermal degradation, course voids appeared in the
membrane due to the low rate of solvent evapora-
tion. The characteristic semi crystalline morphol-
ogy of PEO chain was undetectable in the PI-PEO
membrane. When only PEO or LiCF3SO3 or PEO/
LiCF3;SO3 mixture was incorporated into PI matrix
rough morphology was obtained (Figure Sb—5d).

3.3. Thermal and mechanical properties of
polyimide based polymer electrolytes

Thermo-oxidative stabilities of the polymers were
determined by thermogravimetric analysis in air.
Figure 6 shows TGA thermograms of polyimides.
The dynamic TGA experiments were run from 30 to
800°C, at a heating rate of 10°C/min under air
atmosphere. The first stage of decomposition started
at about 250°C due to the degradation of organic
group of LiCF3S0j; salt (-CF5—SOj3 bridge) and PEO
(C—0-C), which were the weakest linkages along
the main chain. The second stage of decomposition
started from 450°C corresponding to the degrading
of the aromatic imido groups; this is typical for aro-
matic polyimides in general [30]. In addition,
although PEO decomposition temperature is much
lower than polyimide, TGA curves of PEO contain-
ing polyimide membranes (F5-F6) have approxi-
mately same thermal properties. This result is

d)

Figure 5. SEM cross-section images of a) PI (F0), b) PI-LiCF3SO3 (F1), c) PI-PEO-LiCF;SO5 (F5), d) PI-PEO (F6) and

e) pure PEO
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explained by seconder interaction between mole-
cules and also incorporating very low concentra-
tions of PEO.

The TG and derivative thermogravimetric analysis
(DTG) curves of PI based membranes under air
indicate three stages of thermal decomposition.
However, the resulting curve, shown in Figure 6
stable up PI based electrolytes approximately not
less than 50% of their mass, which was illustrated
in all of the PI membranes, had excellent stability.
The glass transition temperature (1) of neat PI (FO)
was found as 297.4 °C. When Li salt was added, the
T, of the composite film decreased to 271.6°C.
Thus, it can be said that the Li salt particles decrease
the chain interactions in the PI matrix by settling
between polymer chains. On the other hand, in ther-
mal imidization conditions (150°C for membranes
F5 and F6) when PEO and the Li salt were incorpo-
rated into PI matrix, T, was further reduced to
211.7°C. Partly remained solvent’s effect is related
to a weakening of the dipole-dipole interactions
between the polymer chains. This result in a reduc-
tion of the T, value. Therefore, this helps to soften
the polymer backbone and increase its segmental
motion. Relatively, this situation was attributed to
the increased free volume at the molecular level due
to presence of flexible PEO chains.

It is known that the mechanical properties of the
SPEs are as important as the ionic conductivity at
room temperature for their practical applications.
Elongation at break and tensile strength of polymer
electrolyte membranes are displayed in Table 2. For
F1 to F4 membranes, decreasing Li content in the
membrane decreases the elongation and tensile
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Figure 6. TGA thermograms of F1-F6 films recorded at a
heating rate of 10°C/min for the polyimides con-
taining various PEO, LiCF3;SO; and PEO-
LiCF3SOj; contents. Inset Figure: The DTG curve
shows stepwise decomposition of F1, F5 and F6
membranes.

modules in the same manner. This behaviour was
attributed decreasing the level of the hydrogen bond
the carbonyl oxygen. When membranes F5 and F6
were compared, it is clearly observable that the
addition of Li salt within the PEO containing PI
membrane caused negligible changes. When mem-
branes F2 and F5 were compared, it is clearly
observable that the addition of PEO causes drastic
reduction in the tensile strength and elongation at
break. This could be attributed to the etheric struc-
ture of PEO. Finally, as can be seen in Table 2, rais-
ing the glass transition temperature of polymer
electrolytes improves ionic conductivity but leads
to a decrease in mechanical properties.

3.4. Ionic conductivity

The ionic conductivity of a polymer electrolyte
depends on the concentration of ion carriers and on
their mobility. The ionic conductivity in polymer
electrolytes is assumed to occur by Lewis acid-base
interactions between the cations and the polymer
solvent. It is also generally accepted that the ionic
conduction occurs mainly in the amorphous compo-
nent of polymer electrolytes above their 7, with the
chain segment mobility playing a critical role in the
conductivity mechanism [31].

In the case of solvent free polymer electrolytes, the
motions of the polymer host are responsible for the
ionic mobility; ions move only if polymer segments
undergo fairly large-amplitude motions [32-34]
related to T,. Polymer electrolytes show fast ionic
conduction above their 7, where they are largely
comprised of amorphous phases. Thus, a low T
polymer like PEO (poly (ethylene oxide)); T,, —50
to —57°C [35] has become an important polymer for
solvent free electrolytes, and amorphization of this
polymer is being researched [36, 37] as a way to
increase its ionic conductivity.

In this study, the conductivity of the polymer elec-
trolyte membranes was calculated from the meas-
ured resistance of the film for the known area and
thickness of the polymer film. Table 1 and Figure 7
summarize the compositions and Nyquist diagrams
of the thermoset PI based polymer electrolytes.
Firstly, the ionic conductivity was studied as a func-
tion of Li salt concentration within PI matrix (F1—
F4). As can be seen in Table 1, the Li* ion conduc-
tivity changed according to [O]/[Li] ratio where [O]
is the number of mole of oxygen atoms in poly-
imide structure from membrane F1 to membrane
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Table 1. The conditions, Li* ion conductivity values and [O]/[Li] ratios of membranes

F1 F2 F3 F4 F5 Fé6
Metod Thermal Thermal Thermal Thermal Thermal Thermal
imidization imidization imidization imidization imidization imidization
Process temperature 80-100-150- | 80-100-150— | 80-100-150— | 80-100-150—
[°C] 200-250 200-250 200-250 200-250 80-100-150 80-100-150
Codes PI/LiCF;S04 PI/LiCF3SOs5 PI/LiCF3S0O5 PI/LiCF3;SO;3 | PI/PEO/LiCF;S04 PI/PEO
*[O)/[Li] ratio 1:1 2:1 4:1 8:1 1:1 -
PEO [mole] - - - - 106 10°¢
Tomic conductivity [S-cm™] 9.2:107 1.08-10°¢ 4.44-10°° 8.7-10~¢ 2.04-10° -

“[O] mole number of oxygen atoms is polyimide structure

Table 2. Thermal and mechanical properties of novel PI based thermoset polymer electrolytes

Sample code Tensile strength Elongation at break | Max weight loss temperature | The glass transition temperature
p [N/mm?] [%] [°C] [°C]
FO 130.80 5.40 668 297.4
F1 64.53 1.07 643 271.6
F2 33.52 0.84 660 231.3
F3 17.80 0.60 659 220.8
F4 16.64 0.42 650 213.2
F5 16.80 0.41 658 211.7
F6 17.68 0.40 635 205.8
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Figure 7. Impedance diagrams of ion-conductive polyimide membranes a) PI/PEO/LiCF3SOs (F5) b) PI/LiCF3SO5 (F4)
¢) PI/LiCF5S0; (F3) d) PI/LiCF;SO;5 (F2)

F4. At lower [O]/[Li] ratio, ion conductivity signifi- moset polyimide materials which was limited the

cantly decreased. This can be explained by the mobility of polymer chains [24]. In other words,
increased amount of Li* ion concentration in ther-  further increase of Li ion concentration results in
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reduction of conductivity, explained by an increase
in transient ionic crosslinks within polymer net-
work, causing a decrease in chain segment mobility.
It has also been suggested that at high salt content
formation of ion aggregates will contribute to a
decrease in conductivity [38]. Hence, membrane F4
showed highest ionic conductivity of 8.7-10°S-cm™!
compared the other membranes (F1, F2 and F3) at
room temperature.

On the other hand, the polymer—salt complexes are
formed by complexes between salts of alkali metals
and polymer containing solvating heteroatoms such
as O, N, S, etc. The most common examples are
complexation between PEO and alkali metal salts
[39]. The ether oxygens in PEO are hard Lewis
bases, thus they have low polarizability and high
electronegativity. They coordinate well to hard
Lewis acids, which in general are small cations,
e.g., Li*!, Na*! and Mg*?. These cations then, in turn,
form salts with low lattice energies together with
large, e.g., PFs~, CF3SO3™ and (CF3S03),N". These
larger anions can sometimes also have a plasticiz-
ing effect on the polymer [40]. In addition, the
increase in amorphous content is probably due to
the large CF3SO3™ anion that reduces the crys-
tallinity of the complex. It can be suggested the
increase in conductivity in our system is due to the
amorphizing properties of the large CF3SO3™ ion
present in the system. The spectroscopically ‘free’
ions are believed to be responsible for ionic charge
transport in polymer electrolyte. They can be tem-
porarily complexed or attached to the polymer chain
(Li* can attach to oxygen atoms on PEO) during
segmental motion of the polymer and then hop to
the next site. The fraction of ‘free’ ions will indicate
the effectiveness of various electrolyte components
in increasing charge concentration and subsequent
ion conduction [41]. Thus, the increasing ionic con-
ductivity of PI-PEO-LiCF3SOs film suggested that,
even a small amount of PEO added to PI-LiCF;SO;3
membrane, increases the free volume and decreases
the T, which leads to increase molecular mobility.
Hence this will cause to increase conductivity. In
the PI-PEO-LiCF;S0Oj electrolyte system (F5) the
composition with the highest conductivity is
recorded which reaches 2.04-107 S-cm™! at room
temperature.

3.5. Linear sweep voltammetry (LSV)
Electrochemical measurements showed that the
cells prepared from using a stainless steel (SS) elec-
trode, a lithium counter, and a lithium reference
electrodes had a wide range electrochemical stabil-
ity. Thus, the high stability of the PI based elec-
trolyte membrane (F5) may be attributed to the
absence of impurities, which is a welcome feature
because it permits their use in high-voltage battery
applications. Figure 8 shows the current-voltage
response of the solid polymer membrane obtained
in the potential range between open circuit and 5.0 V
vs. Li at room temperature. As it can be seen, the
plateau is very flat and straight; this very low resid-
ual current level prior to breakdown voltage, with
no peaks in the 2.0-3.5 V voltage range. So, it con-
firms the high purity of the SPE membrane was
obtained. In addition, the onset of the current during
anodic scan, which is representative of the decom-
position of the electrolyte, indicates an anodic
break-down voltage of approximately 4.3 V vs. Li.
So, membrane F5 showed an appreciable anodic
breakdown voltage [42].
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2.000
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Figure 8. Electrochemical stability window at room tem-
perature for PI based polymer electrolyte (F5),
potential scan rate: 1 mV-s™!

4. Conclusions

Novel Pl-based composite polymer electrolytes
were prepared by the incorporation of LiCF3;SO;
and PEO. Characterizations were carried out by
FTIR, TGA, DSC, mechanical properties, SEM,
impedance measurements and LSV. The thermal
imidization technique was adopted to prepare poly-
mer electrolyte membranes. BTDA and ODA based
polyimide synthesized by step-growth polymeriza-
tion method. In order to improve the conductivity
behaviour of membranes, we have been focused on
introducing the PEO and LiCF3;SOj; into the poly-
mer backbone. FT-IR measurements showed the
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existence of the complex formation between lithium
salt and imide ring of the polyimide. F1 and F5
films showed an ionic conductivity of 9.2-10~7 and
2.04:107° S-cm™! respectively at room temperature
which is acceptable value for lithium rechargeable
batteries. However, this conductivity is still low for
practical use in lithium-polymer or lithium-metal
batteries. The final solid polymer electrolyte is not
soluble in the liquid electrolyte and also stable over
a wide range of temperatures.
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Abstract. In this paper, a new surface-grafting D, L-lactide (DLLA) for nano-hydroxyapatite (n-HA) with the assist of cit-
ric acid was designed. The dispersion of new surface modified n-HA was characterized by Fourier transformation infrared
(FTIR) spectroscopy, thermal gravimetric analysis (TGA), X-ray powder diffraction (XRD), transmission electron
microscopy (TEM) and dispersion test, and the mechanical enhancement effect for poly(lactide-co-glycolide) (PLGA) was
evaluated by scanning electron microscopy (SEM), differential scanning calorimeter measurements (DSC) and electro-
mechanical universal tester. The results showed that citric acid played a critical role in surface-grafting, which could greatly
increase grafting amount and improve dispersion of n-HA, so that it resulted in better interfacial adhesion throughout PLGA
matrix, higher crystallinity and better mechanical enhancement for PLGA than the surface-grafting method for n-HA with-
out citric acid, whose bending strength and tensile strength were both over 20% higher than those of pure PLGA when
3 wt% n-HA was added, and it still enhanced 8 and 6% higher than those of pure PLGA even the introduction of 15 wt%
n-HA, respectively. The above results suggested that the surface-grafting for n-HA with the aid of citric acid was an ideal
novel surface modification method, which could greatly improve the dispersion of n-HA and exhibit excellent mechanical
enhancement effect for PLGA, suggesting it has a great potential in the bone fracture internal fixation application in future.

Keywords: polymer composites, nanocomposites, nano-hydoxyapatite, surface modification, mechanical properties

1. Introduction

Poly (lactic acid-co-glycolic acid) (PLGA) has been
widely studied as bone fracture internal fixation
materials [1]. However, the relatively poor mechan-
ical property is insufficient to apply in dense bone,
and the lack of bioactivity is unfavorable to bone
fracture healing quickly [2, 3]. While nano-hydroxya-
patite (n-HA) is similar to the inorganic component
of natural bone, which not only has good biocom-
patibility and osteo-conductivity, but also has good
mechanical enhancement effect for polymer as nano-
particles [4, 5]. Therefore, extensive efforts have
been devoted to the research of introducing n-HA to

*Corresponding author, e-mail: jlytxg@]163.com
© BME-PT

PLGA, which is expected to enhance its mechanical
property and improve its bioactivity [6—8].

However, the incorporation of unmodified n-HA
would decrease mechanical property of PLGA, due
to the agglomeration of the n-HA in the PLGA
matrix and the lack of adhesion between the n-HA
particles and the PLGA matrix [9], which might
limit the application of PLGA as bone fracture
internal fixation materials. So surface-modification
for n-HA is a vey key technique. Consequently, var-
ious surface modifications for n-HA have been
developed, such as silane coupling agents, zirconyl
salt, polyacids, isocyanate, dodecyl alcohol and lac-
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tide (LA) [10—14]. Among the above surface modi-
fication for n-HA, grafting ring-opening polymer-
ization of LA onto the surface of n-HA particles is a
very effective way to improve the interfacial affin-
ity of n-HA to the PLGA matrix. However, when
n-HA is directly treated by LA, the grafting amount
is still low because of the poor reactivity of the
hydroxyl groups on the surface of n-HA and the bad
dispersion of n-HA in hydrophobic solvent. Accord-
ingly, the mechanical enhancement effect for PLGA
isn’t ideal when higher n-HA content was added
into PLGA [15]. However, generally speaking, the
higher addition content of n-HA, the better osteo-
logical bioactivity of PLGA [16]. Therefore, new sur-
face-grafting methods for n-HA should be explored
so as to have both better mechanical enhancement
effect and higher n-HA addition content for PLGA.
In our previous study, we have investigated some
surface-grafting methods for n-HA. For example,
we found that the surface modification method of
combining stearic acid with surface-grafting L-lac-
tide was an effective modification method for
n-HA, where stearic acid could improve the disper-
sion of n-HA during surface-grafting L-lactide, so
the addition of 3 wt% n-HA into PLGA had the best
mechanical enhancement for PLGA, while the addi-
tion of 15 wt% n-HA decreased markedly its bend-
ing strength [17, 18]. Subsequently, we designed
another surface-grafting method of combining silane
coupling reagent (KH550) with surface-grafting
L-lactide (L-LA), where KH550 not only could
improve the hydrophobicity of n-HA acting as cou-
pling agent but also could provide amino group to
graft-polymerize with L-lactide onto the n-HA sur-
face, so the mechanical enhancement effect was far
more excellent than corresponding unmodified
n-HA, however, the maximum addition content of
n-HA into PLGA was only 10 wt% [19].

Based on the above results, to further improve the
dispersion of n-HA and the mechanical enhance-
ment for PLGA by the addition of higher n-HA con-
tent, a new surface-grafting method with the assis-
tance of citric acid was reported in this paper, where
molecular structure of citric acid has three carboxyl
groups and one hydroxyl group, and the steric hin-
drance of citric acid is conducive to improve the
dispersion of n-HA, so it is expected to improve
grafting amount for n-HA by forming a Ca carboxy-
late bond with citric acid, and D, L-lactide could be
ring-opening graft-polymerized onto the n-HA sur-

face by the hydroxyl group of citric acid, based on
the literature [20]. Moreover, the new surface-grafted
n-HA was introduced into PLGA matrix with differ-
ent contents of 3, 8, 15 and 25wt% to investigate
the mechanical enhancement effect for PLGA,
comparing with the surface-grafted n-HA without
citric acid. The main aim of the study is to provide
an ideal novel surface modification method for
n-HA, so that it could improve the dispersion of
n-HA and mechanical enhancement effect for PLGA,
and it would have a great potential in the bone frac-
ture internal fixation application in future.

2. Materials and methods

2.1. Materials

n-HA was prepared in our laboratory, whose aver-
age size of nanoparticles was about 100—120 nm in
length and 2040 nm in width. PLGA, whose copoly-
mer composition (LA:GA) is 95:05 (mol:mol), M, =
3.6:10°-3.9-10°, was also prepared in our laboratory.
Citric acid, AR, purchased from chemical reagent
factory, Kelong, Chengdu. D, L-lactide (DLLA,
Purac company) was recrystallized from ethyl acetate
under argon atmosphere. Stannous octanoate was
obtained from Sigma Company. All other reagents
were of the analytical grade.

2.2. Surface modification of n-HA with the
assist of citric acid

10 g citric acid in DMF was added into 10 g n-HA
suspended in DMF with stirring. The reaction was
maintained at 150°C for 11 h under nitrogen. The
powder product was washed by ethanol and vac-
uum-dried, and 8 g n-HA product powder of sur-
face-modified by citric acid was uniformly dis-
persed in dimethylbenzene by ultrasonic treatment.
Then 8 g DLLA and 0.004 g Sn(Oct), were added
under nitrogen. The mixture was maintained at
140°C for 20 h under nitrogen. After it was washed
with excessive dichloromethane and vacuum-dried,
the obtained product powder was named as gl-n-HA.
The n-HA of surface-grafted without citric acid was
prepared in the same procedure as the control,
which was named as g2-n-HA.

2.3. Characteristics of surface-modified n-HA
The IR analysis of unmodified n-HA and two sur-
face-grafted n-HA powders were performed using
Fourier transform infrared spectroscopy (Thermo
Nicolet 670, USA) in KBr disks.
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The amount of grafted organic materials were deter-
mined by TGA (Perkin-Elmer 7 series thermal analy-
sis system) at a heating rate of 10°C/min from room
temperature to 700°C under a high-purity nitrogen
atmosphere.

X-ray diffraction analysis were carried out by XRD
powder diffractometer (Philips, X’ Pert Pro, Cu K).
A scan axis of 20 was used to obtain diffraction pat-
terns of a scan range from 15 to 70°. The voltage
used was 40 kV and the current was 45 mA.

TEM (JME-100CX, Seike Instruments) investiga-
tions were taken on a 200 kV acceleration voltage.
The specimens were prepared by dripping a drop of
0.1% suspension onto a TEM grid covered with car-
bon film and evaporated the solvent completely at
room temperature.

The dispersion test was valued by the colloid stabil-
ity according to the intuitive photographs taken by a
conventional camera at different time. The powder
was dispersed in dicholomathane (1.0 g/L).

2.4. Preparation of g-n-HA/PLGA composites
The pure PLGA was dissolved in dichloromethane,
and pre-calculated two surface-grafted n-HA uni-
formly dispersed in ethanol and dichloromethane
were slowly added into PLGA solution by the addi-
tion of 3, 8, 15 and 25 wt%, respectively. Then the
mixtures were stirred with ultrasonic treatment for
more than 4 h. The precipitates were washed with
excessive ethanol and dried under vacuum at 40°C
for 48 h.

2.5. Properties of g-n-HA/PLGA composites
Fracture surfaces of PLGA after different addition
contents of two surface-grafted were observed by
SEM (S-520, Hitachi, Japan) after gold coating,
which was used to investigate the dispersion of the
g-n-HA nanoparticles in PLGA matrix and the
interface microstructure.

The thermal properties of PLGA after different
addition contents of two surface-grafted were meas-
ured by DSC (Q20, TA instruments, USA) at a heat-
ing rate of 10°C/min from room temperature to
190°C with flowing nitrogen gas, holding at 190°C
for 5 min to erase thermal history, then cooled to
40°C with 10°C/min cooling rate, finally heated to
190°C with 10°C/min rate again, and the second
heat curve was analyzed. The crystallinity (X;) was
calculated according to Equation (1):

X, Sl (1)
¢ w'AHm,loo%

where AH,, indicates the melting enthalpy, and o is
the weight fraction of PLGA in the composite.
AH,y, 100 1s the theoretical enthalpy (93.7 J/g) of com-
pletely crystalline poly(L-lactic acid) (PLLA) [21].
The mechanical enhancement effect for PLGA after
different addition contents of two surface-grafted
were measured by an electromechanical universal
testing machine (CMT6000, Sans, China). Accord-
ing to GB/T1042-92, the three-point bending strength
of rectangular bars of 4 mmx6 mmx60 mm were
measured at a crosshead speed of 20 mm/min, and
the tensile strength of specimens with dimensions
of 50 mmx6 mmx0.5 mm were measured at a
speed of 1 mm/min, at 22°C and a relative humidity
of 60%. The average value of five measurements
was given.

3. Results and discussion
3.1. Characterization of surface modification
reactions for n-HA
3.1.1. IR analysis
Figure 1 gives the FTIR spectra of unmodified n-HA
and surface-modified n-HA. Some of the main
absorption peaks of PO,*", ~OH groups and H,O
were identified for n-HA (shown in Figure I
curve a). In addition, the split peaks at 1420.0 and
1465.6 cm™! belonging to CO3%~ asymmetric stretch
peak are also observed, which was resulted from the
minor CO3>" inclusion during the n-HA synthesis.
These results are in accordance with those of n-HA
in literature [22]. After surface modification, besides
these bands, for g2-n-HA exhibits bands of the car-
bonyl groups at 1737.5 cm™!, and some small peaks
observed between 3000 and 2850 cm™! are assigned

1587.4

Relative intensity

/
17356
1602.1

4000 3500 3000 2500 2000 1500 1000 500
Wave number [cm™]

Figure 1. IR spectra of (a) unmodified n-HA, (b) g2-n-HA,
(c) n-HA of citric acid modified, (d) gl-n-HA
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to C—H stretching vibration of the CH3- and CH-
groups (shown in Figure 1 curve b), suggesting that
ester bonds originated from the polymerization of
DLLA on the n-HA surface existed. For the n-HA
modified by citric acid (shown in Figure 1 curve c),
small peaks of C—H stretching vibration emerges
and the peak of COO™ at 1597.4 cm™! is observed,
implying that calcium carboxylate on the surface of
n-HA was formed. While gl-n-HA exhibits a new
absorption peak at 1602.1 cm™! belonging to car-
bonyl groups of PLA, besides for the carbonyl
groups at 1735.6 cm™! (shown in Figure 1 curve d).
According to the above analysis, we concluded that
citric acid and PLA were both successfully grafted
onto the surface of n-HA.

3.1.2. TGA

The amount of grafted organic substances is deter-
mined by TGA, as shown in Figure 2. According to
the TGA curves, the weight losses of unmodified
n-HA, n-HA of citric acid modified and two g-n-HA
are 4.703, 8.06%, 12.86 and 6.303%, respectively.
The surface-grafted amount onto n-HA is calculated
as follows by the equation, the grafting amounts
[%] = Wi [%] — Wy [%], where W is the weight
loss of surface-grafted n-HA and W is the weight
loss of unmodified n-HA. Therefore, the total graft-
ing amounts onto n-HA of citric acid, gl-n-HA and
g2-n-HA are 3.357, 8.157 and 1.600%, respec-
tively, and the grafting amounts of PLA onto
gl-n-HA and g2-n-HA are 4.800 (8.157%-3.357%)
and 1.600%, respectively. Obviously, it is further
proved that n-HA surface was successful grafted
quantitatively. Moreover, the grafting amount of
gl-n-HA is larger than that of g2-n-HA, which shows
that citric acid played an important role in increasing
grafting amounts of PLA onto n-HA, and the reason
may be attributed to the higher reactivity of the

Weight loss [%)]
w
s
o

100 200 300 400 500 600 700

Temperature [°C]

Figure 2. TGA curves of (a) unmodified n-HA, (b) g2-n-HA,
(c) n-HA of citric acid modified, (d) gl-n-HA

hydroxyl groups of citric acid and the better disper-
sion of n-HA due to the steric hindrance of citric
acid during the processing of grafting with D, L-lac-
tide, comparing with n-HA directly grafted with D,
L-lactide without citric acid. The higher grafting
amounts onto n-HA would be benefit to improve
the dispersion of n-HA and interface adhesion with
PLGA matrix when it was added into PLGA [23].

3.1.3. XRD

Figure 3 gives the XRD patterns of unmodified n-HA
and two g-n-HA. The unmodified n-HA exhibits
characteristic peaks at 20 regions of 26, 32-34, 40,
and 46-54°, which is consistent with the crystalline
nature of n-HA in literature [24]. Comparing the
XRD patterns of g-n-HA with unmodified n-HA, it
can be found that the characteristic diffractions of
two g-n-HA nanocrystals are nearly the same as
those of unmodified n-HA, which shows that there
are no other new apatite crystalline phases, namely,
the surface modifications didn’t significantly affect
the crystalline phases of n-HA. However, it is easy
to find that the intensity of characteristic crystalline
peaks of 20 at 26° becomes a little weaker after being
modified, and the crystalline peaks of gl-n-HA is
weaker than that of g2-n-HA, whose crystallinity of
unmodified n-HA, gl-n-HA and g2-n-HA calcu-
lated with XRD analysis software Jade are 80.81,
72.00 and 80.53%, respectively. The difference of
crystallinity is attributed to the covering of the
organic substances grafted on n-HA, and the larger
the grafting amount is, the lower the crystallinity of
n-HA is, which is in agreement with the results of
TGA.

Based on these, the surface-grafting reaction with cit-
ric acid for n-HA are assumed as shown in Figure 4.
First, Ca on the surface of n-HA reacted with car-

Intensity [a.u.]

20 30 40 50 60 70
26 7]

Figure 3. XRD patterns of (a) unmodified n-HA,
(b) g2-n-HA, (c¢) gl-n-HA
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Figure 4. Illustration of the surface grafting with citric acid for n-HA

boxylate of citric acid to form a Ca Carboxylate bond
(Step (1)). Then the propagation reaction in the pres-
ence of Sn(Oct), included in succession the coordina-
tion of both the lactide and the hydroxyl group of cal-
cium citric acid on the surface of HA modified by
citric acid with Sn(Oct), followed by cleavage of the
acyl-oxygen bond of the D, L-lactide by the Sn-coor-
dinate insertion mechanism and thereby activated
hydroxyl group as indicated in (Step (2)) [20].

3.1.4. TEM

TEM photographs of unmodified n-HA and two
g-n-HA are shown in Figure 5. It can be seen that
they are all needles, indicating that the morphology
of g-n-HA nanoparticles did not change after being
surface-modified. However, unmodified n-HA nano-
particles exhibit aggregation phenomenon in
dichloromethane (seen in Figure 5a), while the dis-
persion of two g-n-HA are obviously improved after
being surface-modified, as shown in Figure 5b and

Sc. Especially, gl-n-HA has better dispersibility
than g2-n-HA, which may be resulted from its
higher grafting amount.

3.1.5. Dispersion test

To further investigate the dispersion effect of sur-
face modification for n-HA, the three different sam-
ples were dispersed in dichloromethane, and the
intuitive photographs taken by a conventional cam-
era are given in Figure 6. As expected, unmodified
n-HA particles precipitated in hydrophobic organic
solution immediately after ultrasonication. How-
ever, after n-HA particles was coated by PLA chains,
the surface wettability was greatly improved, so
that the two g-n-HA could maintain a stable disper-
sion in suspension for a longer time. Especially,
gl-n-HA exhibits more excellent colloid stability,
which can remain stable for one day, while a little
precipitate appears in the suspension of g2-n-HA.
Obviously, the dispersion of g-n-HA is closely related

Figure 5. TEM photographs of (a) unmodified n-HA, (b) g2-n-HA, (c) gl-n-HA
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1 min 1h 1 day

b) 0 1 min 1h 1 day

c) 0 1 min

1h 1 day

Figure 6. Photographs of (a) unmodified n-HA, (b) g2-n-HA, (c) gl-n-HA dispersed in dichloromethane for different time

to the grafting amount on the surface of n-HA. This
result shows that the novel method of surface-
grafted with the assistance of citric acid for n-HA
could change the surface wettability and prevent the
aggregation of n-HA particles is more efficient than
the method of the directly surface-grafted LA with-
out citric acid for n-HA, and the dispersibility is
better than some literature [25], which may be more
useful to enhance mechanical properties for PLGA.

3.2. Properties of g-n-HA/PLGA composites
3.2.1. SEM observation

To investigate the dispersion of g-n-HA particles in
PLGA matrix and the interfacial adhesion, the SEM

)

analysis has been performed. The SEM micrographs
are given in Figure 7. For g2-n-HA/PLGA compos-
ite, there are many cavities between g2-n-HA parti-
cles and PLGA matrix, and many agglomerated
g2-n-HA particles emerge when the g2-n-HA con-
tent is up to 8 wt%, indicating that there was poor
dispersion and interfacial adhesion. However, for the
gl-n-HA/PLGA composite, there are few cavities
and agglomerated particles until the gl-n-HA con-
tent increased to 25 wt%. Obviously, it can be con-
cluded that the gl-n-HA dispersed much more uni-
formly in PLGA matrix than g2-n-HA, so
surface-grafted with the assistance of citric acid for
n-HA is a novel surface-grafting method to improve

Figure 7. SEM micrographs of different g-n-HA addition content of g2-n-HA at (a) 3 wt%, (b) 8 wt%, (c) 15 wt%,
(d) 25 wt% and gl-n-HA (A) 3 wt%, (B) 8 wt%, (C) 15 wt%, (D) 25 wt%. The arrows show the agglomerate

g-n-HA particles in PLGA matrix
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the dispersion of nanoparticles in PLGA matrix and
the interfacial adhesion, which has a close relation-
ship with the mechanical enhancement effect for
PLGA [26].

3.2.2. Thermal properties

To further investigate the thermal properties, the
DSC curves of PLGA after the different addition of
two g-n-HA are shown in Figure 8, and the thermal
properties data calculated from DSC curves are
listed in Table 1. It can be found that the melting
temperature (71,) seems to have no relationship with
the loading of g-n-HA particles, while the crys-
tallinity of PLGA matrix increased with the increas-
ing g-n-HA content. What is more, the crystallinity
of PLGA after the addition of gl-n-HA is higher
than that of corresponding addition of g2-n-HA,
which indicates the gl-n-HA acts as a more effec-
tive heterogeneous nucleating agent than g2-n-HA.
The reason is that the better dispersion of gl-n-HA
in PLGA matrix, the more conducive it is to absorb
PLGA matrix onto the surface of gl-n-HA particles,

Heat flow [W-g']
‘j

0 T
60 80 100 120 140 160 180

Universal V4.5A

Exo up Temperature [*C]

Figure 8. DSC thermograms of samples of (a) PLGA,
(b) 3 wt%, (c) 8 wt%, (d) 5 wt%, (e) 25 wt% of
g2-n-HA, (f) 3 wt%, (g) 8 wt%, (h) 15 wt%,
(1) 25 wt% of gl-n-HA

so that the nucleation and crystallinity are further
promoted, which may be another factor to enhance
the mechanical property for PLGA [27].

3.2.3. Mechanical properties

The initial mechanical property is usually a critical
technical index for bone fracture internal fixation
materials. The enhancement dependency of bend-
ing strength and tensile strength for PLGA after dif-
ferent addition content of two g-n-HA are shown in
Figure 9. Obviously, it can be seen that the maxi-
mum enhancement of bending strength and tensile
strength is at 3 wt% surface-grafted, and it leads to
a reduction in the bending strength and tensile
strength with the further increasing g-n-HA content.
Moreover, gl-n-HA has more improvement in
mechanical properties than g2-n-HA, whose bend-
ing strength and tensile strength were both over
20% higher than those of pure PLGA when 3 wt%
gl-n-HA was added. Especially, even 15 wt%
gl-n-HA was added, whose bending and tensile
strength are still 8 and 6% higher than those of pure
PLGA, respectively. However, in our previous study,
the maximum addition content of n-HA into PLGA
was only 10 wt%, and the addition of 15 wt% n-HA
decreased markedly its bending strength [18, 19].
Obviously, the mechanical enhancement for PLGA
is by far the most excellent as comparing to some
related literatures [28]. The main reason may also be
ascribed to the higher grafting amount for gl-n-HA,
which might improve the dispersion of gl-n-HA
nanoparticles in PLGA matrix and the interfacial
adhesion as well as the increased crystallinity for
PLGA.

4. Conclusions
In this study, a new method of surface-grafting D,
L-lactide (DLLA) with the assistance of citric acid

Table 1. Thermal properties of PLGA after different addition content of two g-n-HA determined by DSC

Addition g-n-HA content T AH X

Sample %] °Cl g %]
PLGA 0 166.78 2423 2586
3 164.24 5001 5.744

P HAPLGA 8 161.98 10.45 12.12
15 161.68 13.99 1757

25 161.93 18.14 2581

3 161.86 9.623 10.59

8 161.71 16.05 18.62

gl-n-HA/PLGA 15 161.13 18.56 2330
25 160.92 22.96 32.67
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Figure 9. Mechanical properties of different g-n-HA content (a) bending strength, (b) tensile strength (red curve is gl-n-HA,

and black curve is g2-n-HA)

for n-HA was designed, comparing with the sur-
face-grafting without citric acid, and the two sur-
face-grafted n-HA were respectively introduced into
PLGA matrix with different contents. The results
showed that the two surface-grafting methods for
n-HA were both successful. However, citric acid
played a critical role in surface-grafting, which had
much higher grafting amount and better dispersion
than surface-grafting without citric acid, so that the
g-n-HA/PLGA composites exhibited more excel-
lent mechanical properties owing to the better dis-
persion and interfacial adhesion throughout PLGA
matrix, and the higher crystallinity for PLGA, whose
bending strength and tensile strength were both
over 20% higher than those of pure PLGA when
3 wt% n-HA was added. Especially, even 15 wt%
n-HA was added, whose bending and tensile strength
were still 8 and 6% higher than those of PLGA,
respectively. The above results suggested that the
new surface-grafting with the aid of citric acid for
n-HA was an ideal novel surface modification
method, which could greatly improve the disper-
sion and achieve a better mechanical strength for
g-n-HA/PLGA composite with higher n-HA con-
tent, suggesting that it has a great potential in the
bone fracture internal fixation application in future.
For the degradability and biological properties of the
g-n-HA/PLGA composite, the work is in progress,
and the results would be reported in another paper
in the future.
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