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Editorial corner — a personal view
Using thermogravimetric analysis to determine polymer thermal

stability: Relevance of changes in onset temperature of mass loss

A. S Luyt®

Center for Advanced Materials, Qatar University, Doha, Qatar

When one reads through publications, especially in
the field of polymer composites and nanocompos-
ites, where composite samples were characterised,
thermogravimetric analysis (TGA) data are almost
always presented as part of a whole range of analy-
sis methods. Most of the time the shifting of the
TGA mass loss steps to higher temperatures is inter-
preted as being indicative of delays in the thermal
degradation process and hence improvements in the
thermal stability of the polymer(s) brought about by
the presence of the filler (nano)particles.

The question one should ask oneself: Is it possible
to measure the onset of degradation of a polymer or
composite by using TGA, or does one only measure
the onset of mass loss? Of course one only meas-
ures the onset of mass loss, which means that any-
thing that may delay the transport of volatile degra-
dation products out of the composite will cause a
delay in the evaporation of these products, and the
onset of mass loss will only be seen after a longer
time or at a higher temperature, depending on
whether the analysis was performed as function of
time or temperature. This means that the (nano)
filler probably had no effect on the thermal stability
of the polymer matrix, but that it either contributed
to the formation of a carbonaceous char layer or
strongly interacted with the volatile degradation
products, both of which would retard the diffusion
of these degradation products out of the polymer.
This would give rise to the mass loss step starting at
higher temperatures (after longer periods of time)
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giving the impression of an apparent increase in
thermal stability.

On the other hand, one cannot neglect the possibil-
ity that the (nano)filler can retard the actual degra-
dation process though strong interaction with the
polymer chains and/or free radical chains, which
can restrict the chain mobility and slow down the
degradation propagation reactions. Whatever the
reason for the delayed onset of mass loss, one has to
delve deeper to find the real reason and not just
assume that it is the result of the (nano)filler improv-
ing the thermal stability of the polymer. It is also
important to realise that, although the onset of
degradation is not necessarily delayed in the presence
of (nano)filler particles, any delay in the volatiliza-
tion of the degradation products (which is measura-
ble with TGA) is an important factor to keep in
mind regarding the flammability of the polymer.

Prof. Dr. Adriaan Stephanus Luyt
Member of International Advisory Board
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Abstract. This article deals with the synthesis of a plant oil-based material using acrylic monolith. An acrylic monolith
bearing oxirane groups was prepared via simple technique that involved the dissolution of poly(glycidyl methacrylate-co-
methyl methacrylate) (PGMA) in ethanolic — aqueous solution by heating and subsequent cooling. The PGMA monolith had
topologically porous structure, which was attributed to the phase separation of the polymer solution. The PGMA monolith
was impregnated by epoxidized soybean oil (ESO) containing thermally-latent catalyst, and the subsequent curing produced a
crosslinked material with relatively good transparency. The Young’s modulus and the tensile strength of polyESO/PGMA
increased compared with the ESO homopolymer. The strain at break of polyESO/PGMA was larger than that of the ESO
homopolymer and crosslinked PGMA. Furthermore, polyESO/PGMA exhibited good shape memory-recovery behavior.
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1. Introduction

The depletion of fossil fuel and the environmental
issues of petroleum-based materials piqued large
interest in renewable bio-based products synthe-
sized from natural resources. The use of biomass to
produce energy and chemicals is currently recom-
mended for the reduction of fossil fuel utilization
and carbon dioxide emissions involved in global
warming. Furthermore, bio-based materials may
offer the advantages of biodegradability in compost-
ing subsequent to their primary use [1, 2].

Plant oils, such as linseed, sunflower, soybean, and
palm oils, are one of the cheapest and most abundant
renewable resources, and their uses as starting materi-
als offer numerous advantages, such as low toxicity
and inherent biodegradability [3]. Triglyceride natural
oils have been utilized extensively for coatings, inks,
plasticizers, lubricants, resins and agrochemicals in
addition to their applications in the food industry.
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Most of plant oil-based polymeric materials, how-
ever, do not show the properties of rigidity and
strength required for structural applications by them-
selves. Epoxidized plant oils are synthesized from
common unsaturated plant oils, such as linseed, soy-
bean, and palm oils, by standard epoxidation reaction.
Epoxidized soybean oil (ESO) is commercially avail-
able, and has been used as plasticizers for poly(vinyl
chloride), chlorinated rubber, and poly(vinyl alco-
hol) emulsion, and starting materials for polyure-
thane foam [4-7]. Furthermore, various polymer-
izations of epoxidized plant oils can be achieved by
acid anhydrides, photoinitiators, latent catalysts, or
acid catalysts. These epoxy compounds from renew-
able resources possess a high potential as a starting
material for bio-based thermosetting plastics and
coatings [8—10]. Epoxidized plant oils were cured in
the presence of inorganic chemicals to produce
organic-inorganic hybrid materials [11-13]. Recently,
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a green composite was prepared by the curing of ESO
in the presence of porous poly(3-hydroxybutyrate).
The porous structure of poly(3-hydroxybutyrate)
improved the mechanical properties of the ESO-
based network polymer [14].

Shape memory materials have a sensitive response
to external stimuli, such as temperature, light, pH,
humidity, chemicals, and electricity. In recent years,
shape memory polymers have received increasing
attention because of their good processability, low
cost, and high recovery ability, and have been used
in various fields [15-25]. Thermally triggered shape
memory polymer is first processed to receive a per-
manent shape. Above a given temperature range
(switching temperature), shape memory polymer
can be deformed into a temporary shape that is
fixed by cooling under external stress. When the sam-
ple is reheated above the switching temperature, the
permanent shape is recovered. Although bio-based
shape memory polymers including poly (lactic acid)
and polyglycolid were developed, most of them
were block polymers prepared by a two-stage syn-
thesis or coupling method.

A monolith is defined as a block structured material
which consists of continuous substructures of regu-
lar or irregular channels [26]. Owing to the exciting
properties including high specific surface area, high
permeability, low density, and fast mass transfer
performance, monoliths have received a consider-
able amount of attention in various fields [27-31].
Polymer monolithic materials are often prepared by
the copolymerization of a monomer and a cross-
linker in the presence of a porogen. In this case, the
pore in the polymer monolith is fabricated as aggre-
gation of polymer grains formed though an abrupt
increase of molecular weight during polymeriza-
tion. The resultant porous structure is disordered in
shape, and it is accompanied by difficulties in the
precise control of the porous structural parameters
such as pore and skeleton size. Recently, we have
reported the fabrication of polymer monolith by
thermally induced phase separation (TIPS) [32, 33].
This method is an excellent way to prepare micro-
cellular foams and membranes with controlled mor-
phologies. In this study, an acrylic polymer mono-
lith containing oxirane groups was fabricated by
TIPS and used as a reinforcement material for the
ESO polymer. The resulting material showed rela-
tively good transparency with improvements in the
mechanical properties. Furthermore, the shape mem-

ory properties of the resulting material were investi-
gated.

2. Experimental

2.1. Materials

ESO and a thermally-latent cationic catalyst (benzyl-
sulfonium hexafluoroantimonate derivative, com-
mercial name: Sun-Aid SI-60L) were gifts from
Mizutani Paint Co., (Osaka, Japan) and Sanshin
Chemical Industry Co. (Yamaguchi, Japan), respec-
tively. The number of oxirane groups of ESO was
3.7 per a molecule, determined by nuclear magnetic
resonance ('"H NMR). Poly(glycidyl methacrylate-
co-methyl methacrylate) (PGMA) was synthesized
by common radical polymerization by using azobi-
sisobutyronitrile as an initiator. The molecular weight
of PGMA was determined by size exclusion chro-
matography (SEC) (M,, = 1.9x105, My/M, = 3.2).
The molar ratio of glycidyl methacrylate unit deter-
mined by '"H NMR was 20%. Other reagents and sol-
vents were commercially available and used as
received.

2.2. Fabrication of PGMA monolith

The following was a procedure for the fabrication
of PGMA monolith. PGMA powder (160 mg) was
dissolved in a mixture of ethanol and water (2 mL,
80/20 vol%) at 80°C for 15 min, and the solution
was then cooled at 20°C. After 2 h, the resulting white
solid was washed with ethanol several times to
obtain a PGMA monolith.

2.3. Synthesis of polyESO/PGMA

The synthesis procedure of polyESO/PGMA was car-
ried out as follows. PGMA monolith was immersed
in ESO containing thermally-latent catalyst, fol-
lowed by the removal of residual ethanol under
reduced pressure (ca. 800 Pa) at room temperature.
Then, the sample was heated at 110°C for 2 h under
a pressure of 5 MPa by using a hot-pressing machine
(C180, Imoto Machinery Co., Kyoto , Japan) to pro-
duce a polyESO/PGMA. The ESO homopolymer
and the crosslinked PGMA were synthesized by
using thermally-latent catalyst at 110°C for 2 h.

2.4. Investigation of shape memory-recovery
behaviors of polyESO/PGMA

The polyESO/PGMA in strip form was prepared as

a permanent shape, and was deformed to the spiral

form by wrapping around a Teflon rod at 130°C.
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The temporary shape of the polyESO/PGMA was
fixed by the subsequent cooling to room tempera-
ture. Upon reheating at 130°C, the deformed shape
was restored to its original shape.

2.5. Measurements

'"H NMR spectrum was recorded on a DPX-400
instrument (Bruker Biospin Co., MA, USA). SEC
analysis was carried out by using a SC8020 appara-
tus (Tosoh, Tokyo, Japan) with a refractive index
detector at 40°C under the following conditions:
TOSOH TSKgel G4000 column and chloroform
eluent at a flow rate of 1.0 mL-min~'. The calibration
curve was obtained using polystyrene standards.
Fourier-transform infrared spectroscopy (FT-IR)
was measured by a Spectrum One (Perkin-Elmer Inc.,
MA, USA) (4 scans). Scanning electron microscopic
(SEM) analysis was carried out by using a SU-3500
instrument (Hitachi High-Technologies Co., Tokyo,
Japan). Dynamic viscoelasticity analysis (DMA) con-
trolling strain/amplitude was performed by using a
DMS6100 (Hitachi High-Tech Science Co., Tokyo,
Japan) with a frequency of 1 Hz at a heating rate of
3°C-min'. Tensile properties were measured by a EZ
Graph (Shimadzu Co., Kyoto, Japan) with a cross-
head speed of 5 mm-min~'. The sample was cut into
a plate shape of 20 mmx10 mmx0.1 mm.

3. Results and discussion

3.1. Synthesis of polyESO/PGMA

In general, water and lower aliphatic alcohols are
regarded as non-solvents or poor solvents for acrylic
polymers including poly(methyl methacrylate)

Poly(glycidyl metacrylate-co- Heating

(PMMA) and its derivatives. However, acrylic poly-
mers are dissolved in a mixture of aliphatic alcohol
and water by heating, this phenomenon is called
pseudo-classical cosolvent system [34]. Recently,
we have developed a new fabrication technique of
acrylic monoliths by TIPS using temperature depend-
ence of solubility for the cosolvent. PGMA powder
was dissolved in a mixture of ethanol and water
(80/20 vol%) at 60°C, and the solution was then
allowed to cool at room temperature to yield a
white monolithic material retaining the shape of
vessel. The general procedure is illustrated in Fig-
ure 1.

The morphology of the resulting PGMA monolith
was homogeneous macroporous with three-dimen-
sional interconnected fibrous structure (Figure 2). In
the process, a homogeneous polymer solution was
cooled below the binodal line, and the Gibbs free
energy of the system increased, which consequently
resulted in phase separation. The phase separation
continued until the combination of two phases
reached stable condition with lowest energy. In other
words, the solution separated into a polymer-rich
phase and a polymer-lean phase, and the polymer-
rich phase became immobilized by gelation and vit-
rification.

In this study, the PGMA monolith was used as a rein-
forcement material for the ESO polymer. A poly-
ESO/PGMA was prepared by an immersion method.
This method relies on the penetration of ESO into the
PGMA monolith. The PGMA monolith was immersed
in ESO containing thermally-latent catalyst, followed
by vacuum treatment to remove the residue ethanol.

Cooling

methyl( gﬂ gch g:;rylate) ethanol/water

Copolymerization

L > I

~

Epoxidized soybean oil
(ESO)

PGMA
monolith

PGMA
solution

1cm

polyESO/PGMA

Figure 1. General procedure for preparation of PGMA monolith and polyESO/PGMA
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Figure 2. SEM image of PGMA monolith

Then, crosslinking reaction was carried out at 110°C
to yield a polyESO/PGMA. The resulting material
was insoluble in any organic solvent. The ratio of
ESO component, determined by weight change, was
50 wt%. During the reaction, the oxirane groups of
ESO and PGMA reacted with each other. The poly-
ESO/PGMA showed relatively high transparency,
and the transmittance at 700 nm was more than 75%.
On the other hand, the blend of ESO and PGMA pre-
pared by solvent casting was opaque due to the
immiscibility of PGMA with ESO. These data sug-
gest that the porous structure of the monolith was
retained without shrinkage and that the pore of the
PGMA monolith was filled by ESO component.

In the FT-IR spectrum of the polyESO/PGMA, char-
acteristic peaks at ca. 840 cm™', ascribed to the C—C
antisymmetric stretching of the oxirane groups of
ESO and PGMA, disappeared, and a broad peak cen-
tered at 3400 cm™', ascribed to the O—H stretching,
was observed. These results indicate that the oxirane
groups of ESO and PGMA are consumed to form
hydroxyl-terminated network polymer.

3.2. Thermal and mechanical properties of
polyESO/PGMA

In order to evaluate the effect of the incorporation of
PGMA monolith, dynamic viscoelasticity analysis as
a function of temperature was performed. The stor-
age modulus and loss factor of the ESO homopoly-
mer, the crosslinked PGMA, and the polyESO/
PGMA are shown in Figure 3. In the ESO homo-
polymer, a rapid decrease of storage modulus was
observed at —25°C. The storage modulus of the
crosslinked PGMA also decreased remarkably at
120°C, due to low crosslinking density. On the other
hand, it can be found that the storage modulus of
polyESO/PGMA drops stepwise, which is attrib-
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Figure 3. Dynamic viscoelasticity of (1) ESO homopoly-
mer, (2) crosslinked PGMA, and (3) polyESO/
PGMA,; (a) storage modulus, (b) loss factor

uted to the glass transitions of ESO polymer and
PGMA. This result indicates that ESO polymer and
the PGMA monolith are immiscible. At lower tem-
perature, the polyESO/PGMA was glassy with a
storage modulus of about 4.0 GPa, and the storage
modulus dropped at —25°C, giving rise to the first
rubbery state. Upon further heating, the storage mod-
ulus dropped again at 120°C to yield the second
rubbery state. In second rubbery state, the storage
modulus of polyESO/PGMA was about 16 MPa
which is higher than that of the crosslinked PGMA,
indicating that the oxirane groups of ESO and PGMA
react with each other to form the network structure.
Figure 4 shows the stress-strain curves of the ESO
homopolymer, the crosslinked PGMA, and the poly-
ESO/PGMA. The Young’s modulus and the tensile
strength of the polyESO/PGMA were larger than
those of the ESO homopolymer. These behaviors are
related to the three-dimensional porous structure of
the PGMA monolith, suggesting that the PGMA
monolith effectively reinforces ESO polymer. The
ESO homopolymer and the crosslinked PGMA frac-
tured at 14 and 8%, respectively. On the other hand,
the polyESO/PGMA was improved in brittleness,
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Figure 4. Stress-strain curves of (1) ESO homopolymer,
(2) crosslinked PGMA, and (3) polyESO/PGMA

and the strain at break of the polyESO/PGMA was
24%.

3.3. Shape memory-recovery behaviors of
polyESO/PGMA

The shape memory-recovery behaviors of the poly-
ESO/PGMA are demonstrated in Figure 5. In this
study, the shape memory-recovery behaviors were
activated by the glass transition of PGMA component
as a switching temperature. The polyESO/PGMA
was easily deformed above the glass transition tem-
perature of PGMA component. The ESO homopoly-
mer could not be deformed because of the brittle-
ness. The temporary shape of the polyESO/PGMA
was fixed by the subsequent cooling to room temper-
ature. Upon reheating above the glass transition tem-
perature of PGMA component, the deformed shape
was recovered to its original shape. On the other
hand, the shape of the crosslinked PGMA was not
returned to the original shape. Furthermore, the shape

memory-recovery behaviors of the polyESO/PGMA
were repeatable. The plausible shape memory-recov-
ery mechanism is as follows. The driving force of
shape recovery is the elastic force of ESO polymer
generated during the deformation. Above the switch-
ing temperature, PGMA component is in rubbery
state and the sample is easily deformed. After the
subsequent cooling, PGMA component becomes
glassy and the temporary shape is fixed with the inter-
nal stress of ESO polymer. Upon reheating above
the switching temperature, the mobility of PGMA
chains becomes larger, and the shape of the sample
returns to the original shape by the entropy elastic-
ity of ESO polymer.

4. Conclusions

In this study, an acrylic monolith bearing oxirane
groups was fabricated via thermally induced phase
separation in ethanol aqueous solution. The resulting
PGMA monolith was a piece of white material with
three-dimensional interconnected porous structure.
The PGMA monolith was immersed in ESO con-
taining thermally-latent catalyst under vacuum con-
dition, and the subsequent crosslinking reaction pro-
duced polyESO/PGMA with relatively good trans-
parency. The DMA result of the polyESO/PGMA
showed two glass transitions, due to the immiscibil-
ity of PGMA with ESO. The Young’s modulus and
the tensile strength of the polyESO/PGMA were
larger than those of the ESO homopolymer. The
incorporation of the PGMA monolith also increased
the strain at break, indicating that the resulting mate-
rial is effectively reinforced without sacrificing
toughness. Furthermore, the polyESO/PGMA exhib-
ited excellent shape memory property.

Criginal shape
(Permanent shape)

Temporary shape

Permanent shap

Figure 5. Shape memory-recovery behaviors for polyESO/PGMA
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Abstract. We have developed novel composites by grafting caffeic acid (CA) onto the P(3HB)-EC based material and lac-
case from Trametes versicolor was used for grafting purposes. The resulting composites were designated as CA-g-P(3HB)-
EC i.e., P(3HB)-EC (control), SCA-g-P(3HB)-EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)-EC and 20CA-g-P(3HB)-EC.
FT-IR (Fourier-transform infrared spectroscopy) was used to examine the functional and elemental groups of the control
and laccase-assisted graft composites. Evidently, 15CA-g-P(3HB)-EC composite exhibited resilient antibacterial activity
against Gram-positive and Gram-negative bacterial strains. Moreover, a significant level of biocompatibility and
biodegradability of the CA-g-P(3HB)-EC composites was also achieved with the human keratinocytes-like HaCaT cells
and soil burial evaluation, respectively. In conclusion, the newly developed novel composites with multi characteristics
could well represent the new wave of biomaterials for medical applications, and more specifically have promising future in

the infection free would dressings, burn and/or skin regeneration field due to their sophisticated characteristics.

Keywords: polymer composites, enzymatic grafting, laccase, biocompatible, biodegradable

1. Introduction

Bio-polymers generated from natural sources are
non-toxic in nature and therefore should be extraor-
dinarily suitable for biomedical applications such as
tissue engineering. Among the most promising and
well-characterised bio-polymers of natural origin,
P(3HB) and cellulose are of particular interest to
prepare composites with novel functionalities [1, 2].
Depending on the physiochemical nature and com-
patibility of the individual constituent surfaces, either
P(3HB) or cellulose, various interactions can occur
at the interface. Interfacial chemical reactions can
lead to various intermolecular bonds such as hydro-
gen bonding type interactions. Surface functionalities
of P(3HB) and cellulose include moderately polar

*Corresponding author, e-mail: hafiz.igbal@my.westminster.ac.uk
© BME-PT

(>C=0) and polar groups (—-OH and —COOH) and
one primary and two secondary hydroxyl groups,
respectively which possibly interact, and generate
some new bonds during composite formation [3, 4].

In recent years, a great interest has grown in the
development of polymeric materials or composites
with multifunctional characteristics, such as antibac-
terial, anticorrosive, biocompatible and biodegrad-
able, to explore their potential for wider use in a vari-
ety of applications e.g. biomedical, pharmaceutical,
drug delivery, food packaging, sanitary materials,
household, energy and military items [2, 4-8]. In our
previous work, novel enzyme-based composites by
grafting poly(3-hydroxybutyrate) [P(3HB)] onto the
ethyl cellulose (EC) and bacterial cellulose (BC) as
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a backbone polymers were developed under mild
and eco-friendly environment and analysed the
improved thermo-mechanical properties conferred to
the biomaterials based composites obtained [2, 4, 7].
From the last few years, antimicrobial finishing of
medical materials has become extremely important
in the production of protective, biocompatible, bio-
degradable, non-toxic products with respect to the
health and safety. This has provided opportunities to
expand the use of biomaterials to different applica-
tions in the pharmaceutical, medical, tissue engineer-
ing, agricultural, and food industries [4—7]. Most phe-
nols like caffeic acid, as natural auxiliaries host anti-
microbial activity and can also be grafted to improve
or impart existing or antimicrobial properties, respec-
tively. The cross-linking of some of the natural phe-
nolic compounds to different polymers is evidenced
after an enzymatic stage with P. cinnabarinus lac-
case [9, 10]. Laccase catalyses the oxidation of aro-
matic compounds using molecular oxygen as elec-
tron acceptor thus has been successfully applied for
grafting of phenolic compounds on different natural
polymers. In the last decade several authors have
shown that laccase treatments can improve physical/
chemical properties by producing phenoxy radicals
that undergo cross-linking reactions [11-13], thus
enhancing and/or imparting completely new proper-
ties to the materials, for a better performance, or to
create new value-added products. The recent years
have also witnessed a revival of the interest for nat-
ural materials capable of controlling microbial con-
taminations due to their fewer side effects and non-
toxicity [ 14, 15]. Thus they hold a great potential and
represent a valuable alternative and new challenges
for the future to keep under control microbial con-
tamination.

In this work, we have developed novel CA-g-
P(3HB)-EC composites, which exert strong antibac-
terial activities. The improved resistance against a
wide spectrum of microbes as well as the HaCaT
compatibility and biodegradability all indicate that

7a\U/A\
L <Yaccabd v
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CA-g-P(3HB)-EC ! potential

the newly synthesised CA-g-P(3HB)-EC based novel
composites could be potential candidate biomateri-
als for medical applications, and more specifically
have promising future in the infection free wound
dressings, burn and/or skin regeneration field due to
their sophisticated characteristics.

2. Experimental section

2.1. Bacterial cultures and maintenance

The pure cultures of the Gram-positive bacteria i.e.,
Bacillus subtilis NCTC 3610 and Staphylococcus
aureus NCTC 6571 and the Gram-negative i.e.,
Escherichia coli NTCT 10418 and Pseudomonas
aeruginosa NCTC 10662 were obtained from the cul-
ture collection unit of the University of Westminster
London, UK. All of the collected strains were
streaked on nutrient agar plates and subsequently
used for inoculum development. Each strain, sepa-
rately, was grown overnight in 50 mL sterile nutrient
broth at 30°C and 120 rpm. The main constituents of
the broth were: 1.0 g/L; yeast extract, 2.0 g/L; pep-
tone, 5.0 g/L; sodium chloride, 5.0 g/L.

2.2. Production and extraction of P(3HB)

The Gram-positive B. subtilis NCTC 3610 was used
for the production of P(3HB) using a modified G
medium (MGM) [16]. After the stipulated fermen-
tation time period (72 h), (P3HB) was extracted
from the cells using the chloroform-hypochlorite
dispersion method [17]. Isolated P(3HB) was then
stored in air tight desiccated jars to keep moisture
free and used further in subsequent graft synthesis
experiments.

2.3. Grafting of CA onto the P(3HB)-EC

The grafting of CA onto the as-reported P(3HB)-EC
based composite [2], was performed by adopting sur-
face dipping and incorporation (SDI) technique.
Briefly, the pre-weight P(3HB)-EC composite was
dipped into the CA solution in the presence of lac-
case for 60 min at 30°C. After that weight of the com-

i
[igvl fiinchionalities for

Figure 1. Schematic representation of preparation and evaluation of CA-g-P(3HB)-EC composites
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posite was recorded in a swollen state followed by
incubation at 50°C until fully dried. To eliminate the
un-reacted CA monomers each composite was
washed three times using sodium malonate buffer
and then dried again at 50°C and final dry weight was
recorded to calculate the grafting parameters. Subse-
quently, the resulting composites were designated
as P(B3HB)-EC, 5CA-g-P(3HB)-EC, 10CA-g-P(3HB)-
EC, 15CA-g-P(3HB)-EC and 20CA-g-P(3HB)-EC.
A possible mechanism of action between CA and
P(3HB)-EC composite is shown in Figure 1.

2.4. Fourier transform infrared spectroscopy
(FT-IR)

A Perkin Elmer System 2000 FT-IR spectrophoto-
meter was used to identify the structural elements of
the individual CA, P(3HB)-EC and CA-g-P(3HB)-
EC composites. The individual polymers and grafted
composites were placed on the diamond crystal, and
infrared absorption spectra were recorded from the
wavelength region of 4000-500 cm™'. All spectra
were collected with 64 scans and 2 cm™! resolution
and assigned peak numbers.

2.5. Grafting parameters

The grafting parameters i.e., graft yield (GY%),
grafting efficiency (GE%) and swelling ratio (SR%)
were measured. Graft yield was calculated in percent-
age by Equation (1), grafting efficiency was calcu-
lated in percentage by Equation (2) and swelling
ratio was calculated in percentage by Equation (3):

: Wy — W
Graft yield (GY%) = o 100 (1)
i
: : Wy — W,
Grafting efficiency (GE% ) = ——— x 100 (2)
Ws — W,

W,
Swelling ratio (SR%) = % x 100 (3)

1

where, W; = initial weight before immersion; Wy =
final dry weight after immersion; and W, = weight
of a sample in the swollen state.

2.6. Testing antibacterial activity

The antibacterial activities of the P(3HB)-EC and
CA-g-P(3HB)-EC composites were tested against
the aforementioned Gram-positive and Gram-nega-
tive strains. An overnight grown spore suspensions
containing approximately 10° CFU/mL were inocu-

lated onto the sterilised surfaces of the P(3HB)-EC
and CA-g-P(3HB)-EC composites followed by incu-
bation at 30°C. After the stipulated incubation period
(24 h), the bacterial cells were washed twice using
50 mL of phosphate buffer. The CFU/mL in each of
the washed suspension was determined by conven-
tional spread-plate method. In comparison with
control (initial bacterial count) the CFU/mL values
were used to calculate the antibacterial efficacy of
the P(3HB)-EC and CA-g-P(3HB)-EC composites
by Equation (4):

Log reduction =
Log CFU control — Log CFU treated sample (4)

2.7. In-vitro cell viability and adherent
morphology

HaCaT cell line was adopted to evaluate the cytotox-
icity of the P(3HB)-EC and CA-g-P(3HB)-EC com-
posites. HaCaT cells at a density of 1x10° cells per
well were seeded in 24-well tissue culture plates con-
taining P(3HB)-EC and CA-g-P(3HB)-EC compos-
ites separately. After 1,3 and 5 days of incubation the
culture media were removed and the specimens were
rinsed with phosphate buffer saline three times in
order to remove the un-attached cells. Cell viability
of the adherent cells was measured using neutral red
uptake assay. Thermomax micro-plate reader (Model
680, Bio-Rad, CA) was used to record optical den-
sity values at 540 nm using Softmax Pro version 4.8
software. Percent cell viability of the test specimens
was calculated by Equation (5). Whereas, the adher-
ent morphology of HaCaT cell line seeded onto the
P(3HB)-EC and CA-g-P(3HB)-EC composites was
observed using Nikon light microscope after staining
with neutral red dye. After 1 h incubation in dye solu-
tion, the stained cells were first washed with PBS and
then images were recorded at 100x magnification.

% Cell viability =

OD. Test composite 0D Negative control

)

OD Positive control

2.8. Soil burial test

The biodegradability of the P(3HB)-EC and CA-g-
P(3HB)-EC composites was evaluated using soil bur-
ial test as-described earlier by Wattanakornsiri et al.
[18]. The soil burial test lasted for 6 weeks (42 days).

766



Igbal et al. — eXPRESS Polymer Letters Vol.9, No.9 (2015) 764-772

A set of triplicate samples were buried under the soil
surface and after every 7 days of burial, each set was
removed, washed with distilled water, dried under
ambient environment and loss in weight was
recorded. The weight loss was calculated in percent-
age by Equation (6):

% Loss in weight =

Control weight — Loss in weight

(6)

Control weight

3. Results and discussion
3.1. Fourier transform infrared spectroscopy
(FT-IR)

An FT-IR was used to examine the functional and ele-
mental groups of CA and P(3HB)-EC and their lac-
case-assisted graft composites i.e., SCA-g-P(3HB)-
EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)-EC and
20CA-g-P(3HB)-EC. In comparison to the untreated
caffeic acid as shown in Figure 2, an increase in the
absorbance at 1720 cm™' (C=0) band, and 1050—
1300 cm™' (C—O) was noticed. The —OH bands over-
lapped in the 3400 cm™! region, whereas, the peaks

at 3396 cm™! and in a broad 31003470 cm™! region
can be attributed to —OH, stretch [19, 20]. In Figure 2,
CA-loaded composites shows a band at 3345 cm™!
corresponding to phenolic —OH stretching involving
hydrogen bonding, and a peak at 1360 cm™! corre-
sponds to —OH bending of the phenolic group [21].

3.2. Grafting parameters

The results obtained are illustrated as mean values of
three replicates in Figure 3, whereas, the standard
error of means are shown as Y-error bars in Figure 3.
The data revealed the increase in both the graft
yield (GY%) and graft efficiency (GE%) reaching its
maximum value at 15 mM CA concentration, then
starts to decrease showing that higher concentrations
do not promote further grafting. One possible rea-
son for the observed behaviour could be the substan-
tial amount of CA grafted onto the baseline compos-
ite, which creates steric hindrance for further graft-
ing. The increase in monomer concentration would
be expected to increase both the grafting percentage
which in turn increase the molecular weight of the
graft composite [22, 23]. The order of SR% observed
was: 20CA-g-P(3HB)-EC > 15CA-g-P(3HB)-EC >

0.9

Absorbance

1056 —*

20CAgP(3HB)-EC

15CAgP(3HB)-EC

10CAgP(3HB)-EC

5CAgP(3HB)-EC

P(3HB)-EC

4000 3500 3000 2500

2000

1500 1000 500

Wavelength [cm~]

Figure 2. Typical FT-IR spectra of caffeic acid (CA) and CA-g-P(3HB)-EC composites prepared using laccase as a model

catalyst
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Figure 3. Graft yield (GY%), grafting efficiency (GE%) and
swelling ratio (SR%) behaviours of CA-g-P(3HB)-
EC composites prepared using laccase as a model
catalyst

10CA-g-P(3HB)-EC > 5CA-g-P(3HB)-EC > P(3HB)-
EC. It has also been reported in literature that the
reaction time is an important parameter which can
increase or decrease the grafting parameters like
graft yield, grafting efficiency and swelling behav-
iour [24].

3.3. Testing antibacterial activity
The antibacterial potential of CA-g-P(3HB)-EC
composites was tested against Gram-positive and

-
(=]

E8 B. subtilis NCTC 3810
S. aureus NCTC 6571

Log reduction [CFU/mL]

N oW s O~ 0 W
T T T T T T T

P(3HB)-EC

5CAgP(3HB)-EC
10CAgP(3HB)-EC
15CAgP(3HB)-EC
20CAgP(3HB)-EC

a) Grafted composites

Gram-negative strains. As shown in Figure 4a and
4b, after 24 h incubation the remaining bacterial
counts decreased with increasing CA content onto the
surface of P(3HB)-EC, and this trend was maxi-
mum at the concentration of 15 mM CA. A signifi-
cant antibacterial potential was detected for 15CA-g-
P(3HB)-EC against Gram-positive strains i.e., B. sub-
tilis NCTC 3610 and S. aureus NCTC 6571 and the
Gram-negative i.e., E. coli NTCT 10418 and P.
aeruginosa NCTC 10662 in comparison to the con-
trol sample and relative to other concentrations.
However, P(3HB)-EC without any CA concentra-
tion was found 100% susceptible against all of the
tested micro-organisms. A strong antibacterial poten-
tial of 15CA-g-P(3HB)-EC was recorded against
Gram-negative as compare to the Gram-positive,
which is, probably because of the difference between
Gram-negative and Gram-positive bacteria in terms
of cell structures and antimicrobial mechanism [25,
26].

3.4. In-vitro cell viability and adherent
morphology

In-vitro biocompatibility evaluation of the grafted
composites with HaCaT cell line was analysed using
neutral red dye assay and the results obtained are
shown in Figure 5. The study demonstrated that when
HaCaT cells were seeded onto the composite sur-
faces after 30 min UV sterilisation, the cells showed
high viability after 5 days of incubation, whereas, the

-
(=]

ER E. coliNCTC 10418
P. aeruginosa NCTC 10662

Log reduction [CFU/mL]

L L = T B = - B (e ]
T T T T T T T

P(3HB}EC

5CAgP(3HB)-EC
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(
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b) Grafted composites

Figure 4. Antimicrobial activity of CA-g-P(3HB)-EC composites (a) against Gram-positive strains i.e., B. subtilis NCTC
3610 and S. aureus NCTC 6571 and (b) against Gram-negative strains i.e., E. coli NTCT 10418 and P, aeruginosa

NCTC 10662
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Figure 5. Neutral red dye concentration dependent percent-
age cell viability of human keratinocytes-like
HaCaT cells after 1, 3 and 5 days of incubation onto
the CA-g-P(3HB)-EC composite surfaces (mean
+SD, n=3)

non-toxicity of test samples i.e., P(3HB)-EC, 5CA-g-
P(3HB)-EC, 10CA-g-P(3HB)-EC, 15CA-g-P(3HB)-
EC and 20CA-g-P(3HB)-EC were depicted by the %
viability of the HaCaT cells. However, the compos-
ite prepared with 20 mM CA concentration and des-
ignated as 20CA-g-P(3HB)-EC showed a lower %
viability of HaCaT cells in comparison with the
control and 15CA-g-P(3HB)-EC composites after a
long contact period (5 days) under the same cultur-
ing environment. Additionally, the morphologies of
cell cultured on the sterilised surface of 15CA-g-
P(3HB)-EC composite was higher than those of
20CA-g-P(3HB)-EC composite (Figure 6), which
is again consistent with the results from viability
analyses.

3.5. Biodegradability evaluation

The degradation behaviour of P(3HB)-EC and CA
grafted P(3HB)-EC composites has been investi-
gated by measuring the % weight loss of the com-
posites. Figure 7 illustrates the % weight loss of the
test composites as a function of degradation time, as
represented, all of the composites show an increased
degradation rate up to different extent during the
buried process which is much likely a result of the
moisture (water) penetration into the composites,
causing the hydrolysis of surfaces and interfaces [27,
28]. After 6 weeks consecutive exposure, the weight
loss of composites reaches 54 wt% for the pristine
P(3HB)-EC, 65 wt% for 5SCA-g-P(3HB)-EC, 81 wt%
for 10CA-g-P(3HB)-EC, 89 wt% for 15CA-g-
P(3HB)-EC and 96 wt% for 20CA-g-P(3HB)-EC.

100
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7 14 21 28 35 42

Soil burial period [days]

Figure 7. Percentage weight loss of CA-g-P(3HB)-EC com-
posites buried for prescribed periods (mean+SD,
n=3)

The degradation profile revealed that the degradabil-
ity of the CA grafted composites is higher than that
of bare P(3HB)-EC. It has been reported in litera-
ture that during soil burial the polymer molecular
chains degrade which followed by their transforma-
tion into water and CO, after a long term degrada-
tion, thus, it seems that the soil burial degradation
mechanism involves a recyclable, green, and envi-
ronmentally friendly process to fully degrade the
biodegradable polymeric composites [29].

4. Conclusions

It could be concluded from the data discussed above,
the newly developed novel composites could well
represent the new wave of biomaterials for medical
application, to be used to treat specific infections
rather than the broad spectrum which can cause sig-
nificant morbidity as a consequence of their lack of
specificity. The improved resistance against a wide
spectrum of microbes as well as HaCaT compatibil-
ity all indicates that CA-g-P(3HB)-EC could be
potential candidates for biomedical applications par-
ticularly in the area of infection free wound healing.
Undoubtedly, the results obtained, herein, after soil
burial degradation revealed that CA-g-P(3HB)-EC
composites will not cause any deleterious ecologi-
cal impact.
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m) n)

Figure 6. Adherent morphology of HaCaT cells seeded onto the composite surfaces. Images (a), (b) and (c) represent the
HaCaT cells on native P(3HB)-EC composite (i.e., P(3HB)-EC) after 1, 3 and 5 days of incubation, respectively;
images (d), (e) and (f) represent the HaCaT cells on SCA-g-P(3HB)-EC composite after 1, 3 and 5 days of incu-
bation, respectively; images (g), (h) and (i) represent the HaCaT cells on 10CA-g-P(3HB)-EC composite after 1,
3 and 5 days of incubation, respectively; images (j), (k) and (1) represent the HaCaT cells on 15CA-g-P(3HB)-EC
composite after 1, 3 and 5 days of incubation, respectively and images (m), (n) and (o) represent the HaCaT cells
on 20CA-g-P(3HB)-EC composite after 1, 3 and 5 days of incubation, respectively. All images were taken at 100x
magnification.
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Abstract. Three series of poly(butylene succinate) (PBSu) nanocomposites containing 0.5, 1 and 2.5 wt% strontium
hydroxyapatite [Srs(PO4);OH] nanorods (StHAp nrds) were prepared by in situ polymerisation. The structural effects of
Srs(PO4);OH nanorods, for the different concentrations, inside the polymeric matrix (PBSu), were studied through high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM measurements revealed that
the StHAp nanorods at low concentrations are dispersed inside the polymeric PBSu matrix while in 1 wt% some aggregates
are formed. These aggregations affect the mechanical properties giving an enhancement for the concentration of 0.5 wt%
SrHAp nrds in tensile strength, while a reduction is recorded for higher loadings of the nanofiller. Studies on enzymatic
hydrolysis revealed that all nanocomposites present higher hydrolysis rates than neat PBSu, indicating that nanorods accel-
erate the hydrolysis degradation process. In vitro bioactivity tests prove that StHAp nrds promote the formation of hydrox-
yapatite on the PBSu surface. All nanocomposites were tested also in relevant cell culture using osteoblast-like cells

(MG-63) to demonstrate their biocompatibility showing StHAp nanorods support cell attachment.

Keywords: nanocomposites, poly(butylene succinate), strontium nanorods, scaffolds

1. Introduction

Polymers are versatile materials and are used in many
applications including biomedical applications
because of their biocompatibility and to their modi-
fiable properties [ 1, 2]. Biodegradable aliphatic poly-
esters can be prepared to provide a wide range of
degradation rates and mechanical properties [3].
Especially those belonging to the family of poly(lac-
tic acid) (PLA) and poly(glycolic acid) (PGA), play
an increasingly important role in the fledgling field
of tissue engineering because they can be fashioned
into porous scaffolds or carriers of cells, extracellular

*Corresponding author, e-mail: dbic@chem.auth.gr
© BME-PT

matrix components, and bioactive agents [4]. Poly
(butylene succinate) (PBSu) is also a type of bio-
degradable aliphatic polyester, which can be effi-
ciently synthesized from the starting materials of
succinic acid and butan-1,4-diol. When compared
with PLA and PGA, PBSu has better processability
and mechanical properties similar to those of poly-
ethylene and polypropylene [5]. Biocompatibility
and osteoconductive properties of PBSu have also
been shown by its ability to allow cellular adhesion
and proliferation both in vitro and in vivo [6, 7].
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Moreover research has shown that all living sys-
tems are governed by molecular behaviour at nano-
scale. Nanometer structural components are thus
being considered as promising biomaterials [8]. Stud-
ies in the literature have shown significant increases
in bone cell functions when nanophase (compared to
conventional) ceramic particles are incorporated into
polymer composites. Specifically, up to three times
more osteoblasts adhered to PLGA when it con-
tained nanophase particles compared to conven-
tional titania at the same weight ratio and porosity.
Moreover, significantly greater in vitro osteoblast
functions leading to mineral deposition were
observed on carbon fibers with nanometer size com-
pared to conventional dimensions [8]. These results
suggest that the proactive surface roughness of nano-
phase materials may be transferable to polymers to
promote orthopedic implant efficacy.

In order to promote tissue regeneration and to mod-
ulate cellular function, researchers have also focused
on the challenge of designing bone tissue engineer-
ing scaffolds that mimic the unique mechanical prop-
erties of bone. Nanophase reinforcement has the
potential of improving current materials to achieve
mechanical strength comparable to the native tis-
sue. Recently, carbon nanotubes and alumoxane
nanoparticles have been examined as reinforcing
fillers for biodegradable polymers. The effect of a
filler on the mechanical properties depends on the
size, shape, and dispersion of the filler. Further-
more, the interaction between the filler and the
organic matrix can also impact the level of reinforce-
ment. Therefore, optimal performance is achieved
when the small particles are uniformly dispersed
throughout the polymer and interact strongly with
the organic matrix.

Recently, PBSu nanocomposites containing SiO;
nanotubes and SrHAp nanorods at relatively high
concentrations 5 and 20 wt% were prepared by melt
mixing and studied as potential materials for tissue
engineering applications [9]. Concerning of Sr-sub-
stituted hydroxyapatite STHAp nrds could stimulate
osteoblasts proliferation in vitro and provide an
ideal environment for colonization, proliferation,
and differentiation of osteoblasts to form new bone
in vivo, due to its numerous phosphate groups, which
could have a positive effect on cell growth. The
results confirmed SiO; nanotubes to support cell
attachment and growth. However, the presence of
strontium led to cytotoxicity of the nanocomposites,

which might be related to critical concentration of
Sr being released from the composite material.

The aim of the present study is the preparation and
study of PBSu nanocomposites with optimized stron-
tium hydroxyapatite nanorods’ concentrations for
tissue engineering applications. As an alternative
development method in situ polymerization will be
used, in order to achieve a more uniform dispersion
of the nanofillers in the polymer matrix and thus
improve the physical properties. Compared with the
method of melt mixing, in situ polymerization gives
more satisfactory dispersion of nanoparticles and
stronger interactions between the reinforcements
and the polymeric phase. Therefore, nanocomposites
fabricated by in situ processing tend to display bet-
ter mechanical properties and a lower percolation
threshold than those composites made by ex situ
methods.

2. Experimental

2.1. Materials

Succinic acid (CAS Number: 110-15-6) (purum
99+%), 1,4-butanediol (110-63-4) (purity >99%)
and titanium (IV) butoxide (TBT) (5593-70-4)
(>97%) were obtained from Sigma-Aldrich Chemi-
cal Co (Chemie GmbH, Germany) and used as
received. Strontium nitrate [Sr(NO;),] (10042-76-9)
(>99%), ammonium phosphate dibasic [(NH4),HPO4]
(7783-28-0) (>98%) and trisodium citrate dehy-
drate (labelled as Cit*") (6132-04-3) (>99%) were
supplied from Sigma Aldrich Chemical Co (Chemie
GmbH, Germany). Cetyltrimethyl-ammonium bro-
mide (57-09-0) (labelled as CTAB) (>99%) was pur-
chased from Panreac Quimicha (Panreac Quimica
S.L.U., Spain). All other materials and solvents used
in the analytical methods were of analytical grade.

2.2. Synthesis of strontium hydroxyapatite
nanorods

Strontium hydroxyapatite nanorods were synthe-
sized via the hydrothermal method that Zhang et al.
[10] previously described. In a typical procedure,
3 mmol of Sr(NOs3),, 0.5 g of CTAB, and 10 mL of
ammonia solution (NHj3-H,0) (used for adjusting
the pH value as alkaline solution) were dissolved in
30 mL of deionized water to form solution 1. Then,
6 mmol of trisodium citrate (labeled as Cit>", the
molar ratio of Cit*/Sr?” is 2:1) and 2 mmol of
(NHy4),HPO4 were added into 20 mL H,O to form
solution 2. After vigorously stirring for 30 min, solu-
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tion 2 was introduced into solution 1 (dropwise).
After additional agitation for 20 min, the as-obtained
mixing solution was transferred into a Teflon bottle
(80 mL) held in a stainless steel autoclave, sealed,
and maintained at 180°C for 24 h. As the autoclave
cooled to room temperature naturally, the precipitate
was separated by centrifugation, washed with deion-
ized water and ethanol in sequence. Then, the
obtained product was redispersed in 150 mL of ace-
tone and refluxed at 80°C for 48 h to remove the
residual template CTAB. Finally, the precipitate was
separated by centrifugation again and dried in vac-
uum at 70°C for 24 h to obtain the final sample [10].

2.3. In situ prepared nanocomposites

Nanocomposites of PBSu and StHAp nanorods were
prepared in situ by the two-stage melt polyconden-
sation method using succinic acid (SA) and 1,4-
butanediol (BD) in a glass batch reactor at a molar
ratio SA:BD of 1:1.15. Appropriate amount of StHAp
nrds was first dispersed in 1,4-butanediol by ultra-
sonic vibration (50 W, Hielscher UPS0H) and intense
stirring with a magnetic stirrer (300 rpm) for 10 min
prior to polymerization. The polymerization mix-
ture, after being placed in a 250 cm® round bottom
flask, was de-aired and purged with dry nitrogen
three times. Thereupon, the mixture was heated under
a nitrogen atmosphere for 3.5 h at 200°C under con-
stant stirring (350 rpm), with water removed as the
reaction by-product of esterification. Afterwards,
for the second reaction stage of polycondensation,
0.3 wt% of TPP as heat stabilizer and 1.0-10 mol
per mole of succinic acid of TBT as polycondensa-
tion catalyst were added. The reaction was continued
under increased mechanical stirring (720 rpm) and
high vacuum (~5.0 Pa), which was applied slowly
over a period of time of about 30 min, to avoid exces-
sive foaming and to minimize oligomer sublima-
tion, at 220 and 240°C for 1 h intervals, respectively.
Polymerization was stopped by fast cooling to room
temperature. After the polycondensation reaction
was completed, the polyesters were easily removed
from the flask. According to this procedure neat
PBSu and nanocomposites containing 0.5, 1 and
2.5 wt% SrHAp nrds have been prepared.

2.4. Nanocomposites characterization

2.4.1. Gel permeation chromatography (GPC)
GPC analysis was performed using a Waters 150C
GPC (Waters Corp., Milford, MA) equipped with a

differential refractometer as detector and three ultra-
styragel (103, 104, 105E) columns in series. CHCl;
was used as the eluent (1 mL/min) and the measure-
ments were performed at 35°C. Calibration was per-
formed using polystyrene standards with a narrow
molecular weight distribution.

2.4.2. Fourier Transformed-Infrared
Spectroscopy (FTIR)

FTIR spectra were obtained using a Perkin—Elmer
FTIR (Perkin—Elmer Inc. USA) spectrometer, model
Spectrum One. The materials were in the form of
thin films with a thickness of approximately 30 um.
The IR spectra of these films were obtained in
absorbance mode and in the spectral region of 400—
4000 cm™! using a resolution of 4 cm™! and 64 co-
added scans.

2.4.3. X-ray photoelectron spectroscopy (XPS)
The element composition and interfacial interac-
tions were studied using X-ray photoelectron spec-
troscopy (XPS). In the XPS analysis (AXIS Ultra
‘DLD’ X-ray photoelectron spectrometer) (Shi-
madzu Corp., Japan), a monochromatic Al Ka X-ray
was used at 14 kV. A binding energy of 284.8 eV
for the C1s of aliphatic carbons was taken as the
reference energy. The XPS curve fitting of C1s, O Is
and Sr3d were accomplished using Kratos’ Vision 2
Processing software.

2.4.4. Scanning electron microscopy (SEM)

The morphology of the prepared nanocomposites was
examined using a scanning electron microscopy
system (SEM) type JEOL (JMS-840) (Jeol Ltd.,
Tokyo) equipped with an energy-dispersive X-ray
(EDX) Oxford ISIS 300 micro-analytical system
(Oxford Instruments UK). The studied surfaces were
coated with carbon black in order to obtain good
conductivity for the electron beam. Operating condi-
tions were: accelerating voltage 20 kV, probe cur-
rent 45 nA and counting time 60 s.

2.4.5. High angle annular dark field scanning
transmission electron microscopy

Samples suitable for HAADF-STEM measurements
were sectioned using a Leica UC7 ultramicrotome
equipped with a FC7 cryo chamber and the sections
had a thickness of 100—120 nm. The sections were
placed on Quantifoil C coated Cu grids. Samples
were cut at —80°C. HAADF-STEM images were
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acquired using a FEI Tecnai G2 electron micro-
scope operated at 200 kV.

2.4.6. X-ray Diffractometry (WAXD)

XRD studies of nanocomposites, in the form of thin
films, were performed over the range 2 h from 5 to
80°, at steps of 0.05° and counting time of 5 s, using
a MiniFlex II XRD system from (RIGAKU Co.,
Ltd., Japan). The degree of crystallinity was meas-
ured using instrument’s software.

2.4.7. Mechanical properties

Measurements of mechanical properties of the pre-
pared nanocomposites in tension were performed
on an Instron 3344 dynamometer (Instron, USA) in
accordance with ASTM D638, using a crosshead
speed of 5 mm/min. Relative thin sheets of about
350£25 um were prepared using an Otto Weber, Type
PW 30 hydraulic press connected with an Omron
E5AX Temperature Controller, at a temperature of
130+£5°C. The moulds were rapidly cooled by
immersing them in water at 20°C In order to meas-
ure the mechanical properties from these sheets,
dumb-bell-shaped tensile test specimens (central por-
tions 5x0.5 mm thick, 22 mm gauge length) were
cut in a Wallace cutting press and conditioned at 25°C
and 55-60% relative humidity for 48 h. The values
of Young’s modulus, yield stress, elongation at break
and tensile strength at the break point were deter-
mined. At least five specimens were tested for each
sample and the average values are reported.

2.4.8. Dynamic mechanical analysis (DMA)

The dynamic mechanical properties of the nanocom-
posites were measured with a Perkin-Elmer Dia-
mond DMA (PerkinElmer, Inc. USA). The bending
(dual cantilever) method was used with a frequency
of 1 Hz, a strain level of 0.04%, in the temperature
range of —70.0 to 80.0°C. The heating rate was
3°C/min”!. Testing was performed using rectangu-
lar bars measuring approximately 30x10x3.0 mm?>.
These were prepared with a hydraulic press, as
described above, and the exact dimensions of each
sample were measured before the scan.

2.4.9. Contact angle measurements

Contact angle measurements, before and after ster-
ilization, were performed using a DSA30 analyzer,
(KRUSS GmbH, Germany). The samples were in
the form of thin films of 500+£50 pm thickness and

0.5 cm diameter. The drop of water used had a
diameter of 3 um.

2.4.10. Enzymatic hydrolysis

Samples in the form of films (10x20%x0.4 mm?) pre-
pared using an Otto Weber Type PW 30 hydraulic
press at 130°C, were placed in test tubes, wherein
5 mL of phosphate buffer solution (0.2 M, pH 7.0)
was added, containing Rhizopus delemar >0.4 U/mg
and Pseudomonas Cepacia >30 U/mg lipase. The
concentrations of the lipases were 0.09 and
0.01 mg/mL, respectively, because 0.1 mg/mL total
enzyme concentration in PBS is sufficient to cause
notable mass loss over a period of 40 days of enzy-
matic treatment at 37°C. The loosely capped test
tubes were kept at 37.0+£1.0°C in an oven for several
days while the media were replaced every 3 days.
After a predetermined time the films were removed
from the lipase solution, washed thoroughly with dis-
tilled water and ethanol and then dried at room tem-
perature under vacuum, until constant weight. Every
measurement was repeated three times. As a con-
trol, the same experiment was carried out under the
same conditions without any lipase being added.
The degree of biodegradation was estimated from
the mass loss. The morphology of the prepared films
during enzymatic hydrolysis was examined through
scanning electron micrographs (SEM).

2.4.11. Formation of bone-like apatite

After ultrasonic cleaning in acetone and rinsing with
distilled water, all the samples were soaked in a
simulated body fluid (SBF) for 14 and 28 days in
order to assess their bioactivity. The ionic concentra-
tions in the SBF solution are nearly equal to those in
human body blood plasma, and the solution was
buffered at pH 7.4 with trimethanol aminomethane-
HCL. After the immersion test, each specimen was
gently washed with distilled water, gradually dried
with ethanol. Finally, the specimens were observed
by scanning electron microscopy.

2.4.12. Cell culture studies

The in vitro biocompatibility of all materials was
evaluated in contact with MG63 osteoblast-like
cells after 48 h of incubation. Six samples from each
category were disinfected by immersion in 70 vol%
ethanol solution for 1 h. After disinfection the sam-
ples were washed with phosphate-buffered saline
(PBS, Gibco®) and were placed into a single well of
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a 24-well plate (Corning, Cambridge, MA). 1.5 mL
of Dulbecco’s Modified Eagle’s medium (DMEM,
Gibco, Germany) supplemented with 10 vol% fetal
bovine serum (FBS, Sigma-Aldrich, Germany) and
1 vol% penicillin and streptomycin (Gibco, Ger-
many) containing 103 cells was added to each well.
The same amount of culture medium with cells
without specimens was used as positive control. All
samples and controls were incubated at 37°C in a
humidified atmosphere (5% CO, in 95% air, Steri-
Cycle, Thermo Fisher Scientific) for 48 hours. After-
wards, the samples were washed with PBS and
1 mL of AlamarBlue solution was added in the well
plate. The well plate was incubated at 37°C (95%
humidity, 5% CO,) for 4 hours. The AlamarBlue
solution was prepared by mixing 10 vol% of Alamar
Blue reagent (Invitrogen, Germany) with DMEM
supplemented with FCS and antibiotics as previ-
ously described. After 4 hours of incubation, the
optical density of the solutions was measured at 570
and 600 nm with a plate reader (Anthos, Germany).
Cell morphologies were obtained by SEM micro-
scopy (Quanta 200, FEIL, The Netherlands). All sam-
ples were washed with PBS, fixed with a solution
containing 3 vol% glutaraldehyde (Sigma, Germany)
and 3 vol % paraformaldehyde (Sigma, Germany) in
0.2 M sodium cacodylate buffer (pH 7.4) and finally
rinsed three times with PBS. Consequently, all sam-
ples were dehydrated in a graded ethanol series (30,
50, 70, 80, 90, 95, and 99.8 vol%). Samples were
maintained in 99.8 vol% ethanol and critical-point
dried (EM CPD300, Leica, Germany) before imag-
ing with SEM.

3. Results and discussion
3.1. Synthesis and characterization of in situ
prepared PBSu/SrHAp nrds
nanocomposites
PBSu nanocomposites were synthesized by two-
step reactions of esterification and polycondensa-
tion. According to this procedure polyesters with
high molecular weight can be prepared and the M,
and M,, values of neat PBSu are calculated at 40850
and 92220 g/mol, respectively, which is quite satis-
factory for aliphatic polyesters [11]. The presence of
the nanorods in the polymerization mixture, affected
the reaction, leading to variations of the final molec-
ular weight of the synthesized polymers. As shown
in Table 1, the average molecular weight of the nano-
composites varies. Initially the molecular weight was

Table 1. Molecular weight of prepared nanocomposites
M, M,,

Sample [g/mol] | [gmol] | TvMn
PBSu 40850 | 92220 | 2.3
PBSwSrHAp nrds 0.5 wt% 51100 | 122950 | 2.4
PBSwSrHAp nrds 1.0 wt% 37790 | 83380 | 22
PBSwSrHAp nrds 2.5 wt% 21550 | 41010 | 1.9

increased for a StHAp nanorod concentration of
0.5 wt%, followed by a gradual decrease at higher
concentrations. This is due to the interactions that
probably are taking place between nanorods and
PBSu macromolecules, since STHAp nanorods have
a lot of hydroxyl groups that could react with the
—COOH or —OH end groups of PBSu macromole-
cules.

Due to these interactions at a low concentration the
nanoparticles could act as chain extenders, increas-
ing the molecular weight of the polyester, and thus
macromolecules with higher molecular weight than
pure polyester were produced, as in the nanocom-
posite containing 0.5 wt% SrHAp nrds. However, at
higher concentrations, due to extended reactions,
branched and/or cross-linked macromolecules could
be formed, since StHAp nrds, due to the surface
hydroxyl groups, can act as a multifunctional agent,
leading to a partial reduction of molecular weight
[12], as in nanocomposites containing 1.0 and
2.5 wt% SrHAp nanorods. Branched polymers gen-
erally have lower intrinsic viscosities than the corre-
sponding linear ones having the same molecular
weight. This happens due to the hydrodynamic
dimensions of branched macromolecules, which is
what the methods used for the determination of the
molecular weight actually measure, are smaller in
solution than linear ones. Similar reactions were
mentioned in PBSu/silica nanocomposites and it
was revealed that silanol groups (Si—OH) in SiO,
nanoparticles could react with the hydroxyl end
groups of the polyesters. Such a reaction was veri-
fied using results from solid-state 2°Si NMR and
FTIR spectra of PBSu/silica nanocomposites, indi-
cating covalent bonding between SiO; particles and
the PBSu macromolecular chain [13-15].

In the present study FTIR and XPS were used to
examine the possibility of such reactions to take
place between Sr—OH groups of SrHAp nanorods
and PBSu. As shown in Figure 1 for the neat PBSu
sample, the characteristic ester absorption peak for
the stretching vibration of the —-C=0O bond appears
at 1717 cm™!. The peak at 2960 cm™! is attributed to
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the stretching vibration of C-H of the —CH2- group
while the wide peak at 3100-3700 cm™" corresponds
to hydroxyl groups of the polyester. For the PBSu
nanocomposites, the infrared spectra retained most
of the band of PBSu, although some of them changed
in intensity. Thus, it seems that no interactions
between inorganic nanoparticles and PBSu matrix
took place and covalently bonds between PBSu and

4
—— PBSu neat
—— PBSUISr,(PO,),0H 0.5 wi%
PBSW/Sr,(PO,).0H 1.0 Wt%
s PBSuSr,(PO,),0H 2.5 wi% .
8
c
g
&
Ke
<

3000 2000 1000

Wave number [cm™]

Figure 1. FTIR spectra of prepared nanocomposites
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SrHAp nanorods have not been formed. However,
there is also the possibility due to the low amount of
added SrHAp nanorods, these interactions could not
be detected with FTIR, due to its low sensitivity.

In order to investigate the possible covalent bond-
ing between StHAp nanorods and the PBSu poly-
mer backbone chain, XPS analysis was performed.
Neat PBSu has characteristic peaks at the regions
C1s and O ls with binding energies 283292 and
529-536 eV, respectively (Figure 2). Both peaks can
be further analyzed to different binding energies
corresponding to different carbonyl components
like C; = CC and CH (284.52 ¢V), C, = bC to ester
(285.32eV), C3= C-O (286.52¢eV), C4=ester
(C=0)-0 (288.72 eV) (Figure 2) and oxygen like
0, = ester(C=0)-0 (532.01 ¢V), O, = carbonyl
(C=0) (533.38 ¢V) and O3 carboxylic (O=C)-OH
(535,42 eV) (Figure 3) [16]. XPS study was per-
formed for all the nanocomposites, but for the sam-
ples with PBSu/SrHAp nrds 0.5 wt% and PBSu/
SrHAp nrds 1.0 wt% the presence of the nanofiller
was not confirmed. XPS analysis is a surface-sensi-
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Figure 2. XPS spectra of a) PBSu and b) PBSu/SrHAp 2.5 wt% nrds in C 1s region
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Figure 3. XPS spectra of a) PBSu and b) PBSu/SrHAp nrds 2.5 wt% in O 1s region

778



Nerantzaki et al. — eXPRESS Polymer Letters Vol.9, No.9 (2015) 773—789

Table 2. Characteristic binding energies of carbonyl and
oxygen components in PBSu and PBSu/SrHAp
nrds 2.5 wt% nanocomposite

Component Peak position [eV]
NeatPBSu PBSu/SrHAp nrds

C 284.52 284.6

C, 285.32 285.09
Cs 286.52 286.17
Cy 288.72 288.76
0, 532.01 531.92
0, 533.38 533.34
03 535.42 534.35

where: C; =CC and CH, C, =bC to ester, C; =C-0,
C4 =ester (C=0)-0,
0 = ester(C=0)-0, O, = carbonyl (C=0) and
03 =carboxylic (O=C)-OH

tive quantitative spectroscopic technique and for
this reason penetration depth is low. For the nanocom-
posites with StHAp nrds content less than 2.5 wt%
it is probable that the nanofiller was embedded in
the polymeric matrix during bulk polymerization
and thus was not possible to be detected in order to
investigate chemical bonds.

The binding energies of the sample PBSu/SrHAp
nrds 2.5 wt% are presented in Table 2. Comparing
the carbonyl group binding energies between neat
PBSu and its nanocomposite with 2.5 wt% SrHAp
nrds it can be seen that these are almost identical.
However, same small differences are recorded in
the oxygen region and mainly of the O ester and O3
carboxylic group (Figure 3). These values are slightly
to lower binding energies indicating the existence
of some interactions between PBSu and these nano-
particles [17].

After the peak analysis in the Sr3d region of the XPS
spectrum at (130.5-137.6 eV) for the PBSu/SrHAp
nrds 2.5 wt% nanocomposite, it is clear that new
peaks are formed, indicating the formation of new
covalent bonds between StHAp nrds nanoparticles
and PBSu (Figure 4). Probably, a new chemical bond
(Sr—0O-C) is formed by the reaction between Sr—OH
and the hydroxyl end groups of PBSu macromolec-
ular chains. The binding energy of this new peak is
137.6 eV, while the peaks at 132.86 and 134.52 eV
more likely correspond to Sr—O bonds of StHAp
nrds [10, 18, 19].

Regarding WAXD analysis, many interesting results
could be concluded studying XRD pattern of PBSu
and its nanocomposites. However, the authors focus
firstly on the confirmation of PBSu synthesis and
secondly on the effect of nanofiller on the degree of

754 Sr 3d region
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Figure 4. XPS spectra of PBSu/Srs(PO4); 2.5 wt% nanocom-
posite in Sr3d region

crystallinity. The crystalline structure of the nano-
composites was studied using XRD. The crystal unit
cell of PBSu is monoclinic and diffraction peaks
from [020] and [110] are observed at 260 19.8 and
22.6° respectively [9, 11, 20]. Although StHAp nano-
rods are crystalline materials none of their peaks
can be recognized, even these with high intensity at
20.4, 26.6 and 31°, because they are overlapped by
denser PBSu peaks (Figure 5). In general, as no shift-
ing of PBSu peaks is observed, we deduce that the
unit cells of the polyester and nanofillers remain the
same. However, the addition of STHAp nanorods has
a small effect on the PBSu degree of crystallinity,
which in neat PBSu is about 41.2%. This was slightly
increased in nanocomposites containing 0.5, 1 and
2.4 wt% SrHAp nanorods to 42.5, 43.1 and 43.3%,
respectively. This is because STHAp nanorods may
act as nucleating agents promoting the heteroge-
neous nucleation of PBSu.

2500
PBSu neat
PBSu/SrHAp neds 0.5 wt%
PBSu/SrHAp neds 1.0 wi%
2000 4 PBSu/SrHApR neds 2.5 wt%
SrHAp neds
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Figure 5. XRD patterns of neat PBSu, neat StHAp nano-
rods and their nanocomposites containing differ-
ent content of StHAp nanorods
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3.2. Morphological, mechanical and dynamic
mechanical analysis of PBSu/SrHAp nrd
nanocomposites.

Considering that low adhesion between the used

nanoadditives and the PBSu matrix could affect

their dispersion, we analysed their morphological fea-
tures. In Figures 6 and 7, HAADF-STEM images of
the samples StHAp nanorods 0.5 and 1.0 wt% respec-
tively, inside the polymeric matrix in low and high
magnification, are presented. From these images
the particles seem to aggregate, even though we can
observe a better dispersion for the sample consist-
ing of 0.5 wt% the nanorods compared to that with
the 1.0 wt% concentration,. It seems that the disper-
sion of nanorods in 1,4-butanediol by ultrasonic
vibration, before their in situ addition in the PBSu
matrix, contributed to the high level of dispersion
(<0.5 um) and distribution in the polymer matrix.

500 nm

c)

This was the main problem in our previous study in
which PBSu/SrHAp nrds nanocomposites have been
prepared by melt mixing using 5 and 20 wt% SrHAp
nrds [9].

It is well known that the filler dispersion inside the
polymer matrix affects the mechanical properties of
the materials. From the stress-strain curves of neat
PBSu and its nanocomposites it is found that all
materials are very brittle since they are breaking
before yielding. This is maybe due to the low molec-
ular weight of all materials. From these curves the
tensile strength at break, elongation at break and
Young’s modulus were calculated and presented in
Table 3.

Despite that PBSu is a rigid material with high
Young’s modulus ~408 MPa, it is still brittle, as it
does not withstand much elongation before break-
ing (elongation at break ~9%). Indeed the low flex-

f

500 nm

d)

Figure 6. (a)—(d) Low and high magnification HAADF-STEM images of the sample PBSu-SrHAp 0.5 wt% showing the
dispersion of the StTHAp nanorods (brighter features) inside the polymeric matrix
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Figure 7. (a)—-(d) Low and high magnification HAADF-STEM images of the sample PBSu-SrHAp 1.0 wt% showing the
dispersion of the STHAp nanorods (brighter features) inside the polymeric matrix

ibility is the main problem with aliphatic polyesters
and for this reason commercially available materi-
als are prepared using a multifunctional additive as
co-monomer. The addition of nano-filler cannot
alter the mechanical behaviour of these nanocom-
posites as evidenced by the almost identical stress-
strain curves that recorded breaking before the
yielding point (data not shown). However, the pres-
ence of the nanoparticles in the PBSu matrix at very
low concentration induces improvement of its

mechanical properties. Young’s modulus, increases
from 408 MPa in neat PBSu to 415 MPa in the
PBSu/SrHAp nrds 0.5 wt% nanocomposite while
tensile strength is also increased from and elasticity
increases from 27.42 MPa to 30.66 respectively in
the nanocomposite. This is probably due to its higher
molecular weight (M, 51100 g/mol) as confirmed
from gel permeation chromatography and maybe
because the StHAp nanorods can act as reinforce-
ment agents. Furthermore, the lack of extended

Table 3. Mechanical properties of neat PBSu and its nanocomposites containing different StHAp nanorods content. Stan-

dard deviation (o) has been calculated using the following formula: o =

S(x — mean)z/N.

Sample Tensile strength at break Elongation at break Young’s Modulus
[MPa] [%] [MPa]
PBSu 27.42+0.3 9+0.2 408+60
PBSu/SrHAp nrds 0.5 wt% 30.66+0.3 12+0.3 415+50
PBSu/SrHAp nrds 1.0 wt% 24.55+0.4 8+0.4 37770
PBSu/SrHAp nrds 2.5 wt% Brittle specimen
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agglomerates, which can act as points of stress con-
centration that promote material failure, probably
contribute to this behaviour [15, 21]. For the sample
PBSu/SrHAp nrds 1.0 wt% both Young’s modulus
and elongation at break aggravated, whereas the
nanocomposite PBSu/StHAp nrds 2.5 wt% was too
brittle to withstand tensile testing. This deteriora-
tion of mechanical properties can be attributed to the
significantly decreased molecular weight of these
samples (M, = 37790 g/mol and M, = 21550 g/mol
respectively) compared with neat PBSu, or it can be
the result of the presence of aggregates in the poly-
mer matrix. In general the nanoparticles act as rein-
forcing materials for a concentration up to 0.5 wt%.
DMA was also used to study the prepared nanocom-
posites and the reinforcement effect of the nanopar-
ticles. The temperature dependence of the storage
modulus (£") and tand for in situ prepared samples
is presented in Figure 8. The nanocomposite PBSu/
SrHAp nrds 2.5 wt% could not be measured under
these conditions of deformation, due to its significant
brittleness. As can be seen £’ gradually decreases
with increasing temperature and a transition is
observed between —60 and —10°C, which is ascribed
to the glass transition temperature of PBSu (7g) [17].
At low temperatures the storage modulus is higher
compared with neat PBSu confirming the reinforce-
ment effect of the nanorods. The increase is bigger in
the case of a nanocomposite containing 0.5 wt%
SrHAp nrds, in agreement with the results from the
tensile test. This fact can be attributed to the restric-
tion of the molecular motion of the PBSu macro-
molecules due to the fine dispersion of the nano-
fillers, which leads to increased interactions with
the polymer matrix [15, 22]. The extent of this rein-
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forcement is limited above the T, due to the higher
molecular motion of the PBSu macromolecular
chains [17]. Thus above the T the storage modulus
sharply decreases and all nanocomposites have
almost similar storage moduli. The restricted molecu-
lar motion of the nanocomposites can also be seen
from the tand curve (Figure 8b). In all nanocom-
posites this peak has a smaller intensity, compared
with neat PBSu. Furthermore, the tan d curve is pro-
gressively shifted to higher values by increasing the
nanorod content. Such variation can be found in
nanocomposites since between the polymer matrix
and the nanofillers there is an interface in which, due
to the interactions, the segmental mobility of macro-
molecules is lower compared with the matrix. How-
ever, in the present study the variation in 7} is higher
(6°C) than in the usual nanocomposites. This is due
to the formed covalently bonds between nanorods
and PBSu macromolecules, which further restricts
the chain movement.

3.3. Enzymatic hydrolysis of nanocomposites

Specific properties are sometimes required for bio-
materials. For example, tissue engineering scaffolds
should have both good biocompatibility and cell
adhesive properties, in addition to needed biodegrad-
able properties [23]. Polyesters having a relatively
large number of methylene groups and those having
a- and b-ester bonds as PBSu with low T, are
hydrolysable by lipases [24]. As was reported in the
experimental section, enzymatic hydrolysis of PBSu
and its nanocomposites was studied in aqueous
solutions containing a mixture of R. delemar and
Pseudomonas Cepacia lipases, at 37°C and pH =
7.2 for 40 days. Enzymatic hydrolysis rates of the

0.10

tand

= PBSu neat
— PBSU/SrHApP neds 0.5 wt%
we. PBSU/STHAR neds 1.0 wit%

"20 o0 20 40 60 80

b) Temperature [°C]

Figure 8. DMA diagrams of neat PBSu and its nanocomposites containing different STHAp nanorods content. a) Storage
modulus variation and b) tand variation versus temperature.
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Figure 9. Mass loss graphs of neat PBSu and its nanocom-
posites during enzymatic hydrolysis

nanocomposites were found significantly different
from those of neat PBSu. Figure 9 shows the weight
loss of the specimens, expressed as a fraction of 100
(percentage) of the initial mass of the specimen as a
function of time of enzymatic hydrolysis. As can be
seen, pristine PBSu hydrolyzes slowly losing only
about 5% of its original mass after 40 days of enzy-
matic treatment. The StHAp nanorods enhance enzy-
matic hydrolysis and it can be seen that as the amount
of nanoparticles increases, the hydrolysis rate
becomes higher. PBSu/SrHAp nrds 2.5 wt% shows
the fastest enzymatic degradation among the tested
samples, losing 14% of its initial after 40 days of
enzymatic hydrolysis. These results are in accor-
dance with our previous study on PBSu/StHAp nano-
rods and PBSu/SiO; nanotubes nanocomposites
prepared by the melt mixing technique, where the
nanocomposites reported that have higher hydroly-
sis rates that of neat PBSu [9]. Li et al. [25] found
that PLA/SiO; nanocomposites degrade faster than
neat PLA, indicating that incorporation of silica
enhances biodegradation of PLA in nanocomposites
too. The authors suggested that the addition of silica
may lead to a facile attack of the enzyme molecule
towards the ester groups of the PLA chains, because
of silica’s hydrophilicity. All this is in agreement with
our study since the addition of StHAp nanorods
accelerates the enzymatic hydrolysis of PBSu due
to the initiation of the heterogeneous hydrolysis of
polyester by terminal hydroxylated edge groups [26].
However, Vasileiou et al. reported that the presence
of fumed silica particles has a negative effect on the
degradation level of PESu since it reduces macro-
molecular chain mobility. A reduced hydrolysis rate
was also found in PPSeb/MMT nanocomposite,

which is in agreement with some reported findings
in literature [17, 27, 28].

Enzymatic degradation of polyesters can be affected
by several factors, having to do with the chemical
structure, the type and amount of filler, the solid-
state of the degraded specimen. Hydrophilic/hydro-
phobic balance segments within the main chain,
molecular weight, frequency of ester bonds along the
macromolecular chains, as well as segmental mobil-
ity of the macromolecules can also influence the
rate of biodegradation [17]. The molecular weight
could be a notable factor for such differences since
nanocomposites with 1.0 and 2.5 wt% of nanofiller
have higher molecular weights than neat PBSu and
this could justify the faster enzymatic hydrolysis
rates observed. As the degradation rate is associated
with the ability of water to wet and subsequently
absorb into the nanocomposites, the hydrophilic or
hydrophobic character of the nanoparticle can have
a strong influence on the extent to which hydrolysis
occurs. The hydrophobicity of the samples was eval-
uated by measuring their contact angle and water
uptake Table 4. Neat PBSu has a contact angle of
76.2+0.3°. The addition of StHAp nanorods seems
to decrease gradually the contact angle of nanocom-
posites, indicating that the materials becomes more
hydrophilic. This observation is in good agreement
with previous work on PBSu composites, where
the addition of poly(I-lactic acid) (PLLA)-grafted
TTCP particles (g-TTCP) in the PBSu effectively
improved its hydrophobic property [29]. PBSu/
SrHAp nanocomposites with 0.5, 1 and 2.5 wt%
nanorods have contact angles 74+1, 72.94+0.50 and
70.3+£0.2° respectively. PBSu/StHAp nrds with
2.5 wt% nanorods is the most hydrophilic material
due to the high hydrophilic nature of the nanofiller
and thus it has the lowest contact angle. This higher
hydrophilicity may explain the higher enzymatic
hydrolysis rate f nanocomposites compared with
neat PBSu.

Table 4. Contact angle measurements of prepared nanocom-
posites. Standard deviation (o) has been calculated
using the following formula:

o=VZiZx-— mean)z/N.

Contact angle

Sample ]
PBSu neat 76.24+0.3
PBSu/SrHAp nanorods 0.5% 74.0£1.0
PBSu/SrHAp nanorods 1.0% 72.9+0.5
PBSu/SrHAp nanorods 2.5% 70.3+£0.2

783

tR1

R2

R3

R4

RS

R6

R7

RS

R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R41
R42
R43
R44
R45
R46
R47
R48
R49
R50



Nerantzaki et al. — eXPRESS Polymer Letters Vol.9, No.9 (2015) 773—789

c) d)
Figure 10. SEM images of (a) the neat sample and the samples with b) 0.5 wt%, (c) 1 wt% and (d) 2.5 wt% SrHAp
nanorods after 20 days of enzymatic hydrolysis. The scale is identical in all images.

100 um
]

d)

Figure 11. SEM images of (a) the neat sample and the samples with (b) 0.5 wt%, (c) 1 wt% and (d) 2.5 wt% SrHAp
nanorods after 40 days of enzymatic hydrolysis
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Weight loss measurements provide a general trend
of the enzymatic hydrolysis, but don’t reveal how
this hydrolysis proceeds. For this reason, the mor-
phology of the prepared samples before and after
enzymatic hydrolysis was examined using SEM.
Neat PBSu presents a less deteriorated surface with
only a few cracks and holes appearing after 20 days
of enzymatic hydrolysis. On the other hand, nano-
composites exhibit a much damaged surface, almost
fully covered by big holes and cracks in some sam-
ples, in agreement with the mass-loss results (Fig-
ure 10). The most degraded nanocomposite is the one
containing 2.5 wt% SrHAp nanorods, which after
40 days of hydrolysis exhibits a highly and well dis-
tributed porous-like morphology (Figure 11).

This fact can be attributed to the higher mass loss of
the nanocomposites that takes place during enzy-
matic hydrolysis. In our previous work using higher
amounts of nanorods (5 and 20 wt%) and due to
their low adhesion with the PBSu matrix, a ‘gap’
between PBSu and inorganic nanoparticles was
formed and lipases could diffuse inside the polymer
matrix forming a porous structure. The formation of
such a gap and porous structure is known to acceler-
ate the enzymatic degradation of biodegradable
polyesters [30]. However, in the present study such
a ‘gap’ was not found from SEM measurements and
the higher rate of enzymatic hydrolysis of nano-
composites should be attributed to the higher hydro-
phylicity of the added nanorods.

3.4. In vitro bioactivity test

A bioactive material is defined as a material that
elicits a specific biological response at the interface
of the material which results in the formation of a
bond between the tissue and the material. Kokubo et
al. [31] suggested that for the bioactive glasses form-
ing surface silanols upon hydration, a silica hydro-
gel layer is produced by exchange of ions in the
SBF, and that this layer acts as a nucleation agent for
apatite crystal formation. Once the apatite crystals
are formed, they grow by consuming calcium and
phosphate ions from the SBF [31]. Given the simi-
larities in composition between bioglass and poly-
meric systems, many authors have suggested that the
formation of hydroxyapatite on the polymer surface
may follow a similar mechanism [32, 33]. Fig-
ure 12 shows the morphology of PBSu after soak-
ing in SBF for 14 days. Nucleation and growth have
occurred on the exposed surfaces, resulting in clus-

ters of mineral precipitates. A similar behaviour
was found also in PBSu/SrHAp nrds nanocompos-
ites (Figure 13). Most of the PBSu and PBSu/SrHAp
nrds nanocomposites’ surfaces were covered by a
needle-like apatite layer as shown in Figures 12 and
13. As can be seen from the SEM micrographs
apatite layers are further thickened and it was found
that a cauliflower-like apatite cluster formed on the
surface of these samples. This finding is in agree-
ment with a previous study on plasma-treated PBSu
scaffolds [7]. The results obtained by SEM are con-
firmed by EDX analysis (Figure 12b and Fig-
ure 13b) and a significant variation in the intensity
of Si, P, and Ca can be observed in PBSu nanocom-
posites with different content of StHAp nanorods.
After soaking in SBF, the concentration of Ca and P
increase, accompanied by the increase of STHAp
naorods in the PBSu matrix for a concentration of
the nanofiller up to 1.0 wt%. These results confirm
to some extent our initial expectations derived from
the literature, that when nanophase (compared to
conventional) particles are incorporated into the
polymer composite they promote mineral deposi-
tion onto the surfaces [34-36].

To characterize the inorganic phase formed onto the
surfaces of PBSu and its nanocomposites, XRD
analysis was performed on neat PBSu and its
nanocomposites after soaking in SBF for 14 days
(Figure 14). PBSu is a typical semicrystalline poly-
mer with two characteristic peaks at 20 19.8 and
22.6° while the features of interest consists of a
broad contour between 20 = 27-37° resulting from
the 002 reflection of hydroxyapatite. New peaks are
observed at 20 32.4 36,45 and 46° after immersion
in SBF which confirm that partially crystallized
apatite layer formed on the surfaces of PBSu film as
well as on its nanocomposites [33, 37, 38].

3.5. Cell studies

The metabolic activity of MG-63 cells cultivated for
48 h is illustrated in Figure 15. In all cases, except
for the scaffold with 0.5 wt% of Sr, the metabolic
activity of MG63 cells was significantly (p < 0.05)
reduced compared to the reference. However, the
metabolic activity of all materials was higher than
50%, which is considered as the limit for biocom-
patibility [39].

These results were further confirmed by SEM after
48 h of cultivation (Figure 16). Although it is hard
to detect the dense MG-63 cell monolayer, in all
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Figure 12. a) SEM micrographs of neat PBSu after soaking in SBF for 14 days and b) EDX analysis of PBSu surface indi-
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Figure 13. a) SEM micrographs of PBSu/SrtHAp nrds containing 0.5 wt% nanorods after soaking in SBF for 14 days and

2800

b) EDX analysis of nanocomposites surface indicating the formation of hydroxyapatite
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Figure 14. XRD patterns of neat PBSu and its nanocom-
posites after soaking in SBF for 14 days

Figure 15. Metabolic activity of MG-63 cells cultivated for
48 h on plane composite samples
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20 um

Figure 16. SEM images of (a) the neat sample and the samples with (b) 0.5 wt%, (c) 1 wt% Sr and (d) 2.5 wt% nanorods

after incubation with MG63 for 48 hours

cases the cells have attached and spread on the
entire surface of the samples. As the expressed mor-
phology of the MG-63 cells on the different sur-
faces are very flat, no obvious difference in cell
behaviour could be analysed applying the different
scaffold compositions.

In summary, although a significant reduction of meta-
bolic activity was measured in MG-63 after 48 h of
incubation on the test samples compared to the ref-
erence, no difference was shown in the cell mor-
phology study. It can therefore be concluded that
the tested materials are biocompatible in vitro and
further in vitro and in vivo studies have to be carried
out to confirm the osteogenic potential of the devel-
oped materials in the context of bone regeneration.

4. Conclusions

SrHAp nrds have been hydrothermally synthesized.
Afterwards, PBSu nanocomposites containing StTHAp
nrds at different concentrations have been in situ
prepared and studied as potential materials for tis-
sue engineering applications. GPC analysis verified
that macromolecules with satisfying M, and M,
values were obtained while XPS spectra indicated
the presence of some interactions between the inor-

ganic filler and the PBSu matrix. The nanocompos-
ite containing 0.5 wt% SrHAp nrds, improved the
mechanical properties but further increase of the
nanofiller content up to 2.5 wt% caused a deteriora-
tion of the mechanical properties as a result of the
bad dispersion in the PBSu matrix. It was also found
that the nanofiller enhanced enzymatic hydrolysis
probably due to the initiation of heterogeneous
hydrolysis of the polyester by terminal hydroxy-
lated edge groups. StHAp nrds can transform the
bioinert PBSu surface into a bioactive one, promot-
ing hydroxyapatite formation in SBF solution. In
addition to the apatite formation enhancement,
SrHAp nrds can induce osteoblast compatibility.
Nanocomposites have more hydrophilic surfaces
compared to pristine PBSu, thereby causing more
osteoblasts to adhere and proliferate on them.
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Abstract. Blends of carboxymethyl cellulose acetate butyrate (CMCAB), a cellulose derivative, and poly(4-vinyl-N-pentyl
pyridinium bromide) (QPVP-C5), an antimicrobial polymer, were prepared by casting method and characterized by means
of Fourier transform infrared vibrational spectroscopy (FTIR), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC) and contact angle measurements. Miscibility between CMCAB
and QPVP-C5 was evidenced by DSC measurements of blends, which showed a single thermal event of T,, and SEM images,
which revealed homogenous morphology, regardless the blend composition. Moreover, thermal stability of QPVP-C5 was
substantially enhanced, when it was mixed with CMCAB. Upon increasing the QPVP-CS5 content in the blend the wettabil-
ity and antimicrobial activity against Gram-positive bacteria Micrococcus luteus increased, indicating the surface enrich-
ment by pyridinium groups. In fact, blends with 70 wt% QPVP-C5 reduced 5 log and 4 log the colony-forming units of
Micrococcus luteus and Escherichia coli, respectively.

Keywords: coatings, carboxymethylcellulose acetate butyrate, poly(4-vinyl-N-pentyl pyridinium bromide), antimicrobial

properties, blends

1. Introduction

Carboxymethylcellulose acetate butyrate (CMCAB)
is a cellulose ester often applied as coating for cel-
lulosic substrates, matrix component of compression
tablets or support for biomolecules [1-5]. Although
CMCAB has been successfully used as coating mate-
rial, it could be improved to gain antimicrobial prop-
erty. Such property might be achieved by immobiliz-
ing lysozyme, an enzyme that catalyzes the hydrol-
ysis of peptidoglycans on bacterial cell walls, on the
surface of CMCAB, so that the catalytic activity is
high enough to kill bacteria, even after many cycles
of use [5]. The incorporation of antimicrobial agents,

*Corresponding author, e-mail: dfsp@iq.usp.br
© BME-PT

like silver ions or silver nanoparticles [6, 7], antibi-
otics or quaternary ammonium compounds (QAC)
[8], to polymeric matrices is also a common strat-
egy to obtain polymeric surfaces with microbioci-
dal activity. Particularly the polymers containing
QAC in the backbone or sidechains, such as chi-
tosan [9, 10], N-alkyl polyethyleneimines [11, 12]
and poly(4-vinyl-N-alkylpyridinium bromide) with
alkyl chains shorter than six carbons [13—18], have
been applied as bactericidal materials. The mecha-
nism of their biocide action is well reported in the lit-
erature [14, 19-21]. The adsorption of bacteria onto
cationic surfaces is driven by electrostatic interac-
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tion between polymer cationic charges and the bac-
terial membranes negative charges (teichoic acids
of Gram-positive bacteria and negatively charged
phospholipids at the outer membrane of Gram-neg-
ative bacteria). Upon adsorbing, the compensation of
the negative charges of the bacterial envelope is pro-
vided by the cationic charges of the substrate, and
the bacteria lose their natural counter ions, which are
released, increasing the entropic gain. Thus, solid
substrate becomes biocidal when the number of
cationic sites is large enough to remove counter
ions from bacteria, inducing disruption of the bacte-
ria envelope. Moreover, if the polycation chains have
hydrophobic side chains, the disruption of outer and
cytoplasmic membranes is favored.

Considering the demand for long-lasting antimicro-
bial coatings based on environmentally friendly and
non-toxic products [22], blends of CMCAB and
poly(4-vinyl-N-pentylpyridinium bromide), QPVP-
C5, were prepared by casting in a broad composi-
tion range. The morphological structure, miscibility,
thermal behavior and wettability were investigated
by means of scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA) and contact angle meas-
urements, respectively. Antimicrobial properties of
neat CMCAB and CMCAB/QPVP-CS5 blends against
Gram-positive bacteria Micrococcus luteus were
assessed by changes of microbial dispersions tur-
bidity. Moreover, the ability to reduce the colony-
forming units (CFU) of Micrococcus luteus and
Escherichia coli was quantitatively evaluated for
neat CMCAB and CMCAB/QPVP-C5 blends.

2. Experimental section

2.1. Materials

Carboxymethyl cellulose acetate butyrate (CMCAB-
641-0.2) (M, = 20000 g-mol™'; DS, = 0.4; DS, =
1.6 and DScvm = 0.3), was kindly supplied by Eastman
Chemical Co. (Brazil). The chemical structure of

+CH2—CH—]~ + CH3—(-CH2 -];—Br
= "

\N
PVP

10 wt% in ethanol, 60°C

/OR
RO OR H,C o
o)
N Py g
e o RO R R
\OR

Figure 1. Representation of chemical structures of CMCAB,
where R refers to H, COCH3;, COCs;H-; and/or
CH,COOH

CMCAB is represented in Figure 1. Poly(4-vinylpyri-
dine) (PVP, My~ 60000 grmol ™', degree of polymer-
ization, DP, ~600) and 1-bromopenthane (purity
99%) were obtained from Sigma-Aldrich (Brazil),
and anhydrous ethanol (98%), diethyl ether (99%)
and HBr (48%) from Labsynth (Brazil). All reagents
and solvents were used without previous purification.
Gram-positive bacteria Micrococcus luteus (ATCC
4698) and Gram-negative bacteria Escherichia coli
(ATCC25922) were purchased from Adolf Lutz
Institute (Brazil).

2.2. Preparation of poly(4-vinyl-N-pentyl
pyridinium bromide), QPVP-C5

Bromide salt of PVP quaternized with linear pentyl
chains was prepared in a flask with a reflux condenser
by dissolving PVP (10 wt%) in anhydrous ethanol,
adding the 1-bromopentane with an excess of 5 times
the stoichiometric amount and keeping the mixture
stirring under nitrogen atmosphere for 24 h at 60°C
[23, 24], as schematically represented in Figure 2.
The mixture was then precipitated in diethyl-ether
to obtain a slightly yellow solid that was re-dissolved
in ethanol and re-precipitated the same way. The
product was washed with a cold HBr 0.1 mol-L™!
solution in order to remove any eventual unreacted
parts, washed with diethyl-ether once more, and
dried under vacuum at room temperature. The effec-
tiveness of the quaternization was evaluated by
Fourier transform infrared (FTIR) vibrational spec-
troscopy observing the shift of the characteristic pyri-

CH?——CH<}~

Br

[
l

N, reflux, 24 h

QPVP-C5

Figure 2. Schematic representation of quaternization of PVP with bromopentane
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dine N—C stretching band from 1600 to 1640 cm™,
which is typical for pyridinium cations. The band in
1600 cm™! disappeared entirely, indicating com-
plete quaternization. The resulting polycation was
coded as QPVP-C5.

2.3. Preparation of CMCAB/QPVP-CS5 blend
films

CMCAB/QPVP-CS5 blends were prepared by dis-
solving the polymers in ethanol (1 wt %), which is a
good solvent for both polymers and casting the solu-
tions (10 mL) in polyethylene (PE) dishes (4 cm
diameter) at 50°C, during 24 h. PE dishes were cho-
sen because when glass Petri dishes were used for
polymer film formation, the adhesion to glass sur-
face was so strong that impeached the films removal
after drying. The weight fractions (x) of QPVP-C5
in the blends were 0; 0.17; 0.30; 0.50; 0.70 and 1.0.

2.4. Characterization

The CMCAB/QPVP-CS blends films were analyzed
by Fourier transform infrared vibrational spec-
troscopy (FTIR) in Bomem MB100 equipment, res-
olution of 4 cm™'. The morphology of CMCAB/
QPVP-CS5 blends was analyzed by means of scan-
ning electron microscopy with FE-SEM JEOL 7401
equipment. Cryofractured samples were coated with
a thin (2 nm) gold layer prior to SEM analyses. Ther-
mogravimetric analyses (TGA) of pure polymers and
CMCAB/QPVP-C5 blends were carried out in TGA
2950 equipment (TA Instruments). Pt crucibles con-
taining the samples were heated and cooled down at
rate of 10°C-min”!, ranging from 25 up to 500°C,
under N, atmosphere (50 mL-min"). Glass transition
temperature (7,) of pure polymers and respective
blends were determined by means of differential
scanning calorimetry (DSC) in TA-DSC Q10V9.0
equipment. Each sample sealed in Al crucibles was
heated and cooled down at rates of 15 and
20°C-min"!, respectively, in the temperature range
from 25 to 250°C under dynamic N, atmosphere
(50 mL-min~"). The DSC cell was calibrated with In
(T = 157°C; AHy, = 28.54J-g’") and Zn (T =
420°C). An empty crucible was used as reference.
The second heating was considered for the determi-
nation of 7, values. Contact angle measurements
were performed at (25+1)°C in a home-built appa-
ratus [25]. Sessile drops of 8 pL. Milli-Q water were
used for the advancing contact angle (6,) measure-
ments for pure polymers, QPVP-C5 and CMCAB,

and CMCAB/QPVP-CS5 blends films. Three sam-
ples of the same composition were analyzed at two
different spots.

2.5. Determination of biocidal action
2.5.1. Monitoring the turbidity of Micrococcus
luteus dispersions
The antimicrobial action of pure CMCAB, pure
QPVP-C5, and CMCAB/QPVP-C5 blends was
assessed by a standard assay for the determination
of lysozyme activity, as described elsewhere [26].
Briefly, the initial turbidity (z;) of aqueous disper-
sions (pH 6) of Micrococcus luteus (ATCC 4698) at
0.5 mg'mL~! was determined at 25°C and 650 nm,
using Beckmann Coulter DU-600 spectrophotome-
ter. Polymer films (22 cm?) were dipped into the M.
luteus dispersions and allowed to interact during
1 h. After this period of time the turbidity (zf) of
bacteria dispersions was measured again. Since M.
luteus is micrometer-sized and the disruption of
bacteria envelope leads to decrease in size, antimi-
crobial activity can be correlated with the relative
decrease of turbidity (Ar); the larger is Az, the more
efficient is the antimicrobial agent (Equation (1)):
T, — Tg

Ar = -

100 (D

1

As a control experiment, (A7) values were also meas-
ured after 1 h for aqueous dispersions of M. luteus
(7;) in the absence of any polymer.

2.5.2. Determination of the minimum inhibitory
concentration (MIC) and minimum
bactericidal concentration (MBC) of
QPVP-CS5 for Micrococcus luteus and
Escherichia coli

The minimum inhibitory concentration (MIC) and

minimal bactericidal concentration (MBC) of QPVP-

C5 for E. coli (ATCC 25922) and M. luteus (ATCC

4698) were determined in triplicates by the microdi-

lution broth method in 96-well microplates, as rec-

ommended by the CLSI [27]. In brief, twofold serial
dilutions of QPVP-C5 were prepared at final vol-
ume of 0.1 mL of Mueller-Hinton broth per well in

a 96-well microtitre plates. The final concentration

of the QPVP-C5 ranged from 6000 to 0.005 pgmL~".

Each well of the microtitre plate was inoculated

with bacterial cell suspension to a final concentra-

tion of 5-10° CFU-mL"" and the plates were incu-
bated at 35°C for 16 to 20 hours in an ambient air
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incubator. MIC was defined as the lowest concen-
tration of QPVP-C5 that completely inhibited
growth of the organism (lack of turbidity) in the
microdilution wells. To determine the MBC, 10 uL
aliquots were taken from selected wells that did not
show visible bacterial growth and spread on plates
containing Agar Muller-Hinton medium, being
incubated for 24 hours at 37°C. Visual observation
indicated presence or absence of growth and MBC
endpoint was considered as the lowest concentra-
tion of QPVP-CS5 solution showing no growth.

2.5.3. Colony forming units (CFU) count on
CMCAB and CMCAB/QPVP-C5 blends

The antibacterial activity of CMCAB and CMCAB/
QPVP-CS5 blends, against M. luteus ATCC 4698 and
E. coli ATCC 25922 was essentially determined as
described in the JIS Z 2801:2000 standard [28]. An
aliquot (400 uL) of a cell suspension of either M.
Iuteus ATCC 4698 (10° CFU-mL™!) or E. coli
ATCC 25922 (10% CFU-mL™") was held in intimate
contact with each of the 2 replicates of the test sur-
faces, i.e., CMCAB or CMCAB/QPVP (x = 0.7)
films 22 mm of diameter, prepared using sterile 12-
well flat bottom plates, for 24 hours at 37°C, under
humid conditions. Next, the size of surviving bacte-
rial populations was determined by viable cell
counts on Trypticase Soy Agar, after incubation at
37°C for 24 hours of 0.1 mL sample taken from the
test surfaces. A negative control experiment (with-
out any bacteria) was also performed.

2.6. Quantification of QPVP-CS leaching

The amount of QPVP-C5 leached during antimicro-
bial assays was evaluated by UV-Vis analyses follow-
ing the same conditions used with bacteria disper-
sions. Polymeric blend films were dipped in dis-
tilled water and after 1 h the concentration of poly-
cation was quantified in water by measuring the
absorption intensity at A = 258 nm using Beckmann
Coulter DU-600 spectrophotometer. The amount of
QPVP-CS5 leached was determined through an ana-
lytical curve obtained from five different concentra-
tions of specimen at the wavelength 258 nm, which
is assigned to electronic transitions in the pyri-
dinium ring due to the 1 — ©* electronic transition.

3. Results and discussion
3.1. CMCAB/QPVP-CS5 blends
characterization
FTIR spectra obtained for all CMCAB/QPVP-C5
blends presented the typical absorption bands
observed for the corresponding pure CMCAB and
QPVP-C5 polymers (Figure 3), namely, the C=0
stretch of cellulose ester at 1750 cm™ and the pyri-
dinium group at 1640 cm™'. Considering that strong
acid-base interactions can cause shifts of up to
30 cm™! in the carbonyl and carboxylic acid bands
[29], the spectra in Figure 3 indicate the absence of
such interactions. Liu and Xiao characterized blends
of konjac glucomannan gum [30] or chitosan [31]
with QPVP-C4 by means of FTIR and other analyt-
ical techniques, which evidenced intermolecular
interactions between the polymers in the both blends.
Whereas in the first case the stretching vibration of
—OH in comparison to the pure konjac glucoman-
nan gum shifted gradually to higher wavenumbers
as the amount of QPVP-C4 increased, in the latter
the —NH; band of chitosan split in two denoting
interaction with QPVP-C4.
The miscibility between CMCAB and QPVP-C5
was investigated by DSC analyses. The glass transi-
tion temperature (7,) values determined for pure
CMCAB, pure QPVP-CS5 and blends are presented in
the Table 1. DSC curves (Figure 4a) exhibited a sin-

QPVP-C5

Transmittance [%]
>
"
o
K

30IOD
Wave number [cm™]
Figure 3. FTIR spectra of pure QPVP-C5 and CMCAB,
and CMCAB/QPVP-CS5 blends. ‘x’ stands for the
weight fraction of QPVP-C5 in the blend. The
dashed lines indicate the typical absorbance
bands of pyridinium group and C=O stretch of
ester groups at 1640 and 1750 cm™, respectively.
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Table 1. Experimental glass transition temperature (7,),
glass transition temperature calculated with Fox
equation (77), contact angle (6) values and turbid-
ity decrease (At) determined for pure CMCAB,
pure QPVP-C5 and their blends. ‘x” stands for
weight fraction of QPVP-CS5 in the blends

T, Ty 0 At

Sample K K| e 1%
QPVP-C5 - 350.6+0.5 - * 9642
CMCAB/QPVP-C5 0.7 351+1 364 *k 66+5
CMCAB/QPVP-C5 0.5 370+1 380 w* 5242
CMCAB/QPVP-C5 0.3 370+1 389 | 65+£3 | 30+2
CMCAB/QPVP-C5 0.17 — - 69+4 | 101
CMCAB — 419+1 - T1+2 3+1

Films were either (*) dissolved or (**) swollen by droplets of
water.

gle T, value, indicating miscibility of systems. The
T, value of miscible polymer blends can be esti-
mated by the Fox equation (Equation (2)) [32]:
S-TLy 2 o)
Tg Tgl TgZ

where x| and x; are the weight fraction of each poly-
mer in the blend and 7y, and Ty, are the Ts of poly-
mer a and polymer b, respectively.

For all blends the experimental value of 7, was
smaller than the predicted one, as presented in Fig-
ure 4b. The negative deviation from Fox equation
indicates good miscibility between the two compo-
nents [32]. Hydrophobic interactions between
CMCAB butyl groups (DSg, = 1.64) and QPVP-C5
pentyl groups might possibly drive the miscibility
between the polymers, since no shift in the C=0 or
pyridinium absorption bands could be observed in

CMCAB

-1+ )(N

X=

Heat flow [mW]
b

- endo
&

L ——
QPVP-C5

318 363 408 453
a) TIK]

the FTIR spectra of blends in comparison to the
spectra of pure polymers.

SEM images obtained for cryofractured films of
pure CMCAB and QPVP-C5 (Figure 5a and 5b,
respectively), and CMCAB/QPVP-C5 blends with
x=0.3; 0.5 and 0.7 (Figure 5c, 5d and Se, respec-
tively), showed homogeneous phases in all blends
composition, corroborating with the DSC results. The
images in the insets allow estimating the film thick-
ness, which ranged from ~15 to ~50 pm.

The thermal stability of pure CMCAB and QPVP-C5
was investigated by means of thermogravimetric
(TG) curves, as shown in Figure 6a. The events
related to the polymers thermal behavior can be bet-
ter identified in the derivatives weight loss (DTG)
curves (Figure 6b). The TG and DTG curves
obtained for CMCAB showed a weight loss stage
with peak temperature at 355°C, which can be attrib-
uted to the thermal degradation of cellulose ester and
corresponded to ~80% of initial weight. Between
420 and 500°C the weight remained constant, since
the residual material (~15% of initial weight) was
mainly ashes. The TG and DTG curves obtained for
QPVP-CS5 indicated three stages. The first one cor-
responding to ~10% weight loss at 59°C was attrib-
uted to the loss of ethanol molecules entrapped in
the bulk material. The second and third stages with
peak temperatures at 290 and 336°C, respectively,
were attributed to the decomposition of QPVP-CS5,
remaining ~5% of initial weight as ashes.

The TG and DTG curves obtained for CMCAB/
QPVP-C5 blends are presented in Figures 6¢ and
6d, respectively. The general trend is that the ther-

425
Q
~
Y
~
400 4 ~
~
~
—_— ~
x ~
'_m ~ ~
375 - "
u R
~
~
~ S
350 - n S a
00 02 04 06 08 1.0
b) X

Figure 4. (a) DSC curves obtained for pure QPVP-C5, pure CMCAB, and CMCAB/QPVP-CS5 blends. (b) Glass transition
temperature (7) of pure QPVP-CS5, pure CMCAB, and CMCAB/QPVP-C5 blends determined by DSC experi-
ments (squares) and calculated (---) by Fox equation as function of weight fraction of QPVP-CS5 in the blends (x).
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e)

Figure 5. SEM images obtained for pure CMCAB (a), pure QPVP-C5 (b), CMCAB/QPVP-C5 blends with x = 0.3 (¢), x =
0.5 (d) and x = 0.7 (e). The scales bars correspond to 2 pm. The scale bars in the insets correspond to 10 pm.

mal stability of the blends was inferior to that of
pure CMCARB, but superior to that of pure QPVP-
C5. It implies that the thermal stability of QPVP-C5
is enhanced due to the introduction of the CMCAB.
A similar behavior was observed for blends of QPVP-
C4/ konjac glucomannan, where the polysaccharide
enhanced the blends thermostability [30].

3.2. Antimicrobial activity of
CMCAB/QPVP-CS blends

In general polycations are biocidal polymers, but

the structural characteristics such as molecular

weight, type and degree of alkylation, and distribu-

tion of charge affect the antimicrobial action [33]. For

instance, the antimicrobial activity of poly(4-vynil-
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Figure 6. TG (a) and DTG (b) curves determined for pure CMCAB (dash line) and QPVP-C5 (solid line). TG (c) and
DTG (d) curves obtained for CMCAB/QPVP-CS5 blends with x = 0.3 (dash line), 0.5 (solid line) and 0.7 (dash/dot

line).

N-alkyl pyridinium) bromide decreases for alkyl
side group larger than C6 [13]. The reason for this is
a tilt in the geometry; when the alkyl chain is 6 car-
bons long or shorter, the dihedral angle is 0 or 180°,
i.e. all the atoms lie in the same plane [24]. From the
seventh atom forward the alkyl chain becomes
crooked making a dihedral angle different from 0 or
180° [24], shielding the positive charge.

The MIC and MBC of QPVP-CS5 for both M. luteus
and E. coli amounted to 11.7 pg-mL~". Such low con-
centration values indicated that QPVP-C5 has out-
standing biocidal properties.

The bactericidal activity of pure CMCAB, pure
QPVP-C5 and CMCAB/QPVP-C5 blends was cor-
related to the relative decrease of turbidity (Ar) of
M. luteus aqueous dispersion. Table 1 shows the At
values measured after interacting during 1 h with
each polymeric film. In the case of pure QPVP-CS5,
chains dissolved in aqueous dispersion, presenting
maximal Az values (96+£2%), which is in agreement
with studies previously reported [16]. The Az values
measured for the CMCAB/QPVP-C5 blends

decreased with the decrease of QPVP-C5 content in
the blends. The best antimicrobial effect was
observed for the films of CMCAB/QPVP-C5 x =
0.7, with At = 66+5%. In other words, the lower was
the polycation content in the blends, the less bacte-
ricidal was the film. Additionally, the UV-Vis analy-
sis indicated that the amount of leached QPVP-C5
was less than 1.5% of original amount used in the
blend preparation, which corresponded to less than
15 pg'mL~!. Considering that it is very close to the
MIC and MBC found for QPVP-C5 against M.
Iuteus and E. coli (11.7 pg-mL™"), the biocidal prop-
erties of CMCAB and CMCAB/QPVP-C5 (x =0.7)
films were determined directly on the polymer. The
CFU reduction was quantitatively determined for
M. luteus and E. coli after 24 h, as shown in Table 2.
Against M. luteus neat CMCAB presented a modest
2 log reduction, while the blend presented a remark-
able 5 log reduction. Against E. coli neat CMCAB
had no biocidal activity, the CFU increased 1 log;
however, the CMCAB/QPVP-C5 (x = 0.7) films
caused 4 log CFU reduction, evidencing the out-
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Table 2. CFU reduction determined for M. [uteus and E.
coli after 24 h contact with CMCAB and CMCAB/
QPVP-C5 (x=0.7) films

Micrococcus luteus ATCC 4698 [CFU/mL]
log CFU %
0h 24h reduction | reduction
CMCAB 1-10° | 5.75:10° 2 94.25
CMC/QPVP-C5 1ns
x=0.7) 1-10 0 5 >99.9
Control 0 0
Escherichia coli ATCC 25922 [CFU/mL]
log CFU %
Oh 24h reduction | reduction
CMCAB 1.0-10¢ | 6.7-107 - -
CMCIQPVP-CS 1 106 | 7102 4 >99.9
(x=0.7)
Control 0 0

standing biocidal properties for Gram-positive and
Gram-negative bacteria.

In order to gain insight about the orientation of pyri-
dinium groups on the CMCAB/QPVP-CS5 films, con-
tact angle values (0) were measured for pure CMCAB
and blends with x = 0.17 and 0.30 of QPVP-CS5, as
presented in Table 1. The 0 values decreased from
(71£2)° for pure CMCAB to (65+3)° for blends
with x = 0.30, indicating a slight increase in the wet-
tability with increasing QPVP-C5 content in the
blend. It was not possible to measure the contact
angles for blends with x > 0.5 because the films
became swollen by water droplets, invalidating the
method. This behavior corroborates with the trend
observed for the biocidal activities and supports the
idea that upon increasing the QPVP-C5 content in
the blends, the pyridinium groups tend to enrich the
film surface.

4. Conclusions

Miscible blends of CMCAB/QPVP-C5 were pre-
pared in ethanol, a good solvent for both polymers.
The thermal stability of CMCAB/QPVP-C5 blends
was superior to that of pure QPVP-CS5. Upon increas-
ing the content of QPVP-CS in the blend, the sur-
face wettability and antimicrobial properties against
M. luteus and E. coli were favored, indicating surface
enrichment by pyridinium groups. For practical pur-
poses, CMCAB/QPVP-C5 blends could be co-
extruded with polyolefins, polystyrene, poly(methyl
methacrylate), providing new materials with antimi-
crobial activity and good thermal stability, which
can be used to manufacture daily items, like key-
boards, doorknobs, handles, grips for supermarket

trolleys and baskets, with protection against micro-
bial infections transmitted by contact.
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Abstract. The catechol group from catechol of 3,4-dihydroxyphenethylamine (DOP, dopamine) has the ability to interact
with metal ions to form non-covalent bonds in polymer chains. In this study, a novel kind of mussel-inspired copolymer,
dopamine-conjugated poly(hydroxyethyl aspartamide), polyAspAm(DOP/EA), was synthesized and its interaction with
boric acid (H3BO3) to form a cross-linked gel via boron-catechol coordinative binding was investigated. The copolymer
was designed to contain a pH responsive adhesive catechol group, which reversibly underwent gelation through the metal-
catechol binding, as proved by UV-Vis spectroscopy. When the pH is increased from acidic conditions to a specified pH
(pH > 9), the B(OH); is considered to have a functionality of two to bind catechols, leading to bis-complexes. In addition,
the reversibility of the boron-catechol bonds provides self-healing characteristics to the polyAspAm gels. The rheological
results showed that boron-catechol coordination could lead to quick and full recovery after the fracture of a gel specimen.
This novel pH-responsive and self-healing gel system has potential in various applications including smart hydrogels, med-

ical adhesives, and sealants.

Keywords: polymer gels, self-healing, polyaspartamide, boron-catechol interactions

1. Introduction

Bio-inspired polymers and soft gel-like materials
have been extensively reviewed as novel materials
for various applications due to their specific func-
tionality and desirable mechanical properties with
dynamic bonding interactions [1, 2]. Marine mus-
sels withstand high-energy wave impacts in rocky
seashore habitats by fastening tightly to surfaces with
tough and self-healing proteinaceous fibers called
byssal threads, which are heavily decorated with
DOPA, a catecholic functionality [3, 4]. Covalent
bonding or non-covalent interactions (such as hydro-
gen bonding [5, 6], m-x interactions [7], metal-ligand
coordination bonding [8—10], or guest-host interac-
tions [11] can form soft three-dimensional poly-
meric network hydrogels, which are defined as chem-
ical gels or physical gels, respectively. In covalent

*Corresponding author, e-mail: kimjh@skku.edu
© BME-PT

hydrogels, it is difficult to induce a sol-gel transi-
tion in response to external stimuli or provide a self-
healing mechanism. In contrast, non-covalent hydro-
gels can easily respond to the external environment,
however, they have poor mechanical properties.
Unlike covalent bonds, which are generally irre-
versible, metal coordination bonds in byssal threads
have the capability of reforming after rupture [9, 12].
Thus, mussel-inspired, self-healing materials can be
designed, which possess the ability to heal mechani-
cal failure after rupture. Currently there are lots of
reports considering self-healing hydrogel based on
dynamic crosslinkage. Zhang et al. [13] presented an
inexpensive, simple, and rapid method to prepare
dynamic hydrogels using chitosan and telechelic
PEG as main components which can control the
release of drugs and other bioactive macromole-
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cules. An inexpensive and biocompatible self-heal-
ing hydrogel for injectable cell therapy carrier was
also investigated by Yang et al. [14]. Recently, some
significant work has focused on non-covalent hydro-
gels, which are cross-linked by reversible interac-
tions based on metal-ligand coordination in the
polymer chains; these can provide stimuli responsive-
ness, magnetic self-healing and good mechanical
properties [8—10, 15-20]. Because of the thermody-
namics and kinetic properties of metal-ligand coor-
dination bonds, metal-ligand interactions can pro-
vide stable, reversible crosslinking points between
polymers [21]. Recently, some researchers reported
mussel-inspired stimuli responsive and self-healing
hydrogels containing dynamic metal (Fe**)-cate-
chol interactions. The hydrogels are pH-sensitive,
i.e., the Fe’" mono-catecholate, bis-catecholate, or
tris-catecholate complexes are formed when the pH
is increased to a specified pH [21, 22-25]. Krogs-
gaard et al. [9] reported a self-healing multi-respon-
sive system by incorporating additional features of
the mussel adhesive proteins for drug delivery plat-
forms. They found that the catechol-Fe** complexes
worked as cross-links and a sufficient number of
cross-links formed a hydrogel. Competition between
oxidation and coordination in catechol groups were
investigated by Xu et al. [4]. They designed a simple
polystyrene copolymer containing catechol groups to
show that catechol units could afford a dual cross-
linking system based on oxidative coupling with oxy-
gen or coordinative coupling through Fe’" [4].

Boric acid is a typical Lewis acid, which has several
unique characteristics for biomedical applications
[26]. In aqueous media, the Lewis acidity of boron
facilitates the reaction with water to abstract OH,
and the trigonal boron is converted to an anionic
tetrahedral geometry [26]. Because the pKa value
of boric acid is 4.5-10, anionic tetrahedral boron
formed by reaction of the neutral boric acid with a
diol of catechol is generally considered hydrolytically
unstable [27-29]. In aqueous systems, boric acids
maintain equilibrium between an undissociated neu-
tral trigonal form and a dissociated anionic tetrahe-
dral form [28]. Upon increasing the pH to the nor-
mal pKa value range of boric acid, B(OH); is con-
sidered to have a functionality of two to bind cate-
chols, leading to bis-complexes. Vatankhah-Varnoos-
faderani synthesized and characterized a mussel-
inspired copolymer, poly(dopamine methacrylate-co
-N-isopropylacrylamide) [p(DMA-co-NIPAM)], and

its interaction with boric acid (H3BOj3) [30]. The
supramolecular polymer gel was sensitive to three
different external stimuli and a rapid self-healing
property based on boron-catechol interactions was
demonstrated. Other research groups also developed
artificial stimuli-responsive gels, including pH-
responsive [29-33] and sugar-responsive [34] poly-
mer gels via boric-catechol complexation for bioma-
terials applications.

In this study, we present a pH-responsive self-heal-
ing hydrogel, inspired by adhesive mussel proteins,
based on 3,4-dihydroxyphenethylamine(or dopamine)-
conjugated polyaspartamide. Polyaspartamides are
water-soluble, non-toxic, non-antigenic and bio-
degradable polymers, and can be obtained from the
aminolysis of polysuccinimide (PSI), which is easily
prepared by thermal polycondensation of D,L-aspar-
tic acid, the thermal polycondensation product of
aspartic acid monomer [35-39]. By using boric acid
(H3BO3), the mussel-inspired copolymer exhibited a
reversible gelation by pH change, which was based
on boron-catechol coordination binding. In addi-
tion, the dynamic complexation between boron-cat-
echol coordination can lead to the formation of a
rapid self-healing smart material. Hence, this novel
biocompatible gel system has potential in several
applications including smart hydrogels, medical
adhesives, and sealants.

2. Experimental

2.1. Materials and instruments

L-aspartic acid (98+%), ortho-phosphoric acid (98%),
N,N-dimethylformamide (99.8% anhydrous, DMF),
dopamine hydrochloride (DOP), ethanolamine (99%,
EA), triethylamine (99.5+%), sodium hydrosulfite
(~85%), acetic acid (99+%), and boric acid (99.5%+)
were purchased from Aldrich Chemical Co. Ace-
tone was obtained from DaeJung Chemical Co. (Sihe-
ung, Korea). All other chemicals purchased were of
sufficient quality and used as received.

The "H NMR spectra were recorded on a Unity
Inova-500 (Varian, Palo Alto, CA, USA) spectrom-
eter using DMSO and D,0 as the solvents. The struc-
tures of the PolyAspAm samples were analyzed by
Fourier transform infrared (FT-IR) spectroscopy
(Bruker IFS 66/S, Bruker, Germany). UV-Vis absorp-
tion data were recorded on a Molecular Devices
SpectraMax M5 spectrometer (California, USA)
using a quartz cuvette with a path length of 1 cm at
room temperature. Solutions of 20 mg/mL PolyAs-
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pAm(DOP50/EAS0) with a sufficient amount of
B(OH);3 solution (catechol/B(OH); mole ratio =
2.0) were prepared. The pH of the solutions was then
increased by the addition of a NaOH solution under
a nitrogen blanket followed by stirring for 12 h and
dilution of the solutions with different pH buffers.

2.2. Synthesis of polysuccinimide (PSI)
L-aspartic acid (30 g) and 98% ortho-phosphoric
acid (30 g) (50:50 wt. ratio) were put into a round
bottom flask and mixed at room temperature. The
mixture was heated slowly from room temperature
to 180°C under reduced pressure in about 30 min, and
maintained at 180°C for 4.5 h. Then, the reaction
mixture was cooled, and DMF was added to dis-
solve the product. The resulting solution was precip-
itated in excess water, and the precipitate was washed
several times with water to remove the residual
phosphoric acid until the solution reached pH = 7.
The product was finally dried at 70°C in vacuum for
3 days to obtain PSI in a white powder form. The
molecular weight was estimated to be approximately
130000 Da, as calculated from an empirical equa-
tion relating the solution viscosity to the molecular
weight [40].

2.3. Synthesis of polyaspartamide derivatives,
polyAspAm(DOP/EA)

To synthesize polyAspAm(DOP/EA), 1 g of PSI was
dissolved in 30 mL of DMF in a three-neck round-
bottom flask, and 0.790 g of DOP (50 mol% based
on succinimide unit) and 1.723 mL of triethylamine
were subsequently added. The flask was placed in an
oil bath maintained at 80°C, and the reaction was car-
ried out under a nitrogen atmosphere for 24 h in the
presence of 0.05 g sodium hydrosulfite to prevent
oxidation of dopamine groups. A 50 mol% excess
(0.528 mL) of EA was then added slowly to the reac-
tion mixture, and the mixture was stirred at room
temperature for another 24 h. The resulting mixture
was precipitated in 500 mL of cold acetone. The fil-
tered product, polyAspAm(DOP/EA), was dissolved
in water, and glacial acetic acid was added until the
solution pH reached pH 4. The final polymer solu-
tion was dialyzed for 3 days and lyophilized.

2.4. Gelation of polyAspAm(DOP/EA) with
boric acid

The polyAspAm(DOP/EA) polymers with different

catechol group concentrations were used for the
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preparation of aqueous solutions and reversible
gels. As an example, 0.1 g polyAspAm (DOP50/
EAS50) was dissolved in 0.5 mL deionized water, into
which a sufficient amount of B(OH); solution (cat-
echol/B(OH); mole ratio = 2.0) was added. The pH
of the mixtures was increased to the desired final
pH of 9 by the addition of a 0.1 N NaOH solution
under a nitrogen blanket. The mixture was mechan-
ically mixed to produce gel via boron-catechol coor-
dination binding.

2.5. Rheological properties

The rheological measurements of the polyAspAm
gel were conducted on a Bohlin rotational rheometer
(Malvern Instruments, U.K.) with parallel plate
geometry of 20 mm diameter. Oscillatory shear test-
ing of gels as a function of frequency was performed
at constant strain of 1% to measure elastic modulus
(G"), viscous modulus (G") and complex viscosity
at 25°C. Self-healing tests were performed by
straining each gel to failure under increasing strain
from 0.1% to 1000%, then using time sweep test to
monitor the recovery G', G" as a function of time.

3. Results and discussion
3.1. Synthesis and characterization of
polyAspAm(DOP/EA)
As shown in Figure 1, novel dopamine-modified
polyAspAm derivatives were synthesized from PSI
through a successive aminolysis reaction with quan-
titative dopamine and excess EA. The structure and
composition of the PSI and polyAspAm(DOP/EA)
were confirmed using 'H NMR spectroscopy (Fig-
ure 2). The methine proton (at 5.3 ppm) of the ini-
tial succinimide ring disappeared completely after a
series of aminolysis reactions, suggesting a quanti-
tative ring-opening to produce the polyAspAm deriv-
atives. Peaks a, b and ¢ were assigned to the aro-
matic protons of the dopamine phenyl group, and
peaks e and f were assigned to the methylene pro-
tons of the EA pendant, respectively. The composi-
tion of each group in the polyAspAm(DOP/EA)
copolymer was determined from the integration ratio
between peaks a, b, ¢ (6 =6.3-6.8), and d (6 =2.7).
Table 1 shows the composition of three different
polyAspAm(DOP/EA) copolymers prepared.
Figure 3 shows the FT-IR transmittance spectra of
PSI (spectrum a) and polyAspAm(DOP50/EAS50)
(spectrum b). Spectrum a of PSI showed two char-
acteristic bands at 1727 and 1393 cm ™!, which were
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Figure 1. Reaction scheme for polyAspAm(DOP/EA) synthesis
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Figure 2. '"H NMR spectra of dopamine-conjugated polyAspAm derivatives

Table 1. Composition of each pendant group in the polyAspAm(DOP/EA) copolymers

Content [mol%] PolyAspAm(DOP40/EA60) PolyAspAm(DOP50/EA50) PolyAspAm(DOP60/EA40)
Dopamine 22 25 27
Ethanolamine 78 75 73

The proportion of each pendant group in the polyAspAm(DOP/EA) copolymers was determined by "H NMR analysis

attributed to the absorption of the imide ring. In the
spectrum of b, the peaks relating to succinimide dis-
appeared and new peaks relating to amide I and a
amide II bands at 1635.4 and 1519.4 cm™!, respec-
tively, are seen. The absorption bands of 1365.7 and
1281.5 cm™! could be assigned to phenolic C-O-H
of catechol groups in the dopamine. The broad band
in the range of 35003200 cm™! was assigned to ~OH
and —-NH of the copolymer. As a result, both '"H NMR

Transmittance [%]

o, 1365 7 12815
and FT-IR analyses confirmed the successful syn- o \

1519.4

thesis of polyAspAm derivatives with dopamine 16354

pendants . 4000 3500 3000 2500 2000 1500 1000

Wave numbers [cm™']

Figure 3. FT-IR Spectra of PSI (a) and polyAspAm(DOP/
EA) (b)
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3.2. Preparation and characterization of
polyaspartamide derivative gels based on
boron-catechol interactions

3.2.1. pH-responsive gelation

Boric acid, B(OH)s, is a typical Lewis acid, which

is dissolved in water to generate a weak electrolyte.

Hydrated boric acid generates a small amount of ion-

izing B(OH)4 and H' ions, and the resulting solution

is weakly acidic. B(OH)s is known to be capable of
forming complexes with catechol and substituted cat-
echols [41]. Figure 4 shows the general overall reac-
tions with both an addition (one ligand donor atom

was present in a non-occupied site on boron) and a

substitution reaction (the second ligand donor atom

displacing an OH from boron). The boron atom has

OH

—_—
—_—
+H'

OH

o

OH o

o

OH -H,0 0
| Ho | on _T2°, HO&?/

B
H O"@‘O H

TR,
O/ '\.0

—
+H,0 HO( \O

four coordinative bonds with diols from catechol
groups, the ligand being bidentate.

Figure 5 shows the pH effect on the gelation of poly-
AspAm gel, where the polyAspAm(DOPS50/EA50)
copolymer was treated with boric acid (B(OH)s/
DOP = 1:2 molar ratio, 25 mg/mL of the polyAsp-
Am) at different pH values of 8, 9 and 12, respec-
tively. At pH 8, the polyAspAm solution containing
boron exists in a liquid state with a yellow color, sug-
gesting that B(OH); formed catechol-boron mono-
complexes (Figure 5a). When the pH was increased
from acidic conditions to a specified pH of pH =9,
the B(OH); was considered to have a functionality of
two to bind catechols to form non-covalent crosslink-
ing via boron-catechol coordinative complexation.

&

HO OH

g
2,

-H,0 HO @ o]
== i
+H,0 o o]

Figure 4. Equilibrium reaction between catechol groups of polyAspAm(DOP/EA) and boric acid

Figure 5. Photographs of polyAspAm(DOP/EA) with boric acid gel at different pH conditions. The physical state, color,
and estimated chemical interactions of polyAspAm(DOP/EA) with B(OH); at pH values of (a) 8, (b) 9 and (c) 12

were demonstrated
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In addition, the color changed to the characteristic
dark red (Figure 5b). At a higher pH of 12, it seemed
catechol quinone-mediated covalent coupling had
occurred to form a permanently cross-linked dark
brown gel (Figure 5c) caused by the possible oxida-
tion of catechol groups.

Further evidence of the presence of catechol-B(OH);
complexes was gained from UV-vis spectroscopic
measurements. Figure 6a showed the dominance of
catechol-B(OH); complexes under different pH con-
ditions. When the solution is acidic, boric acid does
not interact with catechol groups, showing the same
spectra as that of a pure polyAspAm copolymer solu-
tion with only one peak (Anax =280 nm), assignable to
the catechol group. However, boron-catechol bonds
are formed when the pH of the solution is increased
to pH 9, as the corresponding absorption is shown at
490 nm. The peak at 320-330 nm, appearing in alka-
line condition, is related to the oxidation of catechol
groups that is not avoidable. When the solution pH
was decreased from pH 9 to pH 8, the peak at
490 nm disappeared due to the reversible boron-cate-
chol interactions. Figure 6b-1 showed the gel formed
from catechol-B(OH); at pH 9. It was transited to a

351 — pH9
“ - Phe
304" TP

Absorbance

300 400 500 600 700
a) Wavelength [nm]

b)

Figure 6. (a) UV-Vis absorbance of polyAspAm(DOP/EA)
with boric acid solution. (b) Photographs of
reversible gel formation

liquid after adjusting the pH to 5 (Figure 6b-2).
When the pH is increased from 5 to a specified pH =
9, the gelation occurred again as shown in Figure 6b-
3. This observation suggests that dynamic complexa-
tion between boric acid and catechol groups at pH 9
can lead to reversible gelation.

3.2.2. Reversibility of polyAspAm gel formation
In many prior investigations on the reversible non-
covalent catechol-boron bonds, oxidation of the cate-
chol group was a critical issue. Gelation experiments
have been carried out to explain two alternative
gelation mechanisms in different pH conditions.
Increasing pH can lead to catechol group oxidation
of the quinone and subsequent formation of irre-
versible covalent crosslinking. In order to prove
these two mechanisms, the same amount of pH = 5
buffer was added to each gel sample, which was pre-
pared under different pH conditions. The reversible
coordinatively cross-linked gel (Figure 7a) com-
pletely dissolved after 10 min (Figure 7d). The
B(OH);-catechol complex system is assumed to be
in dynamic equilibrium, which means that a number
of free catechols still exist in the system. Upon
increasing the pH, the free catechol would be oxi-
dized to the quinone, which finally damages the
reversibility of gel formation. Figures 7b show the

a) b) c)

d) e f)

Figure 7. Photographs of gel samples: the original gels (a),
(b) and (c) (gel formed at different pH conditions)
were added a certain amount of pH 5 buffer solu-
tion to form different states (d), (e) and (f).
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state of partially coordinative cross-linked gels,
where some of the irreversible covalently cross-
linked gels remained in a gel state (Figure 7e). In con-
trast, the dark brown gel (Figure 7c), formed at a
higher pH of 12, remained almost the same without
dissolution (see Figure 7f) due to the covalent cross-
linking by the oxidation process.

3.3. Rheological properties of gels based on
boron-catechol interactions

To investigate the rheological behavior of DOP-
polyAspAm gels, dynamic mechanical analysis was
performed with three different samples (Figure 8).
The elastic modulus (G') and viscous modulus (G”)
were measured as a function of frequency at a con-
stant strain of 1% at 25°C. The elastic moduli of the
three gel samples were highly dependent on fre-
quency, and were more elastic at higher shear rates,
showing a plateau. G", however, increased along with
decreasing frequency in the lower frequency range,
suggesting a more viscous character at a decreased
shear rate. The G’ plateau increased slightly with
increasing DOP content, probably due to an increase
in the crosslinking density.

Figure 9 compared the modulus of two different gel
samples obtained at pH 9 and pH 12. Both the boron-
catechol coordination and covalent crosslinking via
oxidative coupling can contribute to gel formation,
but, the latter becomes more important at higher pH
values. Although the type of cross-linking shifts
from coordinative bonding to covalent bonding by
increasing pH values from 9 to 12, the elastic modu-
lus (G") of the B(OH)s-catechol cross-linked gel was
over 20-fold higher than the covalently bonded gel.
This result indicates that the boron-catechol coordi-
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Figure 8. Rheological properties of gels made with
dopamine-conjugated polyAspAm derivatives
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Figure 9. Comparison of moduli data in two different gels
prepared at different pH values

native crosslinking density is significantly higher
than that of quinone-mediated covalent cross-links,
as boron-catechol mono-complexes, which remain
in the covalently bonded gel, will prevent oxidative
crosslinking, resulting in a lower mechanical stiff-
ness of the gel.

The G' and G" curves of polyAspAm gel at pH 9
with different gelator concentrations (B(OH)s/cate-
chol = 1:2 and 1:1 molar ratio) are presented in Fig-
ure 10. When the molar ratio of B(OH)s/catechol
was changed from 1:2 to 1:1, both the elastic modu-
lus (G") and viscous modulus (G") decreased dramat-
ically. Because a sufficient amount of boric acid
should lead to a gel comprised of a bidentate cross-
linked structure rather than an uncross-linked or
mono-dentate one, the mole ratio between boron
and catechol is important for generating maximum
crosslinking. For this reason, it is suggested that the
molar ratio of B(OH)3/catechol = 1:2 can be consid-
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Figure 10. Comparison of moduli of polyAspAm gels made
with different H3BO3; and DOP molar ratios
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ered as an ideal ratio to make gels based on boron-
catechol interactions.

3.4. Self-healing properties

The dynamic complexation between boron-catechol
coordination can lead to the formation of reversible
self-healing gels. As depicted in Figure 10, a plate of
DOP-polyAspAm gel (in pH 9) (Figure 11a), cut
into two pieces, could be healed autonomously and
rapidly in a whole piece by simply contacting the
fractured surfaces together without any outer inter-
vention (Figure 11b and 11c¢). In addition, no obvious
cut line was seen in the region of attachment after
about 10 min (Figure 11d). Figure 9e showed that the
jointed parts after healing were strong enough to be
stretched without fracturing by the tweezers. When
the healed gel was cut into two pieces, the same self-
healing phenomenon was observed again wherever
the gels were fractured, showing the property is
repeatable and effective. This result can be ascribed
to the dynamic complexation between boron and
catechol groups.

Figure 11. Photographs of evidence of self-healing: (a) the
original sample, (b) sample cut into two pieces,
(c) joining the pieces together, (d) the recovered
sample and (e) the extended healed sample
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In order to further demonstrate the self-healing recov-
ery capabilities of the DOP-polyAspAm gel after
complete deformation, dynamic mechanical analy-
sis was employed. Figure 12a shows a strain sweep
analysis at constant frequency measured by oscilla-
tory rheometry, where the deformation strain was
increased from 0.1 to 1000%. In the higher yield
strain range, the elastic modulus (G') and viscous
modulus (G") decreased dramatically to result in gel
failure. When the strain was increased to above
500%, the G" value exceeded G, suggesting the gel
state changed from solid to liquid. In the time sweep
(Figure 12b) test of the gel sample, after the failure
and subsequent self-healing, the elastic modulus (G”)
of the healed gel was found to recover to its original
value, while the viscous modulus (G") decreased by
about 2-fold compared to the original value. How-
ever, the value of G” tended to increase continu-
ously during the time sweep, suggesting a gradual
structural rearrangement within the healed gel. To
summarize, the above results suggest dopamine-mod-
ified polyaspartamide possesses a self-healing prop-
erty via the reversible boron-catechol coordination
binding, which can lead to quick recovery after fail-
ure. This novel gel system has potential in several
applications, including smart hydrogels, medical
adhesives, and sealants.

4. Conclusions

A novel pH-responsive self-healing polyaspartamide
derivative gel based on boron-catechol interactions
has been prepared, and its rheological properties and
self-healing behavior were investigated. The dynamic
complexation between boric acid and catechol
groups at pH 9 can lead to reversible gelation, as evi-
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Figure 12. Self-healing behavior of polyAspAm(DOP/EA) with boric acid gel by strain sweep analysis followed by a time

sweep analysis
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denced by the solubility behavior and UV-Vis spec-
troscopy. The polyAspAm gels are quickly self-heal-
ing, as evidenced by a full recovery after fracture of
the gel specimen. In addition, the rheological results
showed that B(OH)s-catechol coordinative cross-link
density is higher than that of quinone-mediated cova-
lent cross-links, and the molar ratio of B(OH)s/cat-
echol = 1:2 can be considered as an optimum ratio
to make gels with improved mechanical properties.
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Abstract. Multiarm star polymers, with a hyperbranched poly(ethyleneimine) (PEI) core and poly(g-caprolactone) (PCL)
arms end-capped with acetyl groups were synthesized by ring-opening polymerization of e-caprolactone from PEI cores of
different molecular weight. These star polymers were used as toughening agents for epoxy/anhydride thermosets. The cur-
ing process was studied by calorimetry, thermomechanical analysis and infrared spectroscopy. The final properties of the
resulting materials were determined by thermal and mechanical tests. The addition of the star polymers led to an improve-
ment up to 130% on impact strength and a reduction in the thermal stresses up to 55%. The structure and molecular weight
of the modifier used affected the morphology of the resulting materials. Electron microscopy showed phase-separated mor-
phologies with nano-sized fine particles well adhered to the epoxy/anhydride matrix when the higher molecular weight

modifier was used.

Keywords: thermosetting resins, star polymers, epoxy resin, toughness, thermal stress

1. Introduction

Epoxy resins are extensively used in technological
fields such as electricity and electronics. They are
employed as adhesives, matrices in advanced com-
posites, surface coatings and device assemblies
because of their combination of high strength and
stiffness, excellent corrosion resistance and good
electrical properties [1-3]. However, their inherent
rigidity and high crosslinking density makes them
brittle, thus limiting their potential range of applica-
tions. In addition, when epoxy thermosets are used as
coatings, thermal stresses generated from the mis-
match between the thermal expansion coefficients

*Corresponding author, e-mail: ramis@mmt.upc.edu
© BME-PT

(CTE) of the coating and of the metallic substrate
can lead to the appearance of defects that can limit
their service life, such as the generation of micro-
voids and microcracks, the loss of adhesion due to
warping. Thermal stress generated during cooling
from the curing temperature down to operating con-
ditions, typically room temperature, tends to be more
severe than that consequence of heating or during
service at constant temperature, especially when the
temperature is below glass transition temperature
(Ty) of the thermoset [4].

One of the most successful routes towards tough-
ness improvement is to incorporate polymeric mod-
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ifiers into the thermosetting matrix to form fine mor-
phological structures. Some effective polymer modi-
fiers are liquid rubber [5], thermoplastics [6] or core-
shell particles [7]. In general, these modifiers are ini-
tially miscible with the uncured thermoset precur-
sors but partially or completely phase-separate to
typically form spherical structures or bicontinuous
structures. The problem of this strategy is a sharp
increase of the viscosity of the blends, the drop in the
modulus and glass transition temperature and some-
times the poor interfacial adhesion between phases.
Recently, a significant toughening effect has been
achieved without compromising other properties
and processability by using dendritic polymers, espe-
cially if the structure and properties of the modifier
have been tailored to enhance the physical and chem-
ical interaction between them and the matrix. The
improvement in toughness can be achieved by chem-
ically induced phase separation (CIPS) or by in situ
homogeneous reinforcing and toughening mecha-
nism, but in both cases covalent linkages or a good
compatibility between the modifier and the matrix
are necessary [8—16].

The thermal stresses generated during cooling of
thermosetting coatings applied over metal can be
minimized by reducing the CTE and elastic modu-
lus in the glassy state of the coating, as well as by
decreasing its Ty, which in certain applications may
not be desired. We recently reported the use of mul-
tiarm stars with poly(ethyleneimine) core and poly(e-
caprolactone) or poly(lactide) arms as modifiers in
the curing of DGEBA using a tertiary amine as
anionic curing agent [17, 18]. Upon addition of the
modifiers, the decrease on T}, and glassy modulus led
to a significant reduction in internal stresses, in spite
of the increase in the glassy CTE. In another work,
it could be seen that the addition of hyperbranched
poly(ester-amide)s to epoxy/anhydride systems
allowed reaching a significant reduction of the CTE
in the glassy state and consequently on the thermal
stress [19], the effect being more important when
higher molecular weight modifiers were used.
Recently, we used multiarm star polymers with
hyperbranched poly(ethyleneimine) core and poly(e-
caprolactone) arms of different length with reactive
and unreactive terminal groups as modifiers of epoxy/
anhydride thermosets [20]. The overall stresses,
measured on a steel substrate using the beam bend-
ing technique, were significantly reduced with modi-
fiers containing reactive hydroxyl terminal groups

and low degree of polymerization of the poly(e-
caprolactone) arms.

Taking all these precedents into account, in the pres-
ent work we synthesized, following the ‘core-first’
approach, multiarm star polymers with hyper-
branched poly(ethyleneimine) cores of different
molecular weight and poly(e-caprolactone) short
arms. All the end hydroxyl groups resulting from
the polymerization of g-caprolactone were end-
capped with acetyl moieties, but some amine groups
of the poly(ethyleneimine) remain unmodified and
can potentially react with epoxy groups. These mul-
tiarm star polymers were used to modify digly-
cidylether of bisphenol A/methyl hexahydrophthalic
anhydride formulations in the presence of benzyl
dimethyl amine as catalyst.

The synthesis of an amphiphilic modifier with hydro-
philic core and hydrophobic shell, aimed at reach-
ing phase-separated morphologies. The existence of
reactive amino groups in the hyperbranched core
would permit the incorporation of the modifier into
the network structure, enhancing the interfacial adhe-
sion between phases, if present. Moreover, the hydro-
phobic poly(e-caprolactone) arms could contribute
to the good interfacial adhesion between the hydro-
phobic matrix and the modifier-rich phase. To sum-
marize, the goal of the present work is to enhance the
toughness and reduce the internal stress in epoxy/
anhydride formulations using amphiphilic star poly-
mers with cores of different molecular weight, end-
capped arms and reactive amine groups in the core
structure.

The curing process was studied by calorimetry,
infrared spectroscopy and thermomechanical analy-
sis and the curing kinetics was analyzed by model-
free and model-fitting methods. The final properties
of the resulting materials were characterized by
means of thermogravimetry, thermomechanical
analysis and electron microscopy on the fracture
surface. Impact resistance was evaluated by Izod
impact tests and thermal stresses were estimated on
the basis of CTE, T, and elastic modulus measure-
ments.

2. Experimental

2.1. Materials

Poly(ethyleneimine) (PEI) Lupasol®FG (M, =
800 g/mol, data sheet) and Lupasol®WF (M, =
25000 g/mol, data sheet) were kindly donated by
BASF (Ludwigshafen, Germany) and used without
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further purification. From the molecular weight of the
polymer and of the repeating unit, average degrees of
polymerization of 18.3 for Lupasol®FG and 581.4 for
Lupasol®WF were calculated. According to the data
sheet, the relationship (NH,/NH/N) was (1/0.82/
0.53) for Lupasol®FG and (1/1.2/0.76) for Lupa-
sol®WF, therefore the equivalent number of pri-
mary, secondary and tertiary amines is 10, 8.4, and
5.3 meq/g for Lupasol®FG and 8.0, 9.6, and
6.1 meq/g for Lupasol®WF.

g-Caprolactone (e-CL, 97%) was distilled under vac-
uum before use. Tin (II) 2-ethylhexanoate (Sn(oct),,
98%), N,N-dimethylbenzylamine (BDMA, >99%)
and methyl hexahydrophthalic anhydride (MHHPA)
were used without further purification. All these
chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA). For the end-capping process by
acetylation, extra pure acetic anhydride was used
and purchased from Scharlau (Sentmenat, Spain).
Triethyl amine (TEA) and N,N-dimethylamino pyri-
dine (DMAP) were purchased from Fluka (Sent-
menat, Spain). Chloroform (CHCl3) was dried under
CaCl, and distilled before use. Solvents were pur-
chased from Scharlab (Sentmenat, Spain).
Diglycidylether of bisphenol A (DGEBA) with an
epoxy equivalent of 187 g/eq (Epikote 828, Hexion
Speciality Chemicals B.V. Louvain, Belgium) was
dried for 4 hours at 40°C under vacuum before use.

2.2. Synthesis of
poly(ethyleneimine)-poly(e-caprolactone)
end-capped multiarm stars (PEIX)

In the acronyms for both types of stars (PEIX), X

accounts for the data sheet molecular weight times

1072 and take the values of 8 and 250 for Lupasol®°FG

and Lupasol®WF, respectively.

The hydroxyl terminated star polymers were syn-

thesized by ring-opening polymerization of e-capro-

Sn(oct),
130°C

et O P
HO™ "
[s] %

lactone from a hyperbranched poly(ethyleneimine)
core in bulk at 130°C. The acetylation to obtain PEIX
was performed with acetic anhydride at room tem-
perature overnight in the presence of TEA and a cat-
alytic amount of DMAP in CHCI; solution as previ-
ously described [17, 20]. Figure 1 depicts the syn-
thetic procedure applied in the preparation of the
stars.

For both PEIX star polymers 'H NMR (400 MHz,
CDCl3, 6 in ppm): 4.08 (—~CH,—OCO-), 2.32
(-NHCO-CH,—, —CH,—C00), 1.92 (OCO-CH3),
1.70-1.30 (-CH,—,CL chain) and 3.5-1.5 (PEI core).
The structural data of the stars prepared determined
by '"HNMR and values in data sheet were as fol-
lows:

PEIS8: polymerization degree of arms is 11.8. Frac-
tion of unmodified primary/secondary amines of
0.15. Ty = —54°C, Ty, = 58°C, Ahp = 96 J/g, Thax =
390°C (temperature of the maximum rate of weight
loss calculated by TGA).

PEI250: polymerization degree of arms is 13.5. Frac-
tion of unmodified primary/secondary amines of
0.26. Ty = =59°C, Ty, = 50°C, Ahy = 751/g, Trmax =
390°C.

2.3. Preparation of curing formulations

Mixtures containing MHHPA and the selected pro-
portion of the star polymer were heated mildly until
the modifier was dissolved and the solution became
clear. The mixture was then cooled down to room
temperature and added to the corresponding amount
of DGEBA and catalyst. Finally, samples were care-
fully stirred and degassed under vacuum (at 40°C)
during 15 min to prevent the appearance of bubbles
during curing. The catalyst, BDMA, was used at a
concentration of 1 phr (1 part of catalyst per hundred
parts of DGEBA/MHHPA mixture). The modifier
was added at concentrations of 5, 10 and 20% with

Figure 1. Synthetic procedure for the preparation of the multiarm stars PEI8 and PEI250
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Table 1. Notation and composition of the neat and modified formulations in weight percentage [wt%] and in equivalents per
gram of mixture. The weight percentage of the star polymer is indicated in formulation.

. DGEBA MHHPA BDMA NH from SP
Formulation
[wWt%] [eq/g] [Wt%] [eq/g] [wWt%] [eq/g] [eq/g]

Neat 52.1 2.79-1073 46.9 2.79-10°3 0.99 7.32-10° 0

5% PEI8 49.6 2.65-1073 44.7 2.65-107 0.94 6.97-10°° 3.95-10°°
10% PEI8 47.4 2.53-1073 42.6 2.53-1073 0.90 6.66-107° 7.54-10°°
20% PEI8 43.4 2.32:1073 39.1 2.32:103 0.83 6.10-10°° 1.38-10°
5% PEI250 49.6 2.65-107 447 2.65-107 0.94 6.97-10°° 1.00-107
10% PEI250 47.4 2.53-1073 42.6 2.53-107 0.90 6.66-107 1.92:10°
20% PEI250 43.4 2.32:1073 39.1 2.32:1073 0.83 6.10-10°5 3.51-107°

respect to DGEBA/MHHPA/BDMA mixture. Table 1
collects the notation and composition of the differ-
ent formulations studied.

Fully cured samples for DMA, TMA, TGA, DSC,
impact and SEM assays were prepared by isothermal
curing in oven at 100°C for 2 h followed by a postcur-
ing at 180°C for one hour.

2.4. NMR Spectroscopy

'"H NMR and 13C NMR measurements were carried
out at 400 and 100.6 MHz, respectively, in a Varian
Gemini 400 spectrometer (Palo Alto, USA). CDCl;
was used as solvent. For internal calibration the sol-
vent signals were used: & ('3C) = 77.16 ppm and
& ("H) = 7.26 ppm for CDCl;.

2.5. Calorimetric measurements (DSC)
Calorimetric analyses were carried out on a Mettler
DSC-822¢ thermal analyser (Greifensee, Switzer-
land). The calorimeter was calibrated using an indium
standard (heat flow calibration) and an indium-zinc
standard (temperature calibration).

Samples of approximately 10 mg were placed in alu-
minium pans with pierced lids and cured non-iso-
thermally from 0 to 300°C at heating rates of 2, 5, 10
and 15°C/min, under nitrogen atmosphere, to deter-
mine the reaction heat associated with the complete
conversion of all reactive groups and study the cur-
ing kinetics. In a non-isothermal curing process, the
degree of conversion by DSC was calculated accord-
ing to Equation (1):

_ Ang
- Ahyy,

o' (D)
where Aht is the heat released up to a temperature 7,
obtained by integration of the calorimetric signal up
to this temperature, and Ahgyy, is the total reaction heat
associated with the complete conversion of all reac-
tive groups. The reaction rate da/d¢ was calculated

as the first derivative of the conversion with respect
to time.

The glass transition temperatures (7g.8) of the
obtained thermosets, uncured materials and star poly-
mers were determined by means of a scan at 10°C/min
under nitrogen atmosphere, as the temperature of
the half-way point of the jump in the heat capacity
when the material changed from glassy to the rub-
bery state under N, atmosphere and the error is esti-
mated to be approximately +1°C.

In order to predict the theoretical glass transition
temperature of the formulations, Fox equation
(Equation (2)) was used:

1_w N 1-w )
T T g,SP T, g,matrix

where T sp and Ty mayix are the glass transition tem-
peratures of the star polymer and neat epoxy/anhy-
dride matrix respectively and w is the weight frac-
tion of star polymer in the formulation.

2.6. Curing kinetics (DSC)

The linear integral isoconversional, model-free
method of Kissinger-Akahira-Sunose (KAS) was
used for the determination of the activation energy
based on the non-isothermal curing curves, as shown
by Equation (3):

W(Z)-w( AR 2

f is the heating rate, 7 the temperature, £ the activa-
tion energy, 4 the pre-exponential factor, R the gas
constant, and g(a) the integral conversion function.
For each conversion degree, the representation of
In(B/T?) versus 1/T produces a straight line and makes
it possible to determine £ and In[4-R/(g(a) E)] from
the slope and the intercept without knowing the
kinetic model.
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Isoconversional isothermal curing times, ¢, were esti-
mated taking the non-isothermal data In[A4-R/(g(a)-E)]
and E, determined from Equation (3), and applying
the rate equation integrated in isothermal condi-
tions, as shown by Equation (4):

_ (&)  E
lnt—ln(A)+RT 4)

Assuming that the approximation given by expres-
sion (3) is valid, we can determine the kinetic model
that best describes the curing process by rearrang-
ing expression (3) as shown in Equation (5):

() u(2) £ s

which is the basis for the composite integral method
for the determination of the kinetic model. Given that
the curing of epoxy-anhydride can be satisfactory
modelled using autocatalytic-like models with an
overall reaction order around 2, we have fitted using
Equation (5) the experimental data to autocatalytic
kinetic models with n + m = 2, where n and m are the
order of reaction.

The results of the kinetics analysis were used to
model the curing and to determine the optimum cur-
ing times to achieve fully cured thermosets. In addi-
tion, isothermal curing times determined by simula-
tion of non-isothermal kinetic data (Equations (3) and
(4)) were compared with experimental isothermal
curing times obtained by means of FTIR experi-
ments.

Details of the kinetic methodology used can be found
in previous works [21, 22].

2.7. FTIR spectroscopy

A Bruker Vertex FTIR spectrometer (Ettlingen, Ger-
many) equipped with an attenuated-total-reflectance
accessory with a diamond crystal (Golden Gate
heated single-reflection diamond ATR, Specac-
Teknokroma, Sant Cugat del Vallés, Spain) was used
to monitor the curing process. Spectra were acquired
in the mid-infrared region (spectral range of 600—
4000 cm ") with a resolution of 4 cm™. 20 scans were
averaged for each spectrum. The evolution of the
functional groups was monitored during isothermal
curing at 100°C, taking the band at 1508 cm™, attrib-
uted to the DGEBA aromatic rings, as a reference.
The conversion was determined by the Lambert-Beer
law from the normalized change of absorbance at
1732 cm™!  (formation ester groups) and at

1860+1785 cm™! (disappearance of anhydride group)
as explained in a previous work [22].

2.8. Thermomechanical analysis (TMA)

A thermo-mechanical analyzer Mettler thermome-
chanical analysis SDTA840 (Greifensee, Switzer-
land) was used to determine the conversion at the gel
point and the thermal expansion coefficients.

A silanized glass fiber disc about 5 mm in diameter
was impregnated with the liquid formulation and
sandwiched between two aluminium discs. The sam-
ple was heated up from 40 to 200°C at 2°C/min and
subjected to an oscillatory force from 0.005 to 0.01 N
with an oscillation frequency of 0.083 Hz. The gel
point temperature was taken as the onset in the
decrease of the oscillation amplitude measured by the
probe. The conversion at the gel point was deter-
mined from the gel point temperature and a dynamic
curing experiment in the DSC at 2°C/min.

Cured samples (1.5%8x8 mm?®) were supported by
two silica discs and heated at 5°C/min from 30 up
to 150°C by application of a force of 0.02 N. Two
heating scans were performed, the first one to erase
the thermal history and the second one to determine
the thermal expansion coefficients (CTESs), below
and above the T,, calculated according to Equa-
tion (6):

dac

crp—= L4 _ 1 dt ©)
Ly dT L, dT
ds

where, L is the thickness of the sample, L the initial
length, ¢ the time, T the temperature and d7/dz the
heating rate.

2.9. Dynamic mechanical analysis (DMA)
DMA was carried out with a TA Instruments DMA
Q800 (New Castle, DE, USA). Three point bending
of 10 mm at 1 Hz and 0.05% strain was performed at
3°C/min from —150 to 250°C on prismatic rectan-
gular samples (ca. 2x12x20 mm?).

2.10. Thermal stress

The thermal stress caused by the variation of the tem-
perature, oy, in a bi-layer strip (epoxy-anhydride
coating/steel substrate) was determined from the
radius of curvature, R, in the assumptions of the sim-
ple beam theory and from the free body analysis of
strains in the two layers. The calculation was made
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taking account the dependence on the geometrical
parameters and properties of the sample and sub-
strate, according to Benabdi and Roche methodol-
ogy [23], see Equations (7) and (8):

1 61+ B)*(SFT — T,y ) (CTE, — CTE,)

e+ 0[50+ 870+ a) (824 25 ) ;

o :l'Es'ts
"R 6

[B(BlJr 1)

where the subscripts ¢ and s mean coating and sub-
strate respectively, ¢ is the thickness, £ the elastic
modulus, a = E/E;, = t/ts, SFT is the stress free
temperature taken as the transition glass transition
temperature determined by TMA and T,y is the
ambient temperature taken as 40°C.

In this study a stainless steel, with an elastic modu-
lus of 180053 MPa and thermal expansion coeffi-
cient of 16-107°°C!, was selected as the substrate
and the thickness of the steel substrate and the epoxy/
anhydride coating was respectively 0.1 and 0.4 mm.
The elastic modulus of epoxy/anhydride sample
was determined by DMA.

(B’ + 1) + 3043] (8)

2.11. Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out with a
Mettler TGA/SDTA 851e/LF/1100 thermobalance
(Greifensee, Switzerland). Samples with an approx-
imate mass of 10 mg were degraded between 30 and
800°C at a heating rate of 10°C/min in a nitrogen
atmosphere (50 cm3/min measured in normal con-
ditions).

2.12. Impact resistance

The impact test was performed at room temperature
by means of an Zwick 5110 impact tester (Ulm, Ger-
many) according to ASTM D 4508-10 (2010) using
rectangular samples (2x12x25 mm?). The pendu-
lum employed had a kinetic energy of 0.5 J. For each
material, nine determinations were made. The impact
strength (/S) was calculated from the energy absorbed
by the sample upon fracture according to Equa-
tion (9):

5=t
S

)

where £ and E are the energy loss of the pendulum
with and without sample respectively, and § is the
cross-section of the samples.

2.13. Electron microscopy analysis (SEM)

The fracture surface of the samples, previously frac-
tured by impact at room temperature, was coated with
a conductive gold layer and then examined with a
Jeol JSM 6400 SEM (JEOL Ltd., Tokyo, Japan) with
a resolution of 3.5 nm and different magnifications
(100, 500 10000 and 50 000).

3. Results and discussion
3.1. Synthesis and characterization of
multiarm stars
The synthesis of the multiarm stars was performed
as previously described in two different papers, one
of them describing the growing of the poly(e-capro-
lactone) arms from the PEI core and the other to the
blocking of hydroxyl end-groups by reaction with
acetic anhydride [17, 20]. The length of the arms can
be adjusted, in principle, from the amount of &-CL
per reactive group in the core (NH and NH,). In this
paper, PEI cores of 800 and 25000 g/mol of mass-
average molecular weight were employed.
The multiarm star molecules where characterized
by '"HNMR spectroscopy as done in the previous
works [17, 20]. It could be seen that the increase in
the molecular weight of the core did not change sig-
nificantly the '"H NMR spectrum. From the spectra
of the hydroxyl-ended stars we could determine the
degree of polymerization of the arms. However, in
both cases the arms were longer (DP = 11.8 and
13.5) than expected (DP = 10) and the difference was
higher for the larger core. Since all the &-CL reacts,
the higher polymerization degree of the arms calcu-
lated from the spectra led us to the conclusion that
part of the NH- and NH, groups could not initiate the
growth of an arm. From these values we estimated a
degree of modification of 0.85 for the PEIS core
and of 0.74 for the PEI250 core. The effect of the core
size is noteworthy, as the degree of modification of
the PEI250 core is significantly lower. The hydrogen
bond interactions and the steric hindrance could be
the responsible for these differences. Although the
evaluation of the modification achieved in terminal
and linear units could not be accomplished, linear
units seem to be less reactive because of the lower
nucleophilicity of secondary amines and the more
internal position of these units in the PEI structure.
Moreover, intra-molecular hydrogen bonding in
PEI may make difficult the penetration of &-CL into
the core structure and the subsequent polymeriza-
tion reaction.
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The acetylation of the hydroxyl groups at the end of
the arms was performed as described and the spec-
tra obtained were similar to the ones published before
[20]. The complete disappearance of —CH,OH sig-
nals showed that all hydroxyl groups were blocked.
The intensity of the methyl signals (at 1.92 ppm)
allowed us to determine that unreacted NH groups
were still in PEI8 and PEI250 structures.

By using linear standards the molecular weight of star
polymers are usually underestimated by GPC and this
method does not rend accurate molecular weights.
However, the GPC analysis did not produce signals
at low molecular weight, meaning that no detectable
poly(e—caprolactone) homopolymer was formed
during the ring-opening polymerization. In addi-
tion, the shape of the curves was unimodal in both
PEI8 and PEI250, due to the living characteristics
of the &-CL polymerization.

3.2. Study of the curing and thermal
properties of DGEBA/MHHPA/PEIX
mixtures

The presence of hydroxyl groups and tertiary amines
in epoxy-anhydride formulations, leads to a com-
plex competitive mechanism consisting of polycon-
densation, initiated by hydroxyl groups, and ring
opening polymerization, initiated by tertiary amine
[19, 24]. Moreover the existence of secondary and/or
primary amines in the reaction medium may also lead
to a polycondensation between these groups and
epoxy resin or even anhydrides and the concomitant
appearance of new tertiary amines or amides. In pre-
vious works we reported the use of hyperbranched
poly(ethyleneimine)s as crosslinking agents in epoxy
formulations [25, 26], reacting by an epoxy-amine
condensation mechanism and getting thus incorpo-
rated into the network structure of the thermoset.
The curing kinetics was slowed down by their lower
mobility in comparison with smaller amines and
they led to more densely crosslinked materials due
to the presence of internal branching points in the
hyperbranched polymer structure. However, the total
number of reactive amino groups introduced in the
formulation is very small taking into account the
elevated molecular weight of the stars polymers,
and the effect would be difficult to quantify. It should
be also noticed that not all the amine groups would
be able to react because of steric hindrance or topol-
ogy restrictions.
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Figure 2. Reaction rate da/df (a) and degree of conver-
sion (b) against temperature of neat and PEI250
formulations at 10°C/min

Figure 2 shows the plots of degree of conversion
and reaction rate against temperature recorded at
10°C/min of neat formulation and formulations con-
taining different amounts of PEI250. Calorimetric
curves for neat and 5% showed a unimodal shape,
which indicates that, the different curing mechanism
takes place at the same time or that one of them pre-
dominates, in particular the epoxy-anhydride alter-
nating copolymerization mechanism, due to the
presence of BDMA. Formulations containing 10 and
20% of PEI250 show a secondary process at conver-
sions above 0.8. Because epoxy-amine condensa-
tion may take place at a relatively low temperature
[25, 26] this process, at high temperature and slow
rate, could be related with the non-catalytic epoxy/
anhydride curing mechanism or epoxy homopoly-
merization, although this is generally observed in
anhydride-deficient formulations [27].

In the presence of a small amount of star polymer
the curing is slightly accelerated possibly due to the
additional tertiary amines coming from the modi-
fier. When a higher amount of modifier is used (10
and 20%) the reaction rate decrease and the conver-
sion-temperature curves shift at higher temperatures
(Figure 2). In these last cases the higher viscosity of
the formulations, the lower mobility of the reactive
species and the lower content of epoxides may con-
tribute to decelerate the curing rate of the epoxy/
anhydride/PEIX formulations. Although the differ-
ences between formulations are not large, the rela-
tive influence of the discussed parameters can lead
to acceleration or deceleration of the curing.

When PEIS8 was used as modifier a similar trend was
observed (not shown), although both effects, accel-
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Figure 3. Activation energy during curing of neat and PEI250
formulations obtained by using the Kissinger-
Akahira-Sunose method

eration at low modifier content and deceleration at
high modifier content, take place to a lesser extent.
This result can be rationalized on the basis of the
lower tertiary amine content and viscosity of PEI8
than PEI250.

The nonisothermal curing kinetics was analyzed
using the isoconversional KAS methodology (Equa-
tion (3)). Figure 3 shows that £ remains constant dur-
ing the entire range of conversions for neat and 5%
formulations, whereas for 10 and 20% £ is main-
tained constant up to a conversion of 0.8, to decrease
sharply between 0.8 and 1. This result is consistent
with the existence of two curing mechanisms, acti-
vated at different temperatures, in modifier-rich for-
mulations (Figure 2).

As described in the experimental section, model fit-
ting was performed using suitable phenomenologi-
cal model, autocatalytic model with n +m =2 [22,
24], which may generally describe the autocatalytic
behaviour of the catalyzed epoxy-anhydride curing.
Non-isothermal data at different heating rates were
simultaneously fitted by linear regression (Equa-
tion (5)), in the conversion range 0.1-0.8, where

Table 2. Kinetic parameters of curing process

activation energy is nearly constant for all formula-
tions.

Table 2 summarizes the results of the linear fitting
and other kinetic parameters. The linear regression
coefficients get close to one and the similarity
between fitted and isoconversional activation ener-
gies evidence the quality of the fitting and the suit-
ability of the kinetic model chosen. All formulations
show similar kinetic parameters, an indication of the
fact that the curing mechanism is not significantly
affected by the presence of the star polymer modi-
fier. The values of da/dt and £, calculated using
Arrhenius equation and the kinetic parameters, acti-
vation energy and pre-exponential factor obtained
by adjustment, agree with the reactivity of the dif-
ferent formulations and with the experimental calori-
metric curves (Figure 2). On increasing the content
of star polymer up to 5%, the curing accelerates (k
and da/dt increase), but gradually decelerates (k and
da/dt decrease) at higher modifier contents. The
kinetic effects of the modifier are more relevant
when PEI250 is used, showing greater differences
between the values of & and da/df and those of the
neat formulation.

The curing kinetics of all formulations were studied
with FTIR spectroscopy at 100°C in order to iden-
tify the main reactions taking place during curing and
compared with the curing kinetics obtained by non-
isothermal procedure. Figure 4 shows FTIR spectra
recorded during isothermal curing of neat formula-
tion at 100°C. The general features of the epoxy-
anhydride curing reaction can be observed: the
decrease of the anhydride groups (bands at 1780
and 1860 cm™!) that react giving rise to ester groups
(1735 cm™). The disappearance of epoxy groups was
also observed but not quantified because of the dif-
ficulty to separate its contribution from the different
overlapping signals in the region around 910 cm™'.

a a b c
Formulation [k J?mol] [Iﬁﬁ,] n? m? r* [l::l si‘;:fi] ((};lr::il??]s Eiso!
Neat 82 22.92 1.58 0.42 0.999 0.66 0.165 83
5% PEI8 76 21.39 1.53 0.47 0.999 0.69 0.174 77
10% PEIS 77 21.42 1.54 0.46 0.999 0.65 0.161 77
20% PEI8 67 18.48 1.53 0.47 0.999 0.50 0.125 69
5% PEI250 81 22.64 1.55 0.45 0.999 0.75 0.187 82
10% PEI250 70 18.95 1.57 0.43 0.992 0.38 0.095 71
20% PEI250 75 20.95 1.57 0.43 0.999 0.45 0.113 75

#Kinetic parameters obtained by model-fitting using an autocatalytic model with n +m =2
"Values of rate constant at 150°C using the Arrhenius equation and the parameters E and In A
“Values of reaction rate at 150°C obtained using the equation rate do/dt = k- fla) = k(1 — o)™ a" at 50% conversion

dAverage isoconversional activation energy.
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Figure 4. FTIR spectra recorded during curing of neat for-
mulation at 100°C

Figure 5 shows the evolution of ester and anhydride
groups against time recorded during curing for the
10%PEI250 formulation at 100°C in the spectrome-
ter. It can be observed that the formation of ester
and the disappearance of anhydride groups take place
almost at the same time up to 0.6 of conversion,
showing little discrepancies at higher conversion.
This result agrees with the fact the curing mainly fol-
lows an alternating epoxy-anhydride mechanism cat-
alyzed by tertiary amines. The inset in Figure 5 plots
the ester conversion with respect to the anhydride
conversion at 100°C for neat and all the PEI250 for-
mulations. It can be observed that the evolution of
both groups follows the diagonal line, indicating
again an alternating copolymerization mechanism.
Figure 5 shows the conversion of epoxy groups deter-
mined by using Equation (4) from the non-isothermal
isoconversional kinetic parameters obtained by DSC.
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Figure 5. Conversion of the ester groups, Oester, and reacted
anhydride, 0,nn, during curing of 10% PEI250
formulation at 100°C in FTIR. Epoxy conversion
simulated using non-isothermal isoconversional
DSC data. Inset: conversion of the ester groups
against reacted anhydride for neat and PEI250
formulations.

It can be observed that the conversions are similar
to those obtained by FTIR. The slight differences
between the evolutions of the different reactive
species observed at high conversions can be related
with the activation of a second curing mechanism
that takes place during non-isothermal curing in
DSC (Figure 5) at higher temperatures, uncatalyzed
epoxy-anhydride reaction or epoxy homopolymeriza-
tion, a process that is not activated during isother-
mal curing at moderate temperatures. FTIR and DSC
simulation of PEI8 formulations showed similar
trends than those observed for PEI250.

It can be concluded that curing of epoxy-anhydride
formulations containing PEI8 and PEI250 proceeds
mainly by anionic alternating copolymerization cat-
alyzed by tertiary amines. Rocks et al. [28] studied
the curing of epoxy-anhydride formulations catalyzed
by tertiary amines by Raman spectroscopy and con-
cluded that, in spite of the complexity of the curing
mechanism, the overall curing profile corresponded
to an alternating epoxy-anhydride copolymerization.
However, epoxy-amine condensation may take place,
thus permitting the covalent linkage between the
modifier and the matrix. The quantification of this
process is not possible, since it may take place to a
very low extent. The other processes, occurring at
higher temperatures, as observed by DSC, may not
be relevant depending on the isothermal curing
schedule selected in the processing.

Table 3 shows the experimental heats of polymeriza-
tion, Ah, calculated as the average heat of the exper-
iments at different heating rates. On increasing the
proportion of modifier Ak [J/g] decreases due to the
lower content of reactive epoxy and anhydride
groups, whereas A/ [kJ/ee] remains almost constant
and similar to the values reported for other similar
epoxy systems [29]. FTIR spectra of both isothermal
and non-isothermal cured samples showed that the
absorbance bands of oxirane and anhydride groups
disappeared completely. Moreover, no residual heat
was observed after a second dynamic scan made up
to 250°C to determine T. These results indicate
that all formulations reacted almost completely.
The T, of the isothermally cured samples, determined
by DSC, decreases progressively on increasing the
proportion of star polymer in the formulation, but this
decrease is more evident when PEI250 is used. The
different flexibilities of both modifiers, the amount of
physical entanglement and crosslinking density and
the existence of separated phases of different size
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Table 3. Calorimetric data, o, thermal stability data and dynamomechanical properties of the formulation studied in this work

R b . a ' tan 5% tan o" i
R R S

Neat 288 103 132 132 0.47 406 143 14 28
5% PEI8 272 103 126 115 0.55 406 139 17 24
10% PEIS8 258 103 118 99 0.49 405 130 25 20
20% PEI8 249 112 111 71 0.52 405 124 32 16
5% PEI250 257 97 118 115 0.45 405 127 16 23
10% PEI250 255 102 111 99 0.45 404 124 25 18
20% PEI250 230 103 103 71 0.48 403 114 32 13

2Enthalpies per gram of mixtures
YEnthalpies per equivalent of epoxy groups
“Glass transition temperature after isothermal curing

dCalculated glass transition temperature, using DSC data and Fox equation
“Degree of conversion at gelation determined as the conversion reached by non-isothermal TMA and DSC tests at 2°C/min
fTemperature of the maximum rate of weight loss calculated by thermogravimetry

gTemperature of maximum of tand
"EWHM stands for full width at half maximum of tan &

iStorage modulus in the rubbery state determined at tan§ peak + 50°C

and structure could be responsible of this behaviour.
In order to understand the effect of the star on the
matrix, the Fox equation was applied to predict the 7,
of the fully cured thermosets. Up to 5% of PEI250
content, the thermosets have an experimental value
of T, similar to the predicted by this equation,
whereas formulations containing 10 and 20% of both
modifiers show experimental T,’s significantly
higher than the theoretical ones. These results could
be explained by a phase separation of the star poly-
mer due to the incompatibility produced during the
curing reaction, which was further confirmed by
electron microscopy.

The results of the gelation tests are summarized in
Table 3. The conversion at the gelation point o 1S
only little affected by the addition of both star poly-
mers, and in all cases the obtained values are within
the range commonly observed for epoxy-anhydride
systems, around 0.3-0.5 [24, 30, 31]. This scattering
of values can be explained not only by the differ-
ences and accuracy of the measuring techniques but
from the presence of protic impurities or the occur-
rence of initiator regeneration reactions that tend to
increase 0O,gel [30-32].

Figure 6 shows the thermogravimetric curves for
neat and PEI250 formulations. It can be observed that
the degradation takes place in only one step, indicat-
ing random breaking of bonds. Formulations contain-
ing PEI8 show similar TGA traces (not shown). The
results of the thermogravimetric analysis of all for-
mulations are summarized in Table 3. Although
modified formulations contain C—N bonds that are
less stable than the C—C bonds of the epoxy matrix,
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Figure 6. Thermogravimetric curves at 10°C/min in nitro-

gen atmosphere of the neat and PEI250 formula-
tions

all formulations show similar thermal stability (7inay).
This is in agreement with previously reported results
using poly(e-caprolactone) modified polymers [17,
20]. This can be explained by the low proportion of
hyperbranched core in the modifier structure (even
lower in the formulation), the similar thermal sta-
bility of the ester bonds in the poly(e-caprolactone)
arms and the epoxy-anhydride polyester network
structure, and the possible covalent linkage between
the matrix and the modifier.

3.3. Thermomechanical properties and
thermal stress

Table 3 collects the results of the DMA characteri-

zation of all the samples prepared. Figures 7 and 8

plot the evolution of tand and storage modulus of

PEI250 and PEI8 formulations, respectively. In
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Figure 7. Storage modulus and tan curve against tempera-
ture for neat and PEI250 modified materials. The
inset shows a detail of loss modulus curves at low
temperatures.

agreement with the calorimetric data, when the pro-
portion of modifier increases, the network relax-
ation curves are shifted towards lower tempera-
tures, indicating that 7, decreases on adding modi-
fier, as seen with DSC. The effect is more remark-
able in PEI250 formulations, probably due to an
increase in the plasticization caused by the longer
poly(e-caprolactone) arms or a decrease in the cross-
linking density. It can also be observed that the a-
relaxations (related to the 7y) of all formulations are
unimodal, indicating that all thermosets have homo-
geneous network structures, but modifier-rich for-
mulations show a more disperse network, as seen
from the broader a-relaxation and higher FWHM
values. Meng and coworkers [33, 34] observed the
contrary trend using hyperbranched polyethers as
tougheners for epoxy/amine systems, but their mate-
rials showed a homogeneous morphology. Table 3
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Figure 8. Storage modulus and tané curve against tempera-
ture for neat and PEI8 modified materials

and Figures 7 and 8 show a decrease in the rubbery
modulus and in the height of a-relaxation upon
addition of the modifier. According to the rubber
elasticity theory, the relaxed modulus is propor-
tional to the crosslinking density, but deviations
from the ideal network behaviour are likely to occur
for a variety of reasons [26, 35, 36]. The decrease in
rubbery modulus is not proportional to the modifier
content, suggesting an additional decrease in the
crosslinking density connected with the participa-
tion of the star polymer in the curing process.

The inset in Figure 7 shows a detail of loss modulus
curves in the region of low temperature. It can be
seen that the B-relaxation (attributed to glyceryl or
diphenylpropane groups) decreases but it broadens
on increasing the modifier content. This can be ten-
tatively attributed to a new star polymer-rich phase
formed during curing and to a restricted mobility of
the matrix structure due to the additional bonding
with star-polymer.

In order to determine the potential application of
the prepared materials as coatings, the generation of
thermal stress during cooling of neat and PEI250
and PEI8 formulations on steel as a rigid substrate
were studied using the Benabdi and Roche method-
ology described in the experimental section [23]. In
a previous work, we demonstrated that the intrinsic
stress generated during curing of an epoxy system,
due to rearrangement of molecular structure, and
the thermal stress generated in the rubbery state, are
much lower than the thermal stress generated on
cooling down from the 7, to room temperature [14,
20], therefore in the present work we only calculate
the thermal stress originated on cooling.

Table 4 collects the thermal stress values, oy, calcu-
lated using Equations (7) and (8) and the following
experimental data of epoxy/anhydride/PEIX coating:
CTE. in the glassy state determined by TMA, elas-
tic modulus determined by DMA at room tempera-
ture (40°C), E., and stress free temperature, SF'T,
taken as the glass transition temperature determined
by TMA. It can be observed as oy, decreases signif-
icantly on increasing the modifier content, due to a
decreasing of some of these three parameters: CTE,,
E. and SFT. In general, E, and SFT regularly
decrease on increasing PEIX content, according to
the high flexibility and low crosslinking density of
modified thermosets, whereas CTE, does not follow
a clear trend. While the CTE, of PEI8 formulations
hardly varies, CTE. of PEI250 formulations

819



Acebo et al. — eXPRESS Polymer Letters Vol.9, No.9 (2015) 809-823

Table 4. Thermal data of the materials and thermal stresses
generated during cooling for the different formula-

tions
Formulation m',i;;] o® | SFT |CTEJ! [:lﬁ:] [1\?;;]
Neat 3241 | 0018 | 125 | 87 |0.0169| 164
5% PEIS 2796 | 0.016 | 119 | 83 |0.0146| 12.5
10% PEI8 2626 | 0015 | 113 | 85 |0.0137| 112
20% PEI8 2203 | 0012 | 104 | 92 00129 o.1
5% PEI250 | 2687 | 0.015 | 109 | 93 |0.0145| 12.1
10% PEI250 | 2505 | 0.014 | 105 | 95 |0.0139| 10.9
20% PEI250 | 1782 | 0.010 | 96 | 102 |0.0123| 7.4

?Elastic modulus determined by DMTA.

PRatio of coating and substrate module o = E./E.

“Stress free temperature taken as the transition glass transition
temperature determined by TMA.

dThermal expansion coefficient in the glassy state determined by
TMA.

¢Curvature determined using Equation (7).

fThermal stress determined using Equation (8).

increases slightly. Although this increase tends to
increase the stresses, the lower E, and SFT values of
PEI250 formulations compensate this effect leading
to significant reduction of thermal stress. This reduc-
tion is higher for PEI250 formulations than for
PEI8 formulations and the highest reduction of oy,
is achieved by adding a 20% of PEI250. These results
agree, again, with the higher flexibility and lower
crosslinking density induced by the presence of
PEI250 and its possible participation in the curing
process.

3.4. Mechanical characterization and
morphology

The toughness behaviour of all cured formulations
was investigated by impact test and the morphology
was analyzed by SEM on the impacted fracture.
Figure 9 shows that both PEI250 and PEI8 produce
a significant increase in the impact strength of the
cured materials, proportional to the amount of mod-
ifier used. This increase is more than 100% with
respect to the neat formulation, for thermosets con-
taining a 20% of both modifiers. This result is con-
sistent with a phase-separated morphology, where
soft particles of modifier adhered to the epoxy/
anhydride matrix absorb energy during impact test,
although the DMA and DSC results showing a
decrease in the T, of the cured material suggest also
some enhancement in the matrix shear yielding. The
degree of interfacial adhesion between the soft phase
and the matrix is critical in toughening. Effective
toughening is believed to occur with an intermedi-

Impact strength [kJ/m?]

©
]
=z

5% PEI250
10% PEI250
20% PEI250

5% PEI8
10% PEI8
20% PEI8

Figure 9. Impact strength for neat DGEBA/anhydride and
thermosets with PEI250 and PEIS

ate interfacial bonding, since an excessive adhesion
can deteriorate the interfacial adhesion between the
toughener phase and the matrix [36]. In previous
works we observed that polymeric modifiers with
excessive physical-chemical compatibility with the
matrix led to their covalent incorporation into the net-
work structure, preventing phase separation and pro-
ducing very little toughness enhancement, whereas
polymers that phase-separate during curing but with
certain physical-chemical compatibility with the
matrix led to the highest increase in impact strength
[14]. Although it is not possible to know the amount
of amine groups that react during curing, it is rea-
sonable assuming the formation of some covalent
bonds between the remaining amine groups at the
core of the star polymer and the epoxy groups.
Although the addition of both stars increases tough-
ness characteristics the improvement achieved with
PEI250 is higher. The amount of covalent bonds
formed between matrix and modifier, the higher flex-
ibility of PEI250 and the resulting polymer matrix
and the lower thermal stress in PEI250 formulations
can justify the differences observed between PEI250
and PEI8 thermosets.

Figure 10 shows some SEM micrographs of the
fractured surfaces of materials after impact tests. In
previous works it was observed that the fracture of
the neat DGEBA/anhydride formulation is relatively
smooth and glassy and does not show any signifi-
cant morphological features, due to the formation of
a homogeneous material [20, 37]. On the contrary,
materials containing PEI8 and PEI250 (Figure 7)
show a characteristic morphology completely differ-
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ent from that of the neat formulation. PEI8 micro-
graphs present nanograined morphology with nano-
sized grains. This nanopatterned organization can be
attributed to the presence of amino groups, which
can react during curing with epoxides changing the
morphology in the surrounding of the star polymer.
In a previous study [20] on the modification of
DGEBA/anhydride thermosets with star polymers
we could observe that the presence of reactive groups
in the star led to homogeneous materials, whereas
the blocking of these reactive groups produced nano-
grained morphology. In the present case, PEI8 has a
high content of blocked groups and a low content of
, ) amine reactive groups, leading to the nanostructure

2) [ observed by SEM inspection. PEI250 thermosets
show a phase-separated morphology with nano-
sized (75 to 150 nm) fine particles well adhered to
the epoxy/anhydride matrix. It can be hypothesized
that these particles are formed by PEI250 sur-
rounded by epoxy/anhydride matrix covalently
bonded to PEI250 but some aggregation of star poly-
mers cannot be excluded. The differences between
two morphologies can be attributed to the different
molecular weight of the star polymer and to the
amount of amine groups of star polymer that reacts
during curing. Although both morphologies lead to
significant toughness enhancement in the materials,
phase-separated morphology produces a slightly
higher improvement than nanograined morphology.

4. Conclusions
The curing of epoxy/anhydride systems in the pres-
ence of PEI8 and PEI250 and tertiary amines mainly
proceeds by anionic alternating copolymerization
catalyzed by tertiary amines, although the uncat-
alyzed epoxy-anhydride polycondensation and the
epoxy-amine reaction can take place to some
extent.
The addition of star polymers with poly(ethyl-
eneimine) cores and blocked poly(e-caprolactone)
arms to epoxy/anhydride formulations allows to
obtain thermosets with significant improved tough-
ness and low thermal stress generation during cool-
¢ fum ing, with only a slight reduction on glass transition
Figure 10. SEM micrographs at 50000 magnifications of ~ temperature and crosslinking density.
the fractured surfaces of the materials obtained  The flexibility and molecular weight of the star mod-
from a) neat, b) 10% PEI8 and ¢) 10% PEI250 jfiers used, as well as the amount of amino reactive
formulations groups in the modifier affect the morphology of the
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resulting thermosets but only slightly their thermo-
mechanical properties and curing process. The use
of high molecular weight modifier with blocked ter-
minal groups leads to phase-separated morpholo-
gies with nano-sized fine particles well adhered to
the epoxy/anhydride matrix by the presence of unre-
acted amine groups.
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Abstract. An ability of bisphenol-A/aniline based benzoxazine resin (BA-a) to simultaneously acts as a curing agent and a
stable or rigid network segment for shape memory epoxy, i.e. a two component system, is demonstrated. This significantly
simplifies a formulation of present shape memory epoxy systems, i.e. a three or four component system. A suitable content
of BA-a in the aliphatic epoxy (NGDE)/polybenzoxazine (PBA-a) samples for good shape memory performance is in a range
of 30 to 50 mol%. The storage modulus of the obtained NGDE/PBA-a shape memory polymers (SMPs) was increased from
3.57 GPa for 30 mol% BA-a content to 4.50 GPa for 50 mol% BA-a content. Glass transition temperature of the sample was
also substantially increased with increasing BA-a fraction, i.e. from 51°C to 140°C. Flexural modulus and strength at room
temperature of the samples at 50 mol% BA-a were found to be as high as 3.97 GPa and 132 MPa compared to the maximum
values of 2.54 GPa and 100 MPa of SMP based on cyanate ester-epoxy. All samples exhibited a high value of shape fixity
close to 100%. A presence of the BA-a in the samples also imparted a greater recovery stress ranging from 0.25 to 1.59 MPa.
Consequently, the obtained NGDE/PBA-a copolymers are highly attractive for shape memory materials to be used in a
broader range of applications particularly at elevated temperature and a higher recovery stress value.

Keywords: polymer blends and alloys, smart polymer, shape memory polymers, polybenzoxazine, aliphatic epoxy

1. Introduction

Shape memory polymers (SMPs) belong to a novel
class of smart materials having been a topic of active
research since 1980s, particularly in the past few
years [1-7]. They possess an ability to return from a
temporary shape to their permanent shape induced by
external stimuli such as light, humidity, solvents,
electric or magnetic fields, ionic strength, pH or most
typically thermal activation [8]. Interestingly, SMPs
have a number of advantages over shape memory
metal alloys (SMAs) such as light weight, high elas-
tic deformation with a strain value as high as 200%,
a broad range of application temperatures which

*Corresponding author, e-mail: sarawut.r@chula.ac.th
© BME-PT

can be tailored, ease of manipulation, potential bio-
compatibility and biodegradability as well as cost
competitiveness [5, 9]. SMPs have a wide application
range in self-deployable structures in spacecraft [1,
10], orthodontic applications, intelligent medical
devices [5, 9] or smart textiles and apparels [11].

In general, SMPs can be either thermoplastics, i.e.
polyethylene [2] and polyester [5] or thermosetting
polymers such as epoxy [12, 13] or polyurethane [14,
15]. In case of SMP thermoplastics, their networks
can be constructed with physical crosslinks by phys-
ical interactions. This characteristic will allow very
easy reshaping or re-formation of this class of poly-
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mers. However, they can potentially melt at high tem-
perature, and lose their memory properties over time
[16]. Contrarily, chemical crosslinks by covalent
bonds can be formed for thermoset SMPs; they soften
but do not melt at elevated temperature [4, 17]. As a
consequence, thermosetting SMPs, especially epoxy-
based SMPs, have been highly attractive particu-
larly in advanced applications [13, 18, 19]. To further
broaden the useful property range of shape memory
epoxy, epoxy-based shape memory copolymers and
epoxy-based shape memory composites have also
been developed [18-21]. Recently, Xie and Rousseau
[20] had developed methods to tailor transition tem-
perature (7,) and shape recovery properties of SMPs
based on aromatic epoxy as hard segments, aliphatic
epoxy as soft segments and aliphatic amine as cur-
ing agents. The authors reported that all of their cross-
linked epoxy samples showed good SMP character-
istics, including excellent shape fixity with shape
recovery close to 100% as well as easily tailored ther-
mal transition temperatures ranging from room tem-
perature to 89°C. However, in polymerization step of
oxirane group containing epoxy, the resin requires a
suitable curing agent. In general, epoxy curing agents,
i.e. aromatic amines possess some drawbacks such
as relatively low elongation and rather slowly cur-
ing for epoxy resin as well as serious toxicity con-
cerning in some cases and corrosion to the process-
ing apparatus [22]. In addition, they show no direct
benefit to the shape memory performance of the
obtained shape memory epoxy.

Benzoxazine resin, a novel class of thermosetting
phenolics [23], has been developed in 1990s to solve
various inherent problems occurred in traditional
phenolics. For example, the resin can undergo ring-
opening polymerization upon heating without strong
acid or base catalysts; therefore, no condensation by-
product is released during a curing process. This
eliminates the formation of voids or air gaps in the
fully cured products that normally occur in phenolic
resin. A very low A-stage viscosity of the resin results
in its high processing ability including ease of filler
wetting and high filler loadings [24-26]. The poly-
mer from this resin has been reported to show high
thermal stability, excellent mechanical performance,
good dimensional stability and relatively high glass
transition temperature even though they exhibit rel-
atively low crosslinking density [23, 27, 28]. More
importantly, the benzoxazine resin has been shown
to be able to blend with various types of resins or

polymers to provide even broader spectrum of the
copolymer properties. As exemplified, benzoxazine
resin had been shown to be able to function as a
latent curing agent for epoxy resin and, in some
cases, provide synergism in thermal and mechanical
properties of the obtained benzoxazine/epoxy copoly-
mers [27,29-31]. Very recently, shape memory poly-
mers between bisphenol-A/aniline based benzox-
azine resin (BA-a) and shape memory polyurethane
(SMPU) have been investigated by Erden and Jana
[32]. From their investigation, the authors sug-
gested that the BA-a can be either chemically bonded
with SMPU chains by copolymerization or grafting
reactions or blended with SMPU as a separate phase.
Furthermore, the polybenzoxazine (PBA-a) can act
as an additional hard phase for the SMPU due to its
higher glass transition temperature and much greater
storage modulus than the soft segment phase of the
SMPU. An addition with only 17 wt% of the BA-a
in the SMPU rendered a recovery stress and shape
recovery ratio as high as 13 MPa and 93%, which
was substantially higher than those of the starting
SMPU, i.e. 6.8 MPa and 72%. In addition, Rimdusit
et al. [7] have recently developed shape memory
polymer copolymers based on bisphenol-A/ aniline
based benzoxazine resin (BA-a), aliphatic-aromatic
epoxy mixture, and Jeffamine D230 as the epoxy
curing agent. Enhanced thermomechanical perform-
ance of the obtained epoxy SMPs was achieved by
an addition of the BA-a fraction. The incorporation
of the BA-a contributed to higher storage modulus in
the glassy state, higher crosslink density, enhanced
flexural strength, and greater flexural modulus at
room temperature. Moreover, the recovery stress of
the obtained SMPs was reported to increase with
increasing BA-a content up to 33 mol% with the
reported recovery stress of about 38 kPa. It was 1.8
times higher comparing with 20.4 kPa of the
unmodified shape memory epoxy.

The purpose of this study is to investigate the poten-
tial use of bisphenol-A/aniline based benzoxazine
resin (BA-a) as a sole curing agent for aliphatic
shape memory epoxy. Moreover, it is expected that
the aromatic structure of the BA-a can act as a hard
or stable phase for the aliphatic epoxy network thus
eliminate the need for aromatic epoxy that is nor-
mally added in typical shape memory epoxy products.
Twofold benefits are expected from this aliphatic
epoxy/benzoxazine SMPs, i.e. (1)a potential
improvement of thermomechanical properties and
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recovery stress of the copolymer samples with an
addition of the more rigid polybenzoxazine and
(2) a simpler shape memory epoxy formulation
from the dual function of the BA-a above. Some
essential properties, such as glass transition temper-
ature, flexural modulus, flexural strength, recovery
stress and shape recovery performance will also be
investigated.

2. Experimental

2.1. Materials

Materials used in this study was bisphenol-A/aniline-
based benzoxazine resin (BA-a). The BA-a was
synthesized according to the solventless technology
[23, 33]. Bisphenol-A (polycarbonate grade) was
provided by Thai Polycarbonate Co., Ltd. (Rayong,
Thailand). Para-formaldehyde (AR grade) and ani-
line (AR grade) was purchased from Merck Co., Ltd.
(Darmstadt, Germany) and Panreac Quimica, S.A.
(Barcelona, Spain), respectively. Aliphatic epoxy
(Neopentyl glycol diglycidyl ether; NGDE) was
available from Aditya Birla Chemicals Thailand Ltd.
(Rayong, Thailand). All chemicals were used as
received. The NGDE/BA-a mixtures at different mole
percent of the BA-a varied from 30 to 50 mol%
were prepared. The mixture was heated at about
80°C in an aluminum pan and stirred for about
15 min to yield a homogeneous mixture. The molten
resin was poured into an aluminum mold and was
thermally cured at 80°C for 2 h in vacuum oven and
130°C/12 h, 140°C/4 h, 150°C/4 h and 160°C/2 h,
respectively, in an air circulated oven. Then, the cured
NGDE/polybenzoxazine (PBA-a) shape memory
samples were cut into various shapes for each spe-
cific test.

2.2. Characterization methods

Curing behaviors of the BA-a, NGDE and NGDE/
BA-a mixtures were studied using a differential
scanning calorimeter (DSC) model 2910 from TA
Instruments (New Castle, DE, United States). Each
sample with a mass in a range of 3—5 mg was sealed
in an aluminum pan with lid. The heating rate used
was 5 and 10°C/min and the sample temperature was
scanned from room temperature to 320°C under
nitrogen purging with the gas flow rate of 50 mL/min.
The degree of conversion of a sample was deter-
mined according to the relationship in Equation (1):

. HI'XH
Conversion [% ] = | 1 — T -100 (1)

0

where Hx, is the heat of reaction of the partially
cured samples and H is the heat of reaction of the
uncured resin mixture.

Chemical structure and network formation of all sam-
ples was studied by a Fourier transform infrared spec-
troscopy (FTIR), a Spectrum GX FT-IR spectome-
ter from Perkin Elmer with an ATR accessory
(Waltham, Massachusetts, United States). All spec-
tra were taken as a function of time with 64 scans at
a resolution of 4 cm™! and wavenumber ranging from
4000-650 cm™'. For viscous liquid NGDE/BA-a
mixtures, a small amount of mixture was casted as
thin film on a potassium bromide (KBr) window
and its FTIR spectrum was obtained.

Dynamic mechanical analyzer (DMA) model
DMA242 from Netzsch, Inc. (Bavaria, Germany)
was used to determine a storage modulus (£') and
loss tangent (tan d) of the NGDE/PBA-a shape mem-
ory samples. The sample in rectangular shape, with
a dimension of 10 mmx50 mmx3 mm, was tested
using a three-point bending mode with 40 mm sup-
porting span at the frequency of 1 Hz and a heating
rate of 2°C/min from room temperature to the tem-
perature beyond the glass transition temperatures
(T,) of each sample. The T, was taken as the maxi-
mum peak on the loss tangent curve in the DMA ther-
mogram.

Flexural properties of NGDE/PBA-a shape memory
samples were measured according to ASTM D 790M
using a universal testing machine (model 5567) from
Instron (Thailand) Co., Ltd. (Bangkok, Thailand).
The test method was a three-point bending load with
a supporting span of 32 mm and tested at a crosshead
speed of 1.0 mm/min. A dimension of a rectangular
shape sample was 10 mmx50 mmx2 mm.

A systematic shape recovery test of NGDE/PBA-a
shape memory samples under bending load was also
performed. The procedure for the thermomechani-
cal bending cycling of NGDE/ PBA-a shape mem-
ory samples includes the following steps: firstly, the
sample in its permanent shape was kept in an oven
for 20 min at 7T, + 20°C; then the sample was bent
to a storage angle 6 in a ‘U’ shape with the radius of
2 mm in the soft rubbery state, after that the sample
was kept at room temperature with the external con-
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straint to freeze the elastic deformation energy for
20 min. The sample fixed on the apparatus was then
immersed into air circulated oven at elevated tem-
perature, and it recovered to an angle Oy [34]. The
value of the shape recovery ratio (Ry) can be calcu-
lated by Equation (2):

70N *100% 2)
)
Shape fixity and recovery stress of NGDE/PBA-a
shape memory samples were studied by a universal
testing machine under three point bending mode. The
experimental procedure for the shape fixity and
recovery stress was performed using the same method
as described in [35]. Firstly, a fixed shape was formed
by applying force to a sample (10 mmx50 mmx
2 mm) at T, +20°C and left to cool down to room
temperature. The force was then removed com-
pletely to obtain a temporary shape. The deflection
after unloading was then measured, and shape fixity
(Ry) of each sample was determined. In addition, the
sample was also heated up to 7, + 20°C by keeping
the fixed deflection content, afterwards, deflection
force of each sample during heating was measured
and the coresponding recovery stress was obtained.

3. Results and discussion
3.1. Effects of BA-a contents on curing
behaviors of NGDE/BA-a mixtures

Curing characteristics of aliphatic epoxy (NGDE)/
benzoxazine resin (BA-a) mixtures at BA-a contents
of 30, 40 and 50 mol% were studied by a differen-
tial scanning calorimeter (DSC) at a heating rate
5°C/min as shown in Figure 1. The thermogram of
the BA-a showed a curing exothermic peak located at
about 210°C, while the NGDE showed no sign of any
curing reaction in this temperature range because
no initiators or catalysts were added to the resin.
Instead the endothermic thermal event starting at
about 200°C a result of the evaporation process of
the NGDE was observed. For the NGDE/BA-a mix-
tures, the thermograms revealed three exothermic
peaks of these resin mixtures. The two overlapping
peaks at lower temperature were found to be in a
range of 235-240°C whereas the third peak at high
temperature were observed at temperature about
275-285°C. Both peaks tended to shift to higher tem-
perature with increasing epoxy content. The phe-
nomenon is attributed to diluent effect of the liquid
epoxy on benzoxazine curing [29]. Furthermore, the

Exo Up
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Temperature [°C]
Figure 1. DSC thermograms of NGDE/BA-a mixtures at
various mole percents of BA-a: (e) NGDE,
(m) 30 mol%, ()40 mol%, (4) 50 mol%,
(v)BA-a

reactions between the BA-a and the NGDE were
found to comprise of at least two major reactions. The
first reaction at the two overlapping exothermic peak
at lower temperature is attributed to the polymeriza-
tion reaction of the BA-a monomers, whereas the
third exothermic peak at a higher temperature is the
reaction between the phenolic hydroxyl group of the
polybenzoxazine (PBA-a) and the epoxide group of
the NGDE. This result is in good agreement with
the curing behaviors of bisphenol-A based epoxy by
the BA-a [29, 36].

Figure 2 illustrates DSC thermograms at a heating
rate 10°C/min of the NGDE/BA-a mixture at
50 mol% of the BA-a content at various curing con-
ditions. The optimal curing conditions of the NGDE/
BA-a mixtures were determined from the partial
disappearance of the area under the curve of the
exothermic peak in the DSC experiment. The heat
of reaction of the uncured sample was measured to
be 272.0 J/g. After a step curing at 130°C/12 h,
140°C/4 h, 150°C/4 h and 160°C/2 h, the values
decreased to 245.6, 236.7, 231.7 and 101.4 J/g,
respectively, which corresponded to the degree of
conversion of 9.7, 12.9, 14.8 and 62.7%. Liu et al.
[37] suggested that the degree of conversion about
60% of shape memory epoxy provided samples with
good balance properties between shape memory
performance and thermomechanical properties. The
fully cured samples, i.e. 100% conversion, were
reported to give samples with too high crosslink den-
sity thus resulting in great reduction in molecular
chain mobility and poorer shape memory perform-
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Figure 2. DSC thermograms of NGDE/BA-a samples at
50 mol% BA-a at various curing conditions:
(®) uncured, (m) 130°C/12 h, (¢) 130°C/12 h +
140°C/4h, (a)130°C/12h+ 140°C/4h+
150°C/4h, (v)130°C/12h+ 140°C/4h+
150°C/4 h + 160°C/2 h

ance. Therefore, the curing process under the above
step cure conditions to achieve approximately 60%
conversion was used in our work to cure all NGDE/
BA-a mixtures preparing the NGDE/PBA-a shape
memory samples for further characterizations.

3.2. Fourier transform infrared spectroscopy
(FTIR) of BA-a/NGDE network formation
Chemical structures of benzoxazine resin (BA-a),
aliphatic epoxy (NGDE) and their network forma-
tion were studied by FTIR spectroscopy. Figure 3
shows FTIR spectra taken from the BA-a, the NGDE
and the NGDE/BA-a mixture at 50 mol% BA-a. The
characteristic IR absorption bands of the BA-a were
found at 1230 cm™! assigned to C—-O—C stretching
mode of benzene ring and 1496 and 936 cm™!
assigned to tri-substituted benzene ring as shown in
Figure 3 curve a [23, 38]. The IR absorption bands
of the NGDE were observed at 1098 cm™! assigned
to C—O—C stretching mode of ethers as well as the
peaks at 1254, 909 and 850 cm™' assigned to epox-
ide ring mode [33] as depicted in Figure 3 curve b.
In Figure 3 curve c, it was evidently confirmed by
FTIR that the NGDE/BA-a mixture contained both
BA-a and NGDE characteristic IR absorptions,
such as those at 1496 and 936 cm™' from the BA-a
species and that of 1254, 909 and 850 cm™' from
epoxide ring of the NGDE.
The network formation between the BA-a and the
NGDE after thermal cure were also monitored by
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Figure 3. FTIR spectra of (a) BA-a, (b) NGDE, (c) NGDE/
BA-a mixture at 50 mol% BA-a, (d) PBA-a,
(e) NGDE/PBA-a copolymer at 50 mol% BA-a

FTIR. Figures 3a and 3d showed FTIR spectra taken
from the BA-a and the polybenzoxazine (PBA-a).
For BA-a polymerization process, the oxazine ring
was opened by the breakage of a C—O bond of the
ring. Then, the BA-a molecules were transformed
from a ring structure to a network structure. During
this process, the tri-substituted benzene ring, back-
bone of BA-a ring, became tetra-substituted benzene
ring [23, 38]. The ring-opening polymerization of
the BA-a was observed from the decrease of the
absorption bands at 1496, and 936 cm™! and the
appearance of the new absorption band at 1477 cm™!
of the tetra-substituted benzene ring. In addition, a
broad intensive IR absorption band appeared at
3400 cm™! was assigned to O—H groups of the phe-
nolic hydroxyl group that can react with epoxide
group in the NGDE for ring opening polymeriza-
tion. Moreover, the FTIR spectra of the NGDE/BA-
amixture at 50 mol% BA-a before and after polymer-
ization were also shown in Figures 3¢ and 3e. After
being step cured at 160°C for 2 h. The absorption
band at 1477 cm™ of the PBA-a was also found in the
NGDE/PBA-a copolymers whereas the absorption
bands at 1254 (vibration modes), 909 and 850 cm™
(asymmetric stretching) assigned to the remained
epoxide group appeared. Therefore, it can be sug-
gested that epoxide groups can react with the phe-
nolic hydroxyl group of the ring opened BA-a mono-
mers to form new ether linkages and hydroxyl groups
in epoxy moieties [39] as clearly seen the absorp-
tion bands at 1036 and 3400 cm™!, respectively, in
Figure 3 curve e. A possible chemical reaction
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Figure 4. (a) Curing reaction of BA-a, (b) A possible chemical reaction between PBA-a and NGDE and (c) NGDE/PBA-a
SMP at original shape, temporary shape and recovered shape at 7, + 20°C

c)

between the BA-a and the NGDE is shown in Fig-
ure 4. It was postulated that the BA-a ring was
opened by heating at suitable temperature (Fig-
ure 4a). The phenolic hydroxyl groups of the ring
opened the BA-a monomer then acted as an epoxy
curing agent to open the epoxide ring to form the
ether linkages in the copolymer networks as pro-
posed in Figure 4b. These results are also in good
agreement with the previous reports by our research
group [30, 36] and Kimura et al. [31] using differ-
ent types of epoxy resins.

3.3. Dynamic mechanical analysis of
NGDE/PBA-a SMPs

Viscoelastic properties served as one key character-

ization for screening the series of NGDE/PBA-a

shape memory polymers (SMPs) for good shape-

memory performance. Figure 5 and Figure 6 dis-
plays the temperature-dependence of storage modu-
lus (£") and loss tangent (tan ) of the aliphatic epoxy
(NGDE)/polybenzoxazine (PBA-a) shape memory
samples. From Figure 5, the storage moduli at a
glassy state (35°C) of the NGDE/PBA-a SMPs at
BA-a contents of 30, 35, 40, 45 and 50 mol% were
measured to be 3.57, 3.79, 3.92, 4.29 and 4.50 GPa,
respectively. From the results, the storage moduli of
the samples tended to increase with increasing BA-a
content. The phenomenon is attributed to the addi-
tion of the more rigid molecular segments of the
PBA-a in the NGDE/PBA-a shape memory sam-
ples. Moreover, to obtain the optimum performance
for a shape-memory polymer, the drop in modulus
should not only be large and sharp but it should ide-
ally be followed by an extended rubbery plateau

829



Tanpitaksit et al. — eXPRESS Polymer Letters Vol.9, No.9 (2015) 824-837

10¢

10° ¢k

10 b

Storage modulus [MPa]

[l L S S PP R S
0 50 100 150 200

Temperature [°C]

Figure 5. Storage modulus versus temperature of NGDE/
PBA-a SMPs at various mole percents of BA-a:
(#)30 mol%, (m)35mol%, ()40 mol%,
(A) 45 mol%, (v) 50 mol%

[40]. As seen in Figure 5, the addition of the BA-a
also resulted in a systematic increase of the modulus
in rubbery plateau region from 40 to 172 MPa. This
characteristic suggested the BA-a to be an effective
crosslinker for the aliphatic epoxy. In addition, we
can see that a difference of two orders of magnitude
of the high elasticity ratio between glassy state modu-
lus (E;) and rubbery modulus (£;) was obtained in
the SMPs. Therefore, the NGDE/PBA-a SMPs are
easy shaping at 7> T (shape memory temperature)
and they show great resistance to deformation at
T<T[41].

Loss tangent (tan 0) curves from a DMA experiment
of the NGDE/PBA-a SMPs at various BA-a con-
tents are depicted in Figure 6. The peak positions of
the tand were used to indicate 7, of the samples. We
can see that, an increase of the BA-a content in the
NGDE/PBA-a SMPs resulted in a systematic increase
in the 7}, of the samples. The 7, of the NGDE/PBA-a
samples were 51°C for 30 mol% BA-a, 70°C for
35 mol% BA-a, 88°C for 40 mol% BA-a, 122°C for
45 mol% BA-a and 140°C for 50 mol% BA-a. As a
consequence, a wide range of the 7, from 51 to
140°C allowing relatively wide range of service tem-
perature was obtained in these NGDE/PBA-a SMPs.
This behavior was attributed to the more rigid molec-
ular structure of the polybenzoxazine compared to
the epoxy [42]. Moreover, the peak height of the
tand corresponding to the strain energy dissipated
by viscous friction was observed to decrease with
increasing mole percent of the BA-a which sug-
gested the elastic behavior of the NGDE/PBA-a
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Figure 6. Loss tangent versus temperature of NGDE/PBA-a
SMPs at various mole percents of BA-a:
(®)30 mol%, (m)35mol%, ()40 mol%,
(A) 45 mol%, (v) 50 mol%

SMPs to be enhanced with the amount of the BA-a
crosslinker. We also observed a broader width at
half height of the curves which implied network
heterogeneity to be more pronounced when the
amount of the BA-a increased. However, the trans-
parency and the single peak of tand of each sample
confirmed the single microscopic domain of the
NGDE/PBA-a SMPs implying no phase separation
in these copolymers. The single broad 7, or switching
transition is desirable in some special cases of shape
memory polymers such as in multiple shape mem-
ory polymers (MSMPs). Moreover, our samples also
showed a relatively broad T, range covering that of
the commercially available epoxy-based shape mem-
ory polymer, i.e. Veriflex"E (7 = 62°C) and styrene-
based shape memory polymer, i.e. Veriflex® (7, =
90°C) from Cornerstore Industries [43].

3.4. Mechanical properties of NGDE/PBA-a
SMPs

Mechanical properties, i.e. flexural strength (o) and
modulus (Ef) at room temperature of the aliphatic
epoxy (NGDE)/polybenzoxazine (PBA-a) SMPs as
a function of BA-a content were examined as plot-
ted in Figure 7. It can be seen that the flexural
strength of the samples increased with an increase in
the amount of the BA-a. The flexural strength of the
samples were measured to be 52 MPa for 30 mol%
BA-a, 78 MPa for 35 mol% BA-a, 108 MPa for
40 mol% BA-a, 124 MPa for 45 mol% BA-a, and
132 MPa for 50 mol% BA-a. This characteristic was
due to the addition of high flexural strength PBA-a,
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Figure 7. Flexural strength (e) and flexural modulus (m) at
room temperature (25°C) of NGDE/PBA-a SMPs
at various mole percents of BA-a

i.e. of~ 126-139 MPa [44] and chemical linkage for-
mation between PBA-a with the epoxy network. The
NGDE/PBA-a SMPs also rendered flexural strength
higher than that of cyanate ester-epoxy shape mem-
ory samples, i.e. 14-100 MPa [45]. Moreover, an
addition of the BA-a into the NGDE was expectedly
found to improve flexural modulus of the NGDE/
PBA-a SMPs, i.e. 1.6 GPa for BA-a = 30 mol% to
4.0 GPa for BA-a =50 mol% as also seen in Figure 7.
This is due to the addition of the more rigid PBA-a,
i.e. Er~ 4.5-5.8 GPa [44] into the more flexible
aliphatic epoxy as well as an enhanced crosslink den-
sity of the obtained polymer network described pre-
viously.

The potential applications in deployable structure
of the NGDE/PBA-a SMPs were systematic inves-
tigated by flexural testing in the rubbery state
(Ty +20°C). In this work, the flexural testing was
carried out on the universal testing machine equipped
with the environmental chamber at T}, + 20°C. Fig-
ure 8 displayed a plot of flexural strength at
T, +20°C of the NGDE/PBA-a SMPs at different
BA-a contents. The flexural strength at a rubbery
state of the samples with BA-a contents of 30, 35,
40, 45 and 50 mol% were measured to be 0.4, 0.6,
0.9, 1.5 and 2.3 MPa, respectively. From the results,
the flexural strength at the rubbery state of the sam-
ples increased with increasing amount of BA-a sim-
ilar to what observed in the strength at room tem-
perature. The greater values of flexural strength at
the rubbery state of the samples are attributed to the
enhancement of crosslink density of the samples as
discussed in DMA experiment. The flexural strength
at the rubbery state of our NGDE/PBA-a SMPs at
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Figure 8. Flexural strength (e) and flexural modulus (m) at
T, +20°C of NGDE/PBA-a SMPs at various
mole percents of BA-a

50 mol% BA-a is about 10 times higher than com-
mercial SMPs based on styrene resin (Veriflex®),
i.e. 0.23+0.03 MPa [46]. Furthermore, the effects of
BA-a contents on flexural modulus at 7, +20°C of
the shape memory samples are illustrated in Figure 8.
The addition of the BA-a into the NGDE was found
to increase flexural modulus at 7, +20°C of the
samples. The flexural modulus of the samples were
ranging from 2.5 MPa for 30 mol% BA-a, up to
10.4 MPa for 50 mol% BA-a. The obtained values
are in a same range as that of a commercial thermoset
SMP epoxy system (DP7AR), i.e. Er at Ty +20°C
=8.51 MPa [12] and a commercial SMPs based on
styrene resin (Veriflex®), i.e. 6.48+1.71 MPa [46].

3.5. Effect of BA-a contents on shape fixity of
NGDE/PBA-a SMPs

Shape fixity (Ry) is one important shape memory per-
formance indicating an ability to memorize tempo-
rary shape of shape memory polymers (SMPs). When
SMPs is heated to a temperature above its glass tran-
sition temperature (7,), the sample can develop rel-
atively large deformation. Then, it can be fixed this
temporary shape by cooling to a temperature below
T, or room temperature (25°C). Figure 9 showed
shape fixity at various fixing temperatures of the
NGDE/PBA-a shape memory samples. From the
figure, Rss of the samples were measured to be in a
range of 83.1 to 84.5% at T, — 10°C, 96.5 to 97.4%
at T, — 20°C and 98.1 to 99.3% at 25°C. We can see
that the Ry values of all samples at various fixing tem-
peratures decreased slightly by an increase in the
BA-a contents from 30 to 50 mol%. The decrease in
the shape fixity values with an incorporation of the
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Figure 9. Effect of BA-a contents on shape fixity at differ-
ent fixing temperatures of NGDE/PBA-a SMPs:
(®) room temperature (25°C), (m) 7, —20°C,
(#) T, —10°C

hard rigid phase of the shape memory polymers had
also been reported by Ji et al. [15]. In their studies,
the shape fixity at fixing temperature of 7, — 20°C
of polyurethanes (PUs) was reported to decrease
from 96% to 84% with an increase of PU hard-seg-
ment content from 30% to 50%.

Moreover, it was also found that Ry of the NGDE/
PBA-a SMPs comparing at the same BA-a content
increased with lower fixing temperature, i.e. from
T, —10°C to 25°C. This behavior is because some
molecular chain segments were unfixed at 7, — 10°C.
Therefore, the samples can partially restore to perma-
nent shape that made the samples less controllable
of its temporary shape. The shape fixity values at
Ty —20°C and at 25°C are close to 100% because
these fixing temperatures were sufficiently low to
freeze the motion of the molecular segments. The
shape fixities of our samples, i.e. about 83.1-84.5%
at Ty — 10°C and 96.5—97.4% at T, — 20°C, are still
higher than that of polyurethane SMPs (i.e. about
77% at T, — 10°C and 95% at T, — 20°C) [47] sug-
gesting a less chain mobility of our polymer net-
work comparing at the same fixing temperature
below their T, above.

3.6. Effect of BA-a contents on shape recovery
behaviors of NGDE/PBA-a SMPs
Shape recovery behaviors of the aliphatic epoxy
(NGDE)/polybenzoxazine (PBA-a) SMPs were stud-
ied using a fold-deploy shape memory test. Bend-
ing deformation was widely employed for evaluat-
ing shape memory properties of polymer materials
due to a large deflection being easily obtained in a

range of small strain through bending [48]. Figure 10
presents snapshots of the shape recovery sequence
at Ty + 20°C of the sample at 40 mol% BA-a. It can
be seen that the sample can fully recover its perma-
nent shape with 100% shape recovery or with recov-
ery angle of 180°. In addition, all of our SMPs, i.e.
with benzoxazine resin (BA-a) contents from 30—
50 mol%, also displayed shape recovery perform-
ance of about 100% at T, + 20°C. The photographs
of NGDE/PBA-a SMP at original shape, temporary
shape and recovered shape at T, + 20°C was pre-
sented in Figure 4b. This characteristic suggests that
the deformation of stable PBA-a network could be
recovered completely if the NGDE/PBA-a SMPs
were heated to sufficiently high temperature. In
addition, it implies that the NGDE/PBA-a copoly-
mers are covalently crosslinked to form three-dimen-
sional network structures which become reversibly
rubbery at above T, [49].

The effect of BA-a contents on recovery angle as a
function of time for the NGDE/PBA-a SMPs under
a bending test at 7, and 7, + 20°C, are depicted in
Figure 11 and Figure 12, respectively. From the fig-
ures, all samples can completely recover to their per-
manent shape. The recovery time of the SMPs was
found to increase with increasing BA-a from 30 to
50 mol%, i.e. from 75 to 145 s at T, and from 60 to
120 s at Ty +20°C. Its recovery time is about the
same as that of shape memory materials based on
epoxy and activity polyurethane (APU) [50] show-
ing recovery time of about 120 s at their 7,,. In addi-
tion, the curve in Figures 11 and 12 can be divided
into three zones. The start stage (at a recovery angle
of 0 to 50°), transition stage (a recovery angle of 50
to 150°) and terminal stage (a recovery angle of 150
to 180°). This behavior suggests that the NGDE/
PBA-a SMPs have a relative low recovery rate at the
start and terminal stage. At the start stage, the release
of constrained force was followed by heavy friction
among molecules, thus the recovery angle slowly
increased. After that, fraction force reduced under the
gradual adjustment of segments results in the slopes
of recovery angle is sharply as named the transition
stage. At the terminal stage, the shape recovery rate
becomes slower than the transition stage because the
constrained force of the sample had been released
due to a little of it remaining [7, 37, 51].

In addition, the shape recovery time of the samples
tended to decrease with increasing the active tem-
perature from 7, to T, + 20°C. This phenomenon is
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3

Figure 10. Series of images showed shape recovery of NGDE/PBA-a SMP with 40 mol% BA-a at a 7, + 20°C (108°C).
The permanent and temporary shapes are rectangular and U-shape, respectively.
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Figure 11. Recovery angle as a function of recovery time
during the shape recovery process at a T of
NGDE/PBA-a SMPs at various mole percents of
BA-a: (@) 30 mol%, (m) 35 mol%, () 40 mol%,
(A) 45 mol%, (v) 50 mol%

due to the fact that, at higher temperature, the acti-
vated molecular chain segments can move more
intensely. Moreover, the shape recovery time of the
samples increased with an increasing amount of
BA-a content. This implied that the movement of the
molecular chain segment of the NGDE/PBA-a shape
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Figure 12. Recovery angle as a function of recovery time
during the shape recovery process ata T, +20°C
of NGDE/PBA-a SMPs at various mole percents
of BA-a: (e)30mol%, (m) 35 mol%,
(#) 40 mol%, (A) 45 mol%, (v) 50 mol%

memory samples could be more restricted with
increasing BA-a content since an increasing of stor-
age modulus at rubbery plateau was observed in the
DMA results. The recovery times of our SMPs were
in the same range as that of epoxy resin E-51 (WSR
618) cured by aromatic amine curing agent [37].
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Therefore, the incorporation of the BA-a into the
NGDE/PBA-a SMPs can prolong the shape recov-
ery time thus broadening the range of application of
these SMPs.

Furthermore, in order to observe the performance
of the shape memory behavior over period of time
for fixed temporary shape. The NGDE/PBA-a SMP
at 40 mol% BA-a was used as a representative sam-
ple to demonstrate the shape memory behavior after
the time period of 20 min, 7 days, 15 days and 30 days
used to fix its temporary shape. The samples showed
negligible change in its temporary shape after all
time periods. In addition, the time for complete
recovery to their permanent shape of these samples
after heated up to 7, + 20°C was 84, 85, 85 and 86 s,
respectively. This result implied that the perform-
ance of the SMPs based on the NGDE/PBA-a copoly-
mers indicates a relatively good shape memory as
they can be maintained over a long period of time.

3.7. Effect of BA-a contents on recovery stress
of NGDE/PBA-a SMPs

The experimental procedure of the recovery stress

test of the aliphatic epoxy (NGDE)/polybenzoxazine

(PBA-a) SMPs is depicted in Figure 13. Firstly, the

a)

Heated up to
T +20°C

and applying force

sample at its permanent state was heated to 20°C
above T, (T + °C) as seen in Figure 13a. After that
it was applied by flexural load during heating at
Ty +20°C until its maximum deflection (ymax =
10 mm) as shown in Figure 13b. The deformed state
of Ymax = 10 mm at 7, + 20°C is almost maintained
after cooling down to room temperature. Then, the
sample was held at room temperature under unloaded
condition for 20 min as presented in Figure 13c.
Finally, the sample was heated to 7, +20°C by main-
taining the fixed deflection constant as can be seen
in Figure 13d. Recovery stress during heating was
masured from the transition stage of the shape-fixed
stage to the recovery shape stage.

The recovery stress versus time of the SMPs is shown
in Figure 14. The maximum recovery stress of the
samples were observed to be 0.25, 0.39, 0.62, 0.98
and 1.59 MPa at BA-a contents ranging from 30,
35, 40, 45 and 50 mol%, respectively. As a result, it
could be seen that content of the BA-a is an effi-
cient way to increase recovery stress of the SMPs.
Recently, the recovery stress obtained from the
thermomechanical analysis (TMA) experiments of
shape memory polymer based on styrene cured with
benzoyl peroxide has been studied [17, 52-54]. It

Heated up to T_+20°C

Unloading after cooling

Figure 13. Photographs showing various states of bending in recovery stress process for NGDE/PBA-a SMPs: (a) perma-
nent state of the sample at room temperature, (b) deformed state with y,,,c = 10 mm at 7, + 20°C, (c) shape-fixed
state after cooling followed by unloading at room temperature for 20 min and (d) shape-recovered state after
heating up to 7, + 20°C and stress during reheating was measured
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Figure 14. Recovery stress versus time of NGDE/PBA-a
SMPs at various mole percents of BA-a:
(®) 30 mol%, (m) 35 mol%, ()40 mol%,
(A) 45 mol%, (v) 50 mol%

has been reported that the recovery stress obtained
from the TMA experiments of the commercial
styrene cured with benzoyl peroxide based shape
memory polymer (Veriflex VF62 of CRG Industries
in Dayton, OH) was reported to be about 0.05 MPa
[17]. Therefore, some of our SMPs showed a signifi-
cantly high shape recovery stress that could result in
complete expansive shape recovery within a spatially
constraint environment such as narrowed or middle-
sized vessel. In addition,the increase of the recovery
stress was observed in shape memory epoxy
nanocomposites [12]. It was found that at maximum
SiC nano powder filler loading (20 wt%), the recov-
ery stress of the nanocomposite was observed to be
1.5 MPa, i.e. 1time greater than that of the neat
epoxy SMP, having the recovery stress of about
0.8 MPa. Interestingly, NGDE/PBA-a SMPs can pro-
vide recovery stress about 6 times from 0.25 MPa at
30 mol% BA-ato 1.59 MPa at 50 mol% BA-a, which
is substantially more than that of the epoxy SMPs
nanocomposites. This is to say that the increasing of
the recovery stress of the NGDE/PBA-a SMPs was
due to the presence of the BA-a in the copolymers,
resulting in increasing crosslink density that can
enhance storage modulus at rubbery state of the
copolymers [49]. Thus, the SMPs based on the poly-
benzoxazine is a good candidate to use for deployable
structures, such as hinge [55].

4. Conclusions

Polybenzoxazine blending with aliphatic epoxy based
shape memory polymer (SMP) is developed. The
effect of benzoxazine resin content in aliphatic epoxy

based SMPs on thermal stability, mechanical prop-
erties and shape memory properties were character-
ized. An incorporation of the benzoxazine resin in
the aliphatic epoxy based SMP resulted in an increase
of glass transition temperature, storage modulus,
crosslink density and recovery stress of the SMPs.
The same trend was also observed in their flexural
strength and modulus at room temperature as well as
in the rubbery state. Interestingly, the obtained SMPs
provided an outstanding shape fixity value up to
99% at room temperature. At different active tem-
peratures, i.e. T and T, +20°C, all SMPs needed
only 1-3 minutes to fully recover to their permanent
shape. Moreover, the addition of the benzoxazine
fraction can prolong the shape recovery time of the
resulting SMPs. Therefore, the obtained aliphatic
epoxy/polybenzoxazine SMPs are attractive as shape
memory materials to be used in a broad range of
applications such as hinge or deployable structure.
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