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Editorial corner — a personal view
Polymer technology and bioengineering — which learns from the

other?

Gy. Marosi”

Organic Chemistry and Technology Department of Budapest University of Technology and Economics, H-1111 Budapest,

Miiegyetem rkp. 3, Hungary

From the technological point of view pharmaceuti-
cal and biomedical engineering remained underde-
veloped for a long time compared to the polymer
industry, in spite of their high scientific respect and
good financial background. Economic and versatile
continuous polymer technologies (such as extrusion
injection molding, fiber and film formation) started
to revolutionize the pharmaceutical industry just
recently replacing mature batch methods. While
pharmaceutical extrusion has already been intro-
duced into the industrial practice by some leading
pharma-market players other methods, such as two
component injection molding; electro-spinning; melt
blowing; 3D printing and supercritical-extrusion,
are only at the exploratory stage. Polymer research
gained new impetus in the health related application
fields focusing on molecular mobility; polymor-
phism; 7, manipulation; chemical-physical stability;
shape memory; and interactions with biomolecules
or living organs. While trying to influence these
factors effectively well-established polymer tech-
nologies became under spotlight of interest and their
new potential (e.g. capability for controlling the
structure accurately) are recognized. On the other
hand, instead of the robust mass production of the
plastic industry much subtler treatment is required
for processing the very sensitive substances used in
the biopharmaceutical industry. Efforts to meet
these requirements induce technological innova-
tions such as new alternating current (AC) electro-
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spinning for the formation of drug loaded nano-
fibers and bio-printing for constructing organs from
stem cells. Polymers, optimized for the purposes of
pharmaceutical and tissue engineering, have to be
developed and their manufacturing needs to be
combined with real time monitoring (e.g. Raman or
other spectroscopic techniques) and strict closed
loop control of the product quality. Authorities pro-
mote this approach, called Process Analytical Tech-
nology (PAT), through their recent directives. There
is a chance now for utilizing the recent advance-
ment in the combination of biotechnology and poly-
mer processing, achieved by the health related
polymer researches, for unique engineering pur-
poses (e.g. controlled release of protecting sub-
stances, microbiological protection against fouling,
3D printing of enzyme-activated energy harnessing
systems, etc.). It is the right time now for refreshing
the polymer engineering-related knowledge by con-
sidering the achievements of pharma- and bioengi-
neering.

Prof. Dr. Gyorgy Marosi
Member of International Advisory Board
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Abstract. We describe a novel combination of orthogonal reactions based on UV-driven thiol-ene and alkoxysilyl conden-
sation reactions to form a single-step route toward thioether-bridged silsesquioxane films. Our chemical strategy consists of
using two bifunctional (meth)acrylate (E) and propanethiol (T) trimethoxysilyl precursors containing two complementary
functional moieties for thiol-ene coupling and sol-gel process. The reaction kinetics revealed that c.a. 85% of thiol and ene
conversions were consumed concomitantly. Meanwhile, a complete hydrolysis was accomplished, affording ultimately a
high degree of condensation (81%). Emphasis was placed on differences of mechanical properties between sol-gel hybrids
resulting from thiol-ene reaction (E-T mixture) and ene homopolymerization (E only) using scratch test measurements. For
the methacrylate system, the formation of thioether linkages within a vitreous silica network emerged as a useful strategy
for the formation of a uniform, low-stress and flexible crosslinked hybrid structure. Enhanced mechanical properties were
manifested by an expanded elastic domain, and better resistance to cracking. Moreover, there are clear indications that

mechanical properties can be easily tuned upon varying the ratio of the two hybrid precursors.

Keywords: mechanical properties, thiol-ene, nanocomposites, photopolymerization, UV irradiation

1. Introduction

The revival of ‘thiol-ene’ reaction, which refers to
the radical-mediated addition of thiol across termi-
nal alkene, hinges mainly on some essential factors:
accessibility of raw materials, mild reaction condi-
tions, efficiency and chemoselectivity [1, 2]. The last
feature refers to the fact that this coupling reaction
can be ‘orthogonal’ to a broad array of reagents,
solvents, and functional groups. Thiol-ene orthogo-
nality [3] has already paved the way for step-growth
polymerizations and chain functionalizations per-
formed in a wide range of chemical environments:
acrated [4] and aqueous [5] conditions for example,
or in the presence of biological [6] and complex [7]
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systems. The recent combination of thiol-ene with
sol-gel chemistry provides another perfect illustra-
tion of this tolerance, because this inorganic polymer-
ization process generally entails water and alcoholic
solvents/byproducts, acid or base catalysts, and pre-
cursors bearing chloro or alkoxy hydrolyzable reac-
tive groups [8]. However, most of the reported syn-
thesis methodologies remain sequential describing
a thiol-ene step uncoupled from the sol-gel process
[9]. In most instances, the (photoinduced) thiol-ene
cross-linking was thus carried out subsequently
from isolated and purified thiol- or vinyl-function-
alized hybrid building blocks including silsesquiox-
anes [10-17], POSS (polyoligomeric silsesquiox-
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ane) cages [18, 19] or zirconium oxoclusters [20], all
prepared separately. These approaches were derived
from the conventional two-step route used to syn-
thesize hybrid sol-gel photopolymer films via radi-
cal or cationic photopolymerization [21]. Comple-
menting a thiol-ene network with an intimately
mixed silica or oxide matrix is clearly part of a wider
strategy to improve its mechanical properties, which
are usually plagued by low glass transition temper-
ature and poor cross-link densities [22]. Although the
aforementioned approaches claimed notable improve-
ments in properties such as abrasion resistance,
thermal stability [12] or refractive index [23], they
do not allow optimum use of thiol-ene orthogonal-
ity, raising hopes that synthesis conditions could be
dramatically improved.

OCHs

H,C /\/\ ‘
o Si—OCH;

R OCHs

OCHs

H—S/\/\S‘i—OCH3

OCH;

a)

b)

We describe herein a combination of two photoin-
duced orthogonal reactions based on thiol-ene and
alkoxysilyl sol-gel condensation toward the rapid
formation of thioether-siloxane nanocomposite films.
As outlined in Figure 1, this novel approach focuses
on simultaneous, one-pot reactions, thereby minimiz-
ing the number of required synthetic steps and reduc-
ing the number of work-up and purification opera-
tions. Our chemical strategy consists of using a
bifunctional monomer — 3-(trimethoxysilyl)propyl
methacrylate (E;) or acrylate (E;) — containing two
complementary ene and trimethoxysilyl functional
moieties for thiol-ene and sol-gel process, respec-
tively. This latter is coupled with 3-(trimethoxysi-
lyl)-1-propanethiol (T) to form a single-step route
toward thioether-bridged silsesquioxane films (if no
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Figure 1. a) An orthogonal coupling strategy was developed by combining thiol-ene and sol-gel reactions for the synthesis
of hybrid thiol-ene films. b) schematic representation of the thioether-bridged silsesquioxane network
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homopolymerization of ene occurs) represented in
Figure 1. Thiol-ene is photochemically triggered by
the aid of a radical photoinitiator, while sol-gel
process is catalyzed through the release of photo-
acids. The concept of sol-gel photopolymerization of
silicon alkoxide-based films has the peculiar advan-
tages of proceeding in bulk, thus avoiding solvent or
water addition, and sol-gel transition. Nevertheless,
it proceeds through a hydrolysis-condensation mech-
anism, entirely similar to that of a conventional
hydrolytic sol-gel process [24, 25]. Catalysis is medi-
ated by photogenerated Bronsted superacids, while
the hydrolysis stage relies on the permeation of air
moisture. The high chemoselectivity of thiol-ene
allows it to form a highly orthogonal reaction pair
with photoacid-catalyzed hydrolysis-condensation
of the trimethoxysilyl groups. Additionally, this route
obviates the necessity for solvent, deprotection/
activation steps, or thermal densification of the oxo-
polymer network.

In contrast to chain-growth polymerization leading
to multiple additions, thiol-ene is a true coupling reac-
tion as a single S—C bond arises from the net addi-
tion of thiol across an ene. The resulting benefit is the
formation of a well-defined silsesquioxane network
including fewer crosslinks and flexible thioether
bridges able to offset silica brittleness and residual
stress. Emphasis was placed on the possible differ-
ences of mechanical responses between sol-gel
hybrids resulting from thiol-ene reaction and ene
homopolymerization since little study has been done
so far on this subject. In our case, the choice of
(meth)acrylate precursors (E) able to undergo both
reactions creates an opportunity to elucidate their dis-
tinct mechanical behaviors. Unlike main approaches
in the literature based on dynamic mechanical analy-
sis, we investigated surface properties through scratch
test apparatus equipped with in situ visualization
and image-analysis protocol. This technique can pro-
vide new insight into the adhesion of the hybrid
films, elasto-plastic properties of the film material,
fracture mechanism, and more generally resistance
to scratch.

2. Experimental section

2.1. Materials

3-(Trimethoxysilyl)-1-propanethiol (T, 98 mol%), 3-
(trimethoxysilyl)propyl methacrylate (Eq, 98 mol%)
and acrylate (E,, 98 mol%) were purchased from
Sigma-Aldrich and used without further purifica-
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tion. 4-methylphenyl)[4-(2-methylpropyl)phenyl]
iodonium hexafluorophosphate (Irgacure 250, 75 wt%
in propylene carbonate) is a ionic photoacid genera-
tor provided by BASF and used to photocatalyze
the inorganic photopolymerization. The radical pho-
toinitiator for thiol-ene coupling or ene homopoly-
merization is 2-hydroxy-2-methyl-1-phenyl-propan-
1-one (Darocur 1173) kindly provided by BASF. The
silicon wafer (100) substrate was purchased from
SILTRONIX Silicon Technologies. Optically pol-
ished BaF; IR windows (25%5 mm) were purchased
from Korth Kristalle GmbH.

2.2. Hybrid thiol-ene film preparation

2 wt% of 1250 and D1173 were added to a T-E; thiol-
ene mixture containing an equimolar ratio in SH
and C=C functions. Before UV exposure, the homo-
geneous and solvent-free formulations were cast
onto two different substrates (BaF; pellet or borosili-
cate glass) using a wire-wound bar to yield a liquid
film with a thickness of 3.8+0.2 um. BaF, substrate
was employed for real-time Fourier transform
infrared (RT-FTIR) experiments. In this specific case,
irradiation was performed at room temperature with
simultaneous exposure to UV and IR analytical beam
during 200 s. As UV source, a polychromatic mer-
cury-xenon lamp (Hamamatsu, L8252, 200 W,
365 nm reflector) was used, which covers a broad
continuous spectrum spanning from short-wave-
length UV to infrared (250—2000 nm). This lamp was
connected to a flexible light-guide to generate a
spot light beam on the film sample and an elliptical
cold reflector was added to prevent any adverse
effects from heat (IR radiation). In the spectral region
between 250 and 600 nm, the light irradiance I was
estimated at 600 mW-cm 2. After the irradiation
process, the temperature increase was very limited
(<2°C), neglecting any thermal contribution to the
sol-gel process. All measurements were repeated at
least three times and reproducible results were
obtained. Larger films dedicated to mechanical char-
acterization and solid-state NMR analysis were pre-
pared with the same formulation deposited on glass
substrate previously cleaned with acetone and
ethanol. In this second case, irradiation was per-
formed at room temperature under an industrial UV
conveyor using a microwave Hg arc lamp (H lamp,
Fusion). The belt speed of the conveyor was set at
10 m/min and the lamp intensity at 100%. Under
these conditions, for each pass, the emitted light dose
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is 1.46 J/cm? (UVA [320-390 nm]: 0.45 J/cm?, UVB
[280-320 nm]: 0.42 J/ecm?, UVC [250-260 nm]:
0.09 J/cm? and UVV [395-445 nm]: 0.5 J/cm?). Only
5 passes under the UV conveyor were performed to
afford solid crosslinked films. For ene chain-growth
polymerization (homopolymerization), the same
procedure was repeated without including the thiol-
based organosilane (T).

2.3. Characterization

Time-resolved infrared spectra obtained by RT-
FTIR spectroscopy were recorded with a Bruker
Vertex 70. The resolution of the infrared spectra was
4 cm™!. Liquid film thickness prior to irradiation was
determined by optical profilometry using an Altisurf
500 workstation (Altimet) equipped with a 350 um
AltiProbe optical sensor. During the UV irradiation,
the absorbance decrease of the CHj3 symmetric
stretching vibration band centred at 2848 cm™" (dis-
tinctive from CH3; methanol vibration modes) was
monitored to follow the methoxysilyl hydrolysis in
PDMOS. All spectra were baseline corrected prior
to integration with the software OPUS 6.5. To obtain
quantitatively reliable 2Si and '3C solid state NMR
spectra, single pulse magic angle spinning (SPE-
MAS) experiments were performed on a Bruker
Avance II 400 spectrometer operating at 79.48 and
100.6 MHz respectively with a Bruker double chan-
nel 7 mm probe. Spectra were recorded using a pulse
angle of m/4, a recycling delay of 80 and 60 s respec-
tively, a spinning frequency of 4 or 5 kHz and high-
power proton decoupling during the acquisition.
29Si and 13C chemical shifts are both relative to tetra-
methylsilane. Deconvolution of the spectrum was
performed using Dmfit software [26]. The scratch
resistance of the UV-cured coatings deposited onto
glass plate was characterized at room temperature
using the apparatus described in previous articles
[27]. The tip was a diamond sphere of radius 96 um,
and the sliding speed was maintained constant
(30 um/s). First of all, one should note that the pen-
etration of the spherical indenter is at least 40 times
smaller than the film thickness. As a result, this lat-
ter can be considered as a semi-infinite solid. The
tests were performed under a dry atmosphere (Rela-
tive Humidity <4%). Stepwise normal load ramps
were performed in the range of 0.04 to 10 N. At each
force step, the tip moved over a distance of 1 mm to
obtain a groove that can be analyzed in terms of
steady state regime. The tangential load was recorded
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throughout the experiment, and pictures were taken
with the help of an in situ microscope equipped
with a CCD camera. Then, the size and shape of the
contacts on the coatings were analyzed through the
transparent sample and substrate.

3. Results and discussion
3.1. Synthesis and characterization of
thiol-ene hybrid films
Based on real-time FTIR data, Figure 2a is a con-
version-time plot (SH, C=C and OSi(OCH3)3) dur-
ing UV irradiation in an air environment of a E;-T
film including a stoichiometric ratio of thiol-ene func-
tional groups. The formulation contains also 2 wt%
diaryl iodonium salt photoacid generator (1250) and
hydroxyphenylketone radical photoinitiator (D1173),
to build-up the two silsesquioxane networks and the
thioether bridges, respectively. The acid-catalyzed
hydrolysis of OSi(OCHj3)s into SiOH, which pre-
cedes condensation, occurs at very fast rates achiev-

100“ ._._.-.Il—llll.l"'lllll ..._".'.‘O—SiCHB
' c=Cc
o B PP v LTS eaad CLLLLLCRC DR T
— [ ‘..
c 604 L¥
e $
a -~
g 404
[&]
204
04
0 50 100 150 200
a) Time [s]
1004 aaata vEeRE s wage Eeewwe s Whaaway O-SiCH,
804
=
5 604
[
w
Z 404
o
[&]
201 Aaadh AAAddddiiadsaa—Add Aadd C=C
‘A‘na adha
A%
0 50 100 150 200
b) Time [s]

Figure 2. Temporal conversion in ene, thiol and methoxysi-
lyl groups during the UV irradiation of E4-T with
a 1:1 thiol-ene stoichiometry (a) and E; (b). Kinetic
data were obtained from integrated absorbance in
the FTIR spectra: C=C (triangle, =CH; bending at
1310cm™"), SH (circle, S-H stretching at
2570 em™") SiO-CHj3 (square, CH3 asymmetric
stretching at 2848 cm™).
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ing completion after 20 s exposure. In addition, there
are clear indications that thiol and methacrylate are
consumed concomitantly, suggesting that a thiol-
ene coupling is preferentially active compared to a
conventional ene homopolymerization. Low film
thickness (=4 pm) and viscosity (2-3 mPas at 25 °C)
are both conducive to oxygen permeation to form
peroxy radicals. While these species are inactive in
a chain-growth radical process, they can readily
abstract a hydrogen atom from a thiol to form an
active thiyl radical adding to an acrylate. Therefore,
a single transfer/addition thiol-ene mechanism is
likely to operate under these conditions, to yield a
homogenous thioether-bridged silica network as
sketched in Figure 1. Furthermore, because sol-gel
photopolymerization is generally under a water per-

meation controlled-regime [25], thin film condi-
tions favour a fast a complete hydrolysis reaction.
Under these conditions, thiol-ene reaction which
takes place rapidly (<25 s), proceeds almost synchro-
nously with hydrolysis. This latter feature is critical
to ensure high conversion (85%) as an early sol-gel
vitrification is likely to impede the thiol-ene coupling
reaction. Conversely, a conventional chain-growth
polymerization can be favored by irradiating the
single precursor E; film. In this second case, the
silsesquioxane network architecture changes signif-
icantly (Figure 3). In conventional chain-growth
polymerizations, each monomer is coupled to two
other monomers units affording higher cross-link
density in contrast to radical thiol-ene reaction in
which each ene group forms only a single bond with

Sol-gel
photoacid generator

Homopolymerization
radical photoinitiator

HO

Figure 3. a) Dual ene homopolymerization and sol-gel process from precursors Eq (R = CH3) and E; (R = H) affording a
polymer-siloxane nanocomposite structure represented in b).
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another thiol. Figure 2b displays the organic-inor-
ganic kinetic curves for the nanocomposite film
derived from E; irradiated alone. The hydrolysis
rates remain unchanged with respect to the thiol-
ene E{-T mixture, whereas the consumption of the
methacrylate moiety is significantly different. As
expected, methacrylate homopolymerization is
slower and strongly restricted by oxygen inhibition,
which limits the conversion to ca. 20%. However, the
resultant polymethacrylate hybrid film is tack-free.

Likewise, a thiol-ene/sol-gel tandem reaction was
carried out with the E,-T pair. Figure 4 shows some
kinetic profiles very similar to the first couple (100%
hydrolysis, 80% thiol-ene conversion). This suggests
that this approach could accept a range of thiol- or
ene-based silsesquioxane precursors. Compared with
conventional routes to hybrid thiol-ene networks, a
key feature of this tandem photosol-gel and photo-
polymerization is high reaction speed. Although the
present data establish sol-gel and thiol-ene reac-
tions as a robust orthogonal set of coupling reac-
tions, the chemoselectivity must be mitigated by the
fact that carboradicals from radical PI or thiyl radi-
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Figure 4. Temporal conversion in ene, thiol and methoxysi-
lyl groups during the UV irradiation of E,-T with
a 1:1 thiol/ene stoichiometry (a). For comparison,
kinetics of E; homopolymerization/sol-gel reac-
tion is given (b).

cals can be oxidized by Ph,I". However, consumption
of onium salt by this mechanism does not seem to
affect the sol-gel progress.

Evidence of sol-gel condensation in the two nano-
composite thiol-ene films was indeed provided by
29Si solid-state NMR. Figure 5 displays the quanti-
tative 2°Si SPE-MAS NMR spectra of the two E;-T
and E,-T nanocomposite films. In both systems, the
broad resonances at —48, —57 and —69 ppm were
straightforwardly assigned to (XO),(R)Si(OSi) (T,
(XO)(R)Si(0Si), (T?) and (R)Si(OSi); (T?) where
R is the organic component, and X is CH3 or H (after
hydrolysis). The proportion of the different T" is pro-
vided in the same figure. A comparable and moder-
ate condensation degree of 81% was estimated for
the two thiol-ene hybrid films, supporting the effi-
ciency of the photoinduced sol-gel reaction despite
a high thiol-ene coupling yield. We note that similar
levels were achieved with the two hybrid analogues
obtained from the single ene organosilane precur-
sors: E1 (78%) and E, (80%), although much lower
ene conversion was reported in this case (<30%).
Additionally, the formation of thioether bonds was
investigated for the E;-T pair by '3C SPE-MAS
NMR (data not given). The -C—S—C- connectivity
was reflected by the almost disappearance of the
two unsaturated carbons (120—130 ppm) from E;
and the appearance of an intense resonance at
35 ppm assigned to the two o-carbons attached to
sulfur, with a chemical shift significantly different
from a-carbon in thiols (25 ppm for -C—SH in pre-
cursor T).

T2
54%

DC=813%
a)

DC =81.0%

—-40 -50 —60 70 -80
& [ppm]

Figure 5. Solid-state 2°Si SPE MAS NMR spectra of UV
crosslinked E;-T (a) and E,-T (b) thiol-ene
hybrid films
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3.2. Mechanical characterization

There is a vast array of work on the mechanical
properties of thiol-ene networks [28-30]. However,
the majority is focused on homogeneity in the net-
work crosslink density reflected by a narrowing of the
loss tangent peak measured via dynamic mechani-
cal analysis [31]. In our case, the surface mechani-
cal properties of the cured hybrid films have been
emphasized by means of scratch tests. For the prepa-
ration of the specimens, larger surfaces (20x20 mm)
were needed, and films were synthesized under a
UV-conveyor (see experimental section). However,
we checked that similar final conversions were
obtained under these irradiation conditions. In order
to evaluate the effect of thiol-ene coupling on film
mechanical properties, E{-T behavior was com-
pared with E; film, both having comparable inor-
ganic content (2742 wt%.) and level of condensa-
tion (8142 mol%).

As described in a separate publication [27], the
‘MicroVisioScratch’ set-up comprises a diamond
tip draining across the film under increasing step-
wise load, and coupled with in sifu optical micro-
scope observation to study the mechanical behavior
and damage mechanism which appears during
scratching. Figure 6 displays a set of in situ photo-

E-T ELASTIC
0 1000

FLAKING

1000

graphs of the grooving tip taken during the scratch
tests performed on these three films. The most rele-
vant pictures are provided as well as the correspon-
ding average contact pressure (i.e. the normal force
contact surface ratio). For the thiol-ene hybrid film
E;-T, three canonical mechanical domains can be
observed. Below a threshold pressure of 2058 MPa,
the elastic regime is maintained in which the film
undergoes only a reversible deformation, and there
is consequently neither residual scratching track nor
damage after the passage of the tip. In this domain,
the lack of plasticity results in a contact area form-
ing an undistorted disk matching exactly the spheri-
cal shape of the tip (Image 1). Beyond 2058 MPa,
appear consecutively the two usual forms of crack-
ing: first blistering (Image 2) with a fracture mech-
anism restricted to the substrate/film interface.
Above 2823 MPa, flaking occurs (Image 3) which
reflects cohesive cracking within the film. By com-
parison, the film derived from single precursor Eq
reveals no elastic domain but a very narrow plastic
region (Image 1'). In this plastic domain, the contact
area becomes dissymmetric showing an apparent
front pad and the second distinctive point is a par-
tial recovery of the groove left on the surface
(Image 2'). For pressure greater than 115 MPa, flak-

BLISTERING

FLAKING

P [MPa]

Figure 6. Difference of scratch resistance between thiol-ene coupled hybrid films (E¢-T) and homopolymer hybrid films
(E1) as a function of the average contact pressure (P). The different regimes (elastic, blistering and cracking) are

reported.
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ing takes place (Image 2"). It is well-established that
this critical pressure or load, generating the first dam-
age in a scratch test, is representative of the behav-
ior of a coating. As conclusion, this first methacry-
late system (E;-T vs Eq) shows thiol-ene as a very
efficient approach for the formation of crosslinked
materials with enhanced mechanical properties. In
glassy silsesquioxane networks, the residual stress
may be important and modes of dissipation are
frozen out and unable to accommodate deformation
without the formation of cracks. In the E{-T thiol-
ene system, we hypothesize that the introduction of
flexible thioether bridges provides more molecular
mobility and may balance the rigidity of the glassy
siloxane network. While flexible connective organic

ELASTIC

groups are able to extent elasticity domain and retard
cracking, rigid carbon-carbon single bonds and more
crosslinked of polymethacrylate main chain (E;) do
not give the ability for polymer segments to move
and dissipate energy deformation, thus causing
mechanical failure at low loading.

The further advantage of the thiol-ene hybrid can be
illustrated by varying the proportion between the
two precursors: E; and T as an easy means to mod-
ulate the proportion between ene homopolymeriza-
tion and ene coupling. Where appropriate, Figure 7
shows the extent of the elastic, blistering and flak-
ing domains as a function of the average contact
pressure for six different hybrid films produced
with different ene molar fractions: 0% (T), 20, 40,

T
(80/20%) E,-T

1

(50/50%) E,-T

"

)

)
(40/60%) E,-T

)

!
(20/80%) E,-T
E

, | Plastic

BLISTERING FLAKING
i
B
=

500 1000 1500 2000 2500 30000

500 1000 1500 2000 2500 3000 O

500 1000 1500 2000 2500 3000
P [MPa]

Figure 7. Effect of thiol and ene monomer proportion on elasticity, blistering and flaking of E;-T hybrid films during
scratch tests. Data are plotted as a function of the average contact pressure in MPa. (x/y [%]) E;-T is associated
with a hybrid film including x [%] of ene and y [%] of thiol groups.

ELASTIC

ELASTIC

1500

BLISTERING

FLAKING

P [MPa]

BLISTERING FLAKING

2000

2500
|
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Figure 8. Difference of scratch behavior between thiol-ene hybrid films E,-T and its homologue based on radical chain-
growth polymerization E, depending on average contact pressure (P)
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ELASTIC BLISTERING FLAKING
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(50/50%) E,-T [ ]
(40/60%) E-T ]
(20/80%) E-T [
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Figure 9. Extent of elastic, blistering and flaking domains in E,-T hybrid films as a function of the thiol/ene molar propor-

tions (x/y [mol%])

50% (E;-Ty), 80 and 100 % (Eq). There is clearly a
progressive extension of the elastic domain, and
better resistance to cracking as the ratio of thiol and
ene functions approximates 1 (E;-T). The utility of
forming thioether bridges within a silsesquioxane is
thus demonstrated as a way to create a uniform,
low-stress and flexible crosslinked hybrid structure.
Moreover, there are clear indications that mechani-
cal properties can be easily modulated. We see the
versatility of the approach enabling to tune mechan-
ical properties of polysulfide-crosslinked materials
with varying the ratio of the two precursors.
Nevertheless, generalization of the findings of the
E1-T couple to other thiol-ene couples seems chal-
lenging. For example, the E,-T thiol-ene film reveals
somewhat similar elasticity, and cracking resistance
compared to its homopolymerized homologue E,
(Figure 8). In this second system, we clearly see that
the added value of a flexible thioether linkage is
less obvious, because the polyacrylate formed in E,
has a much lower glass transition temperature than
that of the polymethacrylate of E;. This difference is
attributed to stiffening of main chain of the polymer
by the a-methyl substituent of the polymethacrylate.
However, Figures 9 illustrates again how mechani-
cal properties can be tailored by changing the pro-
portion of the two precursors, with clearly the best
performances achieved with the thiol-ene hybrid
film having 1:1 thiol ene molar ratio.

4. Conclusions

An orthogonal coupling strategy was developed by
combining thiol-ene and sol-gel photoinduced reac-
tions, which was subsequently applied to the one-pot
synthesis of uniform and low stress hybrid films.
Starting from two bifunctional meth(acrylate) and
thiol trimethoxysilane precursors, thiol-ene has
proven to be an efficient ligation tool to bind the two

resultant silsesquioxane networks together through
a single coupled thioether product. In this approach
the sol-gel process enables the formation of a rigid
oxo-polymer siloxane network with high crosslink
density, while the thiol-ene coupling imparts flexi-
bility, thus improving elasticity and resistance to
cracking of the final material. The interest of using
(meth)acrylate organosilane precursors is that thiol-
ene and conventional chain-growth polymerization
can be combined with the ability to tailor mechani-
cal response.
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Abstract. The electrocatalytic oxidation of vitamin C at carbon paste electrode (CPE) modified with amino-functionalized
multiwalled carbon nanotube/electroactive polyurea (AF-MWCNT/EPU) composite was investigated. We have synthe-
sized novel electroactive polyurea composites containing MWCNTs functionalized with 4-aminobenzoyl groups by an
oxidative coupling polymerization. Ultraviolet-Visible spectra and cyclic voltammetry studies confirmed the occurrence of
efficient interaction between AF-MWCNT and EPU graft. Moreover, the electrocatalytic activity of vitamin C oxidation by
utilizing aniline containing composites was evaluated, showing that the intrinsic electroactivity of AF-MWCNT/EPU-CPE
had great potential application for detection of vitamin C. The detection limit and sensitivity of this sensor was 1.2 uM and

35.3 pA‘mM!, respectively.

Keywords: polymer composites, electroactive polyurea, sensor, nanocomposites

1. Introduction

Since their discovery in the 1950s, conducting poly-
mers have been extensively studied and showed
great promise in a variety of applications [1-7].
Among various conducting polymers, polyaniline
(PANI) has attracted much attention due to its ease
of synthesis, unique and controllable chemical, elec-
trical properties and long-term stability in air. How-
ever, the PANI synthesized by chemical and electro-
chemical methods shows low solubility in common
solvents. In addition, few synthesized PANIs have
defined structures and precise oxidation-reduction
states [8], which make it difficult to understand the
electron transport mechanisms in PANI. For these
reasons, aniline oligomers can be considered as good
model compounds for researching specific behav-
iours of PANI [9]. Faul ef al. [10] synthesized (tetra)

*Corresponding author, e-mail: juiming@cycu.edu.tw
© BME-PT

aniline-alkyl diblock compounds which self-assem-
bled into single-crystalline two dimensional micro-
plates and further studied their conductivity prop-
erty. Moreover, electroactive polymers incorpo-
rated with aniline oligomers have attracted research
attention because of their superior properties such
as good solvent solubility, mechanical strength, and
the biodegradable properties [11, 12]. Other authors
synthesized a series of electroactive polymers and
studied their electrochromic behavior [13—15]. The
multicolor of electroactive polymers could be con-
trolled by changing pH values or the applied poten-
tial. Furthermore, a series of electroactive block
copolymers with bioactive properties have also
been synthesized [16, 17]. The conductivity of elec-
troactive polymer could stimulate cell growth, espe-
cially in neural or cardiovascular cells, which are sen-
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sitive to electrical signals. Hardy et al. [18] synthe-
sized electroactive polystyrene (EPS) and doped it
using various acids. Experimental results exhibited
that the dielectric properties of EPS doped with
large, organic acids resulted in increases of up to an
order of magnitude in permittivity and energy stor-
age density relative to pure polystyrene, while
maintaining a relatively low dielectric loss, espe-
cially in the high frequency range. Yeh and co-
workers prepared many electroactive polymers such
as electroactive polyimide [19], electroactive epoxy
[20], electroactive polyamide [21, 22], electroactive
polyurea [23] and electroactive poly(azine-azo)
[24] as anticorrosion coating materials and photoac-
tive materials. Recently, many researchers utilized
electroactive polymers serving as sensing materials.
The unique properties including acid-base doping/
dedoping chemistry and redox behaviours make the
electroactive polymers to be the potential candi-
dates as chemical and fluorescent sensors [25-27].
Carbon nanotubes (CNTs) have attracted great atten-
tion in research since its discovery by lijima [28] due
to its unique physical and chemical properties, such
as high mechanical strength, electrical, thermal sta-
bility and chemical stability [29]. CNTs are found
mainly in two types: single walled carbon nanotubes
and multi walled carbon nanotubes. Their characteri-
zation and properties have been comprehensively
studied in the last two decades [30]. Recently, CNTs
has been used as a filler to incorporate within the
polymer matrix. The CNTs/polymer composites
exhibit improved mechanical property, good barrier
property and excellent electrical conductivity [28—
33]. Many reports in literature suggest that CNTs/
conducting polymer composites have great poten-
tial for use in vitamin C sensors [34, 35]. Vitamin C,
an essential nutrient for human and certain animal
species, is crucial for a range of metabolic reactions
such as growth and tissue repair. It is also an antiox-
idant that prevents cell damage caused by free radi-
cals [36].

In this study, vitamin C sensors were fabricated using
hybrid materials that incorporated electroactive
polyurea (EPU) covalently attached to amino-func-
tionalized multiwalled carbon nanotubes (AF-
MWCNTs) to improve the sensitivity and detection
limit of obtained sensors. The as-prepared AF-
MWCNTs are expected to provide reactive sites for
obtaining co-oligomers by polymerization and hence
improve the electrical conductivity of EPU. The

ultraviolet-visible (UV-Vis) spectra revealed that
the aniline oligomer segment on the EPU was able
to interact with AF-MWCNTs. The results of the
cyclic voltammetry (CV) studies indicated that AF-
MWCNTs can enhance the current value of the AF-
MWCNT/EPU composites. Most importantly, the
electrical conductivity of the AF-MWCNT/EPU
composites reached a value of 4.31-107 S/cm at a
MWCNT loading of 10 wt% in the composites,
which was an increase of more than five orders of
magnitude compared to the conductivity value of
the neat EPU. The high conductivity and facilitation
of the charge transfer processes between the AF-
MWCNT and EPU significantly enhanced the sen-
sitivity and the detection limit of the AF-MWCNT/
EPU-CPE sensor for detecting vitamin C.

2. Experimental

2.1. Materials and instrumentation
N-Phenyl-p-phenylenediamine (NPPD, 98%,
Aldrich), hexamethylene diisocyanate (HDI, 98%,
Alfa), p-phenylenediamine (99%, Aldrich), Poly-
phosphoric acid (PPA, 83%, P,Os assay), P,Os (98%,
Aldrich), 4-aminobenzoic acid (4-ABAD, 99%,
Aldrich), ammonium persulfate (APS, 98%, Merck),
tetrahydrofuran (THF, 99 , Merck), N,N-Dimethy-
lacetamide (DMAc, 99%, Merck), N-methyl-2-
pyrrolidone (NMP, 99%, Merck), L-ascorbic acid
(vitamin C, reagent grade, Aldrich), phosphate
buffered saline (PBS, Aldrich), hydrochloric acid
(HCI1, 37%, Riedel-deHaén), pristine MWCNTs
(99.5%, P-MWCNTs, Golden Innovation Business
Co., Ltd.), and acetone (99 , Acros) were used as
received without further purification. All the chem-
icals used were reagent grade, unless stated other-
wise. X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra DLD) was used to characterize the
extent of functionalization on the surface of the
MWCNTs. Fourier Transform Infrared (FTIR) spec-
tra were collected at room temperature (on a Jasco
FTIR-4100 spectrometer) from samples prepared as
pellets with KBr. Mass spectrometry was carried
out on a mass spectrometer (Bruker Daltonics IT,
model: Esquire 2000, Leipzig, Germany) equipped
with an electrospray ionization (ESI) source (Agi-
lent, model: G1607-6001). The chemical structure of
the oligoaniline was determined by 'H nuclear mag-
netic resonance (‘H NMR) spectroscopy (on a Bruker
400 spectrometer), using deuterated dimethyl sulfox-
ide (dg-DMSO) as the solvent. Samples were also
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characterized with UV-Vis absorption spectroscopy
(using Jasco V-650 spectrometer). Electroactive prop-
erties of the resulting composites were obtained
using VoltaLab 21 with three-electrode electrochem-
ical cell in a double-wall jacketed cell. Structural
characterization was carried out with transmission
electron microscopy (TEM on a JEOL 200FX, accel-
eration voltage: 120 kV). Conductivity values of the
AF-MWCNT/EPU composites were obtained with
a four-point probe connected to a Keithley 2400 volt-
meter constant-current source system.

2.2. Functionalization of MWCNTs
(AF-MWCNTs)

The AF-MWCNTs were synthesized according to the
procedure reported in literature [37, 38]. 4-ABAD
(10.0 g), MWCNTs (5.0 g), PPA (300.0 g), and P,0s5
(75.0 g) were mixed using a mechanical stirrer under
nitrogen atmosphere. The mixture was heated to
100°C and allowed to react for 1 h at this tempera-
ture. Subsequently, the temperature was increased to
130°C and the mixture was maintained at this tem-
perature for 72 h under nitrogen atmosphere. Then,
water was used to precipitate the dark homoge-
neous mixture. The precipitates were washed with
water and methanol in a Soxhlet extractor. Subse-
quently, the samples were freeze-dried for 48 h to
obtain the final product (7.84 g) as a dark black
powder (with a yield of 52.3%).

2.3. Synthesis of EPU and AF-MWCNT/ EPU
composites
2.3.1. Synthesis of co-oligomer
HDI (0.84 g, 5 mmol) was dissolved in 10 mL of
THF. The resulting solution was added into a solu-
tion containing 1.84 g (10 mmol) of NPPD dissolved
in 10 mL of THF over a period of 30 min. The result-
ing solution was stirred for 3 h and then the co-
oligomer was precipitated using 200 mL of distilled
water. The precipitated co-oligomer was washed with
distilled water and dichloromethane and dried under
dynamic vacuum at room temperature (25 °C). The
as-prepared co-oligomer was obtained in a yield of
ca. 90%. '"H NMR (dg-DMSO): & = 8.18 (s, 2H, due
to Hs), 6 =7.85 (s, 2H, due to Hg), 6 =7.27-7.23 (d,
4H, due to Hg), 6 =7.17-7.12 (t, 4H, due to Hy), 6 =
6.98-6.90 (t, 8H, due to Hy, Hy), 8 = 6.73-6.67 (t,
2H, due to Hy), 8 = 6.05-5.97 (t, 2H, due to Hy), 6 =
3.12-2.98 (d, 4H, due to H3), 6 =1.50-1.20 (8H,
due to H], Hz)

2.3.2. Synthesis of EPU

EPU was prepared by simultaneously dissolving
0.536 g (1 mmol) of co-oligomer and 0.108 g
(1 mmol) of 1,4-phenylenediamine into 30 mL of a
stirring solution that contained 25 mL of NMP,
2.5 mL of distilled water, and 2.5 mL of concen-
trated hydrochloric acid. Subsequently, a solution
containing 0.457 g of APS and 2 mL of 1.0 M aque-
ous HCI was added dropwise while stirring at room
temperature. A black product was then precipitated
by pouring the obtained solution into 300 mL of
distilled water with continuous stirring for 12 h. The
mixture was filtered and washed with distilled water
and acetone several times. The dedoped state of
EPU was achieved by dispersing into a 1.0 M aque-
ous ammonium hydroxide and stirred for 1 h. The
as-obtained product was then dried under dynamic
vacuum at 40 °C for 24 h.

2.3.3. Synthesis of AF-MWCNT/ EPU composites
The AF-MWCNTs were dispersed in 10 mL of
NMP and ultrasonicated for 1 h. In addition, 1.07 g
(2 mmol) of co-oligomer and 0.216 g (2 mmol) of
p-phenylenediamine were dissolved in 25 mL of a
solvent mixture containing 20 mL of NMP, 2.5 mL
of distilled water, and 2.5 mL of concentrated HCI.
Subsequently, the dispersion and the solution were
mixed. A solution containing 0.913 g of APS and
5 mL of 1.0 M aqueous HCI was added dropwise into
the above-prepared solution under stirring at room
temperature. The resulting solution was allowed to
react for 12 h. Then, the reaction mixture was dis-
pensed into 300 mL of distilled water to precipitate
the product. The dedoped state of composites was
achieved by dispersing into a 1.0 M aqueous ammo-
nium hydroxide and stirred for 1 h. The product was
washed several times with distilled water and dried
under vacuum at 40 °C.

2.4. Measurement of electrical conductivity
The EPU and AF-MWCNT/EPU samples were
doped by immersing in 1 M HCI at room tempera-
ture for 24 h. The samples were collected by filtra-
tion, washed with distilled water, and freeze-dried
for 48 h. The samples for the conductivity measure-
ment were obtained by applying a pressure of
3.0-10° psi (20.96 mPa) to the EPU or AF-MWCNT/
EPU samples to form a 0.1 cm thick pellet with a
diameter of 1.3 cm.
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2.5. Preparation of the CPE and modified CPE

The unmodified CPE was prepared by thoroughly
mixing 30 mg of paraffin oil with 150 mg of graphite
in a mortar to form a homogeneous carbon paste. A
portion of the carbon paste was filled firmly into one
end of a Teflon tube (of about 3.0 mm in diameter)
and a copper wire was inserted through the opposite
end to establish an electrical contact. Sufficient pack-
ing was achieved by pressing the surface of the sam-
ples at the end of the Teflon tube against a bond
paper until a smooth surface was obtained. The mod-
ified CPEs were mixed with the 30 mg of paraffin
oil, 150 mg of graphite, and 7.5 mg of each sample
(EPU and AF-MWCNT/EPU) to form a homoge-
neous paste into the Teflon tube. The total mass of
graphite and sample was set to 30 mg.

2.6. CV studies of the EPU and
AF-MWCNT/EPU CPE

To study the redox behavior of EPU and AF-

MWCNT/EPU, two representative CPEs were exam-

ined systematically by CV in 100 mL of 1.0 M H,SO4

and the potential ranging from —0.2 to 1.0 V.

3. Results and discussion

3.1. Characterization of AF-MWCNTs
AF-MWCNTs decorated with 4-aminobenzoyl moi-
eties can act as reactive sites to graft aniline oligomers
by oxidative coupling polymerization according to
the reports in literature [37]. FTIR and XPS meas-
urements were used to confirm the attachment of 4-
aminobenzoyl moieties on the surface of the P-
MWCNTs. As shown in Figure 1b, P-MWCNTs
exhibited featureless FTIR spectrum. Nevertheless,
there are clear differences of the spectrum between
P-MWCNTs and AF-MWCNTs. The spectrum of
AF-MWCNTs exhibits an clearly aromatic carbonyl
(C=0) peak at 1640 cm™', which was shifted from
the carbonyl peak of carboxylic acid at 1666 cm™
in 4-ABAD. This result may indicate the 4-amino-
benzoyl moieties on the AF-MWCN structure.

XPS spectra of P-MWCNTs and AF-MWCNTs were
shown in Figure 2. Surface elemental composition of
pristine and AF-MWCNTs were analyzed by XPS,
which is one of the best surface analytical tech-
niques, providing useful information on the nature of
the functional groups and also the defects on the sur-
face of the sample. Figure 2a showed a significant
increased intensity of the O1s peak and N1s peak in
AF-MWCNTs as compared to the P-MWCNT sam-
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Figure 1. (a) Functionalization of MWCNTs by using 4-
ABAD to obtain AF-MWCNTs. (b) Representa-
tive FTIR spectra of P-MWCNTs, AF-MWCNTs,
and 4-ABAD.

ples. The increased intensity of these peaks could
be attributed to the grafting reaction with 4-ABAD.
The de-convoluted Cls peak of the MWCNTs
showed a major Cls peak occurring at 284.4 eV and
a minor peak occurring at 285.2 eV (Figure 2b). The
former peak was assigned to the sp? carbon atoms
of the graphene sheets, and the latter peak was
ascribed to the defects on the CNT walls [39]. As
shown in Figure 2¢, in the case of AF-MWCNTs,
the XPS spectrum showed new peaks occurring at
285.6 and 287.2 eV correspond to carbon in C—NH;,
and >C=0, respectively [40, 41]. The presence of
these peaks confirms the 4-aminobenzoyl moieties
on the side walls of the AF-MWCNTs.

3.2. Characterization of co-oligomer and EPU
The synthesis routes for the preparation of co-
oligomer, EPU and AF-MWCNT/EPU composites
were shown in Figure 3. The mass spectrum and 2D
"H-'H correlation spectroscopy (cosy) spectrum of
the co-oligomer were shown in Figurr 4. In Figure 4a,
the mass to charge ratio (m/e) for C3,H3NgO, was
536.7. Found 535.7 (M-H)". Figure 4b showed the
'"H-'H cosy spectrum confirming the structure of
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Figure 2. (a) Wide scan profiles of P-MWCNTs and AF-MWCNTs by XPS analysis. Curve fitting of Cls peaks originating

from (b) P-MWCNTs and (¢) AF-MWCNTs.
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p-phenylenediamine
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Figure 3. Synthesis route of the AF-MWCNT/EPU com-
posites

the co-oligomer. The signals at 8.17, 7.38, and 6.03—
5.99 ppm can be assigned to the amino protons and
the signals at 7.27-7.24, 7.17-7.12, 6.97-6.91, and
6.72—6.67 ppm were attributed to the aromatic pro-
tons in the co-oligomer, and the signals at 3.07-3.05
and 1.42-1.30 ppm were due to the alkyl protons.

3.3. Characterization by UV-Vis spectroscopy

The UV-Vis absorption spectra of EPU and AF-
MWCNT/EPU in NMP solution were utilized to
examine the interaction between the electroactive
polyurea and AF-MWCNT, as shown in Figure 5.
The EPU showed two distinctive absorption bands at
300 and 593 nm. The peak at 300 nm can be assigned
to the m-n* transition of the benzenoid rings and the
peak at 593 nm can be attributed to the -rt* transition
of the quinoid rings along the backbone of the EPU
chain. In contrast, the characteristic peak assigned
to the m-* transition band of the benzenoid rinds
showed a blue shift from 300 nm for pure EPU to
296 nm for the AF-MWCNT/EPU composites. More-
over, the intensity of the peaks related to the m-m*
transition of the quinoid rings was reduced in the AF-
MWCNT/EPU solution. This is because the quinoid
units were stabilized by the strong m-m interaction
between MWCNTs and EPU and the charge trans-
fer from the polymer chain to MWCNTs [42, 43].
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Figure 4. (a) Mass spectrum and (b) '"H-'H cosy spectrum
of co-oligomer

3.4. TEM characterization

TEM images were used as a tool to confirm that EPU
caused the change of the morphology on carbon
nanotube surface and that the AF-MWCNT surface
remained intact during the preparation of the AF-
MWCNT/EPU composites. For preparing the TEM
sample, AF-MWCNT/EPU composites was dis-

a)

13
b) 296 nm
1.0
300 nm
w
o
<
0.5}
593 nm
0.0 ; :
270 400 600 800 90C

Wavelength [nm]

Figure 5. UV-Vis absorption spectra of (a) EPU and (b) AF-
MWCNT/EPU composites

persed and ultrasonicated in water for 1 h. Subse-
quently, AF-MWCNT/EPU solution was then
dropped on the copper grid and dried at room tem-
perature. The surface of AF-MWCNTs is smooth,
indicating that the surface of the MWCNT was
intact after modification, as shown in Figure 6a. In
contrast, the surface of AF-MWCNT/EPU was not
smooth anymore, which can be attributed to the pres-
ence of the electroactive polymers on its surface, as
shown in Figure 6b. These results confirmed that the
AF-MWCNTs can be covered with EPU or other
electroactive polymers by utilizing the oxidative
coupling reaction [44].

3.5. Conductivity measurement

The conductivity of aniline-based electroactive poly-
mers is lower than PANI, ranging between 10~/ to
104 S/cm [38]. This is because that the aniline
oligomers incorporated with nonconducting compo-
nent to form electroactive polymers and there was
little opportunity for the aniline oligomers to estab-
lish a channel for electron transport, leading to the
low conductivities of the electroactive polymers. In

Figure 6. TEM images of (a) AF-MWCNTs and (b) nanotubes present in the AF-MWCNT/EPU composites
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Table 1. The conductivity of AF-MWCNT/EPU

AF-MWCNTs Loading Conductivity
[Wt%] [S/em]
0 4.78-1078
1 7.19-1077
3 3.70-10°¢
5 2.36-107°
10 431-107°
15 9.23-107°

this study, we utilized AF-MWCNTs to improve the
conductivity of the electroactive polymer. The elec-
trical conductivity of AF/MWCNT/EPU compos-
ites increased five orders from 4.78:107% to
4.31-1073 S/cm with increasing the amount of AF-
MWCNTs from 0 to 10 wt% (Table 1). This result
can be explained by the dopant effect, which involves
an efficient charge transfer from the quinoid unit of
EPU to AF-MWCNTs. CNTs are relatively good
electron acceptors [45], while aniline oligomers in
the EPU main chain could be considered as good
electron donors. This donor-acceptor combination in
the composites facilitates electron transfer, owing
to the reduction of the energy barrier for electron
transfer to occur from the valence band to the con-
duction band [46]. Therefore, the conductivity of
the resulting AF-MWCNT/EPU composites could be
significantly improved by introducing AF-MWCNTs
into the EPU matrix.

3.6. CV studies

Figure 7 (a) showed the CV of the EPU and AF-
MWCNT/EPU composites. Both EPU and AF-
MWCNT/EPU composites showed three distinct
pairs of redox peaks. The CV results could be attrib-
uted to the change of molecular structure of EPU.

1.0
05
£ 00
~05 |
~1.0 4 AF-MWCNT/EPU
02 00 02 04 06 08 10
a) Evs SCE[V]

Three redox pairs originate from the transitions
between Leucoemeraldine to Emeraldine I, Emeral-
dine I to Emeraldine II and Emeraldine II to Perni-
graniline of the aniline oligomer in the main chain of
EPU. Furthermore, with the MWCNTs acting as elec-
trically conductive bridges inside the AF-MWCNT/
EPU composite, the diffusion length of the elec-
trolyte ions was greatly reduced, resulting in an
enhanced current compared to that of the neat elec-
troactive polymers [45]. The CV responses for the
AF-MWCNT/EPU-CPE were recorded at different
scan rates ranging from 25 to 200 mV/s, as shown in
Figure 7b. As higher scan rates were applied, the
oxidative peak potentials shifted to positive poten-
tial, and the reductive peak potentials shifted toward
negative potential. Moreover, linear relationships
between the peak currents and the square root of the
scan rates with a square of regression coefficient
(R?) of 0.99 for the sensor were observed, indicating
that the electron transfer process of the electrode
was a diffusion-controlled process [47].

3.7. Electrochemical response of
AF-MWCNT/EPU-CPE toward vitamin C
The prepared AF-MWCNT/EPU-CPE exhibited the
current responses toward vitamin C as shown in
Figure 8. Moreover, the oxidation current which
occurred at 0.40 V versus Ag/AgCl would continu-
ously increase with increasing concentration of
vitamin C from 0.0 to 8.0 mM. This result indicated
that the aniline oligomer in AF-MWCNT/EPU-CPE
has direct electrocatalytic properties to the oxidation
of vitamin C. The redox reaction process could be
described by the following steps. Vitamin C in the
solution diffused toward the polymer modified elec-

3,
E i R = 0,999
245 of
3-1{"
32 150 mV/s
14%-35% 50 75 100 125 150
e |
= 04 25 m\Vis
-1 4
-2 4
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b) Ews SCE [V]

Figure 7. CV curves of (a) EPU and AF-MWCNT/EPU CPE and (b) AF-MWCNT/EPU-CPE in 1 M H,SO; at different poten-
tial scan rates: 25, 50, 75, 100, 125 and 150 mV/s. Inset: plot of peak current versus square root of the scan rate.
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Figure 8. CV curves of AF-MWCNT/EPU-CPE with
(a) 0.0 mM, (b) 2.0 mM, (c) 4.0 mM, (d) 6.0 mM
and (e) 8.0 mM vitamin C concentrations

trode surface and reacted with the oxidized state of
EPU, which led to the increase of the reduced state
of EPU. This increase of the reduced state of EPU
resulted in the increase of the oxidation currents
[48, 49]. The inset shows the peak currents plotted
as a function of the amount of vitamin C added. A
linear relationship with the vitamin C concentration
in the range from 0.0 to 8.0 mM (R*> = 0.996, n = 5)
was observed.

At an applied potential of 0.40 V, the successive addi-
tion of vitamin C from 10 uM to 910 uM in 0.1 M
PBS to the AF/MWCNT/EPU-CPE increased the
current successively. This phenomenon occurred in
1.46 s. The rapidity of the detection was attributed to
the oxidation and reduction reactions occurring
directly as shown in Figure 9. There was a linear
relationship between the concentration of vitamin C
added and the peak current obtained, as evidenced
by the linear calibration curve of the amperometric
response of the sensor to the concentration of vita-
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Figure 9. Amperometric current responses of AF-MWCNT/
EPU-CPE for successive addition of vitamin C
into a 30 mL PBS solution stirred constantly. Inset
shows the calibration curve between the current
and the concentration of vitamin C.

min C provided in the inset (R* = 0.999 for AF-
MWCNT/EPU-CPE). The detection limit of the AF-
MWCNT/EPU-CPE vitamin C sensor was 1.2 uM at
S/N (signal to noise ratio) of 3 and the sensitivity was
35.3 pA-mM!. The detection range, the sensitivity
and the detection limit of the AF-MWCNT/EPU-
CPE comparable to those of most modified elec-
trodes reported in literature (Table 2). The sensitiv-
ity and the detection limit observed in the present
study were higher than that observed in most other
reports in literature. There was also a great improve-
ment in sensitivity and detection limit compared to
previously reported studies [52]. To further study the
stability of AF-MWCNT/EPU-CPE, the electrode
was well preserved at PBS solution (4°C) and
detected at different times. In Figure 10, the current
response did not significantly decay in the first
week. After two weeks, the current response of the
same electrode still reached 91.2% of the original

Table 2. A comparison of various types of ascorbate biosensors

. Applied
. Det.ecflon Sensitivity | potential Linear range | Optimum >
Modified electrode limit [MA-mM-1] | (vs. Ag/AgCl) [mM] pH R Reference
[uM] V]

EPI/CPE 9.6 NR 0.4 “NR 7 0.996 [27]
PANI/GCE 0.4 NR 0.1-0.3 0.0004-2 67 0.999 [50]
PANI/?POAA/PT 500 NR 0.34 5-60 7 NR [51]
EPU/CPE 6.1 15.4 0.42 0.05-0.5 7 0.996 [52]
PANV/ITO 18.0 12.0 —0.135 0.05-0.4 7 0.999 [53]
MWNT-g-poly(2,5-dimethoxyaniline)/ITO 0.1 12.78 0.32 1.0-5.0 7 0.999 [54]
‘pAPTT/GCE 1.4 10.0 0.3 0.01-0.2 4 0.998 [55]
AF-MWCNT/EPU/CPE 1.2 353 0.4 0.01-0.91 7 0.999 | This work

2NR= Not reported
POAA= orthanilic acid
‘pAPTT = poly-3'-(2-aminopyrimidyl)-2,2":5',2"-terthiophene
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Figure 10. The relationship between the respond current of
100 puM vitamin C and time

current. These results revealed the developed AF-
MWCNT/EPU-CPE is an electrode with excellent
reliability for sensing vitamin C.

4. Conclusions

The electroactive polyurea incorporated with AF-
MWCNTs was prepared to modify the CPE and the
resulting AF-MWCNT/EPU-CPE was utilized to
detect vitamin C. UV-Vis and CV tests confirmed that
the AF-MWCNT/EPU composite was successfully
synthesized and hence led to effective site-selective
interactions between the quinoid ring of EPU and AF-
MWCNTs, facilitating charge-transfer processes
between the two components. Furthermore, the con-
ductivityy of EPU was improved by five orders when
incorporating AF-MWCNTs. Therefore, the elec-
trocatalytic property of AF-MWCNT/EPU compos-
ites toward the oxidation of vitamin C was signifi-
cantly enhanced. The detection limit and sensitivity
of AF-MWCNT/EPU-CPE for detecting vitamin C
was 1.2 uM at S/N of 3 and 35.3 pA-mM™!, respec-
tively. The prepared AF-MWCNT/EPU carbon paste
modified electrode showed excellent sensitivity and
detection limit for determination of vitamin C. We
are confident that the results of this study will signif-
icantly contribute to the advance of polymer com-
posite sensors.

Acknowledgements

This research was supported by the Ministry of Science and
Technology, R. O. C. (MOST-103-2221-E-167-037-MY3 and
104-2811-E-167-001). We thank Mr Chun-An Chen for the
schematic design.

References

458

[1] Virji S., Huang J., Kaner R. B., Weiller B. H.: Polyani-
line nanofiber gas sensors: Examination of response
mechanisms. Nano Letters, 4, 491-496 (2004).

DOLI: 10.1021/n1035122¢

[2] Maiti S., Khatua B. B.: Polyaniline integrated carbon
nanohorn: A superior electrode materials for advanced
energy storage. Express Polymer Letters, 8, 895-907
(2014).

DOI: 10.3144/expresspolymlett.2014.91

[3] Tian Z., Yu H., Wang L., Saleem M., Ren F., Ren P,,
Chen Y., Sun R., Sun Y., Huang L.: Recent progress in
the preparation of polyaniline nanostructures and their
applications in anticorrosive coatings. RSC Advances,
4,28195-28208 (2014).

DOI: 10.1039/C4RA03146F

[4] Shahhosseini L., Nateghi M. R., SheikhSivandi S.: Elec-
trochemical synthesis of polymer based on 4-(2-thienyl)
benzenamine in aqueous solutions: Electrochemical
properties, characterization and application. Synthetic
Metals, 211, 66-74 (2016).

DOI: 10.1016/j.synthmet.2015.11.015

[5] Sudha J. D, Sivakala S., Chandrakanth C. K., Neethu K.
S., Rohini K. N., Ramakrishnan R.: Percolated conduc-
tive polyaniline-clay nanocomposite in polyvinyl chlo-
ride through the combined approach porous template
and self-assembly. Express Polymer Letters, 8, 107—
115 (2014).

DOI: 10.3144/expresspolymlett.2014.13

[6] Luo Y., Wang X., Guo W., Rohwerder M.: Growth
behavior of initial product layer formed on Mg alloy sur-
face induced by polyaniline. Journal of the Electrochem-
ical Society, 162, C294-C301 (2015).

DOI: 10.1149/2.1101506jes

[7] Sim B., Chae H. S., Choi H. J.: Fabrication of polyani-
line coated iron oxide hybrid particles and their dual
stimuli-response under electric and magnetic fields.
Express Polymer Letters, 9, 736743 (2015).

DOI: 10.3144/expresspolymlett.2015.68

[8] Wang L. X., Soczka-Guth T., Havinga E., Miillen K.:
Poly(phenylenesulfidephenylenamine) (PPSA) — The
‘compound’ of polyphenylenesulfide with polyaniline.
Angewandte Chemie International Edition, 35, 1495—
1497 (1996).

DOI: 10.1002/anie. 199614951

[9] Wei Y., Yang C., Wei G., Feng G.: A new synthesis of
aniline oligomers with three to eight amine units. Syn-
thetic Metals, 84, 289-291 (1997).

DOI: 10.1016/S0379-6779(97)80756-4

[10] Shao Z., Yu Z., Hu J., Chandrasekaran S., Lindsay D.
M., Wei Z., Faul C. F. J.: Block-like electroactive oligo
(aniline)s: Anisotropic structures with anisotropic func-
tion. Journal of Materials Chemistry, 22, 16230-16234
(2012).
DOTI: 10.1039/C2IM32278A



http://dx.doi.org/10.1021/nl035122e
http://dx.doi.org/10.3144/expresspolymlett.2014.91
http://dx.doi.org/10.1039/C4RA03146F
http://dx.doi.org/10.1016/j.synthmet.2015.11.015
http://dx.doi.org/10.3144/expresspolymlett.2014.13
http://dx.doi.org/10.1149/2.1101506jes
http://dx.doi.org/10.3144/expresspolymlett.2015.68
http://dx.doi.org/10.1002/anie.199614951
http://dx.doi.org/10.1016/S0379-6779(97)80756-4
http://dx.doi.org/10.1039/C2JM32278A

Huang et al. — eXPRESS Polymer Letters Vol.10, No.6 (2016) 450—461

[11] Kim T-G., Park J-W.: Synthesis of poly(oligoaniline)s
with structures controlled over three different oxidation
states. Journal of Polymer Science Part A: Polymer
Chemistry, 50, 1851-1860 (2012).

DOI: 10.1002/pola.25960

[12] QuG., LiF,, Berda E. B., Chi M., Liu X., Wang C., Chao
D.: Electroactive polyurea bearing oligoaniline pen-
dants: Electrochromic and anticorrosive properties.
Polymer, 58, 60-66 (2015).

DOI: 10.1016/j.polymer.2014.12.033

[13] Li F.,, Zhou M., Wang J., Liu X., Wang C., Chao D.: Syn-
thesis and electrochemical properties of electroactive
hyperbranched poly(aryl ether ketone) bearing oligoani-
line segments. Synthetic Metals, 205, 42-47 (2015).
DOI: 10.1016/j.synthmet.2015.03.019

[14] Wang S., Chao D., Berda E. B., Jia X., Yang R., Wang
C.: Multicolor electrochromic performance of elec-
troactive poly(amic acid) containing pendant oligoani-
line, azobenzene and sulfonic acid groups. Electrochim-
ica Acta, 89, 594-599 (2013).

DOI: 10.1016/j.¢electacta.2012.10.149

[15] Huang L., Zhuang X., Hu J., Lang L., Zhang P., Wang Y.,
Chen X., Wei Y., Jing X.: Synthesis of biodegradable
and electroactive multiblock polylactide and aniline
pentamer copolymer for tissue engineering applica-
tions. Biomacromolecules, 9, 850-858 (2008).

DOI: 10.1021/bm7011828

[16] Gharibi R., Yeganeh H., Gholami H., Hassan Z. M.: Ani-
line tetramer embedded polyurethane/siloxane mem-
branes and their corresponding nanosilver composites
as intelligent wound dressing materials. RSC Advances,
4, 6204662060 (2014).

DOI: 10.1039/C4RA11454]

[17] Huang L., Hu J., Lang L., Wang X., Zhang P., Jing X.,
Wang X., Chen X., Lelkes P. 1., MacDiarmid A. G., Wei
Y.: Synthesis and characterization of electroactive and
biodegradable ABA block copolymer of polylactide and
aniline pentamer. Biomaterials, 28, 1741-1751 (2007).
DOI: 10.1016/j.biomaterials.2006.12.007

[18] Hardy C. G., Islam M. S., Gonzalez-Delozier D., Mor-
gan J. E., Cash B., Benicewicz B. C., Ploehn H. J., Tang
C.: Converting an electrical insulator into a dielectric
capacitor: End-capping polystyrene with oligoaniline.
Chemistry of Materials, 25, 799-807 (2013).

DOI: 10.1021/cm304057f

[19] Huang T-C., Yeh T-C., Huang H-Y., Ji W-F., Chou Y-
C., Hung W-I., Yeh J-M., Tsai M-H.: Electrochemical
studies on aniline-pentamer-based electroactive poly-
imide coating: Corrosion protection and electrochromic
properties. Electrochimica Acta, 56, 10151-10158
(2011).

DOI: 10.1016/j.¢electacta.2011.08.114

[20] Huang T-C., Su Y-A., Yeh T-C., Huang H-Y., Wu C-P,,
Huang K-Y., Chou Y-C., Yeh J-M., Wei Y.: Advanced
anticorrosive coatings prepared from electroactive
epoxy—SiO; hybrid nanocomposite materials. Elec-
trochimica Acta, 56, 6142-6149 (2011).

DOI: 10.1016/j.electacta.2011.04.053

459

[21] Huang H-Y., Lee Y-T., Yeh L-C., Jian J-W., Huang T-C.,
Liang H-T., Yeh J-M., Chou Y-C.: Photoactively elec-
troactive polyamide with azo group in the main chain
via oxidative coupling polymerization. Polymer Chem-
istry, 4, 343-350 (2013).

DOI: 10.1039/C2PY20374]1

[22] Huang T-C., Yeh T-C., Huang H-Y., Ji W-F., Lin T-C.,
Chen C-A., Yang T-1., Yeh J-M.: Electrochemical inves-
tigations of the anticorrosive and electrochromic prop-
erties of electroactive polyamide. Electrochimica Acta,
63, 185-191 (2012).

DOI: 10.1016/j.¢electacta.2011.12.087

[23] Yeh T-C., Huang T-C., Huang H-Y., Huang Y-P., Cai
Y-T., Lin S-T., Wei Y., Yeh J-M.: Electrochemical inves-
tigations on anticorrosive and electrochromic proper-
ties of electroactive polyurea. Polymer Chemistry, 3,
2209-2216 (2012).

DOI: 10.1039/C2PY20061A

[24] Huang H-Y., Jian J-W., Lee Y-T., Li Y-T., Huang T-C.,
Chang J-H., Yeh L-C., Yeh J-M.: Effect of photoisomer-
ization on the electroactivity and electrochromic behav-
ior of aniline pentamer-based polymers with azo chro-
mophore as reversibly switchable pendant group.
Polymer, 53, 49674976 (2012).

DOI: 10.1016/j.polymer.2012.09.003

[25] Wang S., Chao D., Berda E. B, Jia X., Yang R., Wang
X., Jiang T., Wang C.: Fabrication of electroactive
oligoaniline functionalized poly(amic acid) nanofibers
for application as an ammonia sensor. RSC Advances,
3, 40594065 (2013).

DOI: 10.1039/C3RA00056G

[26] Wang S., Berda E. B, Lu X., Li X., Wang C., Chao D.:
Tuning the fluorescent response of a novel electroac-
tive polymer with multiple stimuli. Macromolecular
Rapid Communications, 34, 1648—1653 (2013).

DOI: 10.1002/marc.201300448

[27] Huang T-C., Lin S-T., Yeh L-C., Chen C-A., Huang H-
Y., Nian Z-Y., Chen H-H., Yeh J-M.: Aniline pentamer-
based electroactive polyimide prepared from oxidation
coupling polymerization for electrochemical sensing
application. Polymer, 53, 43734379 (2012).

DOI: 10.1016/j.polymer.2012.07.064

[28] Iijima S.: Helical microtubules of graphitic carbon.
Nature, 354, 56-58 (1991).

DOI: 10.1038/354056a0

[29] Belin T., Epron F.: Characterization methods of carbon
nanotubes: A review. Materials Science and Engineer-
ing: B, 119, 105-118 (2005).

DOI: 10.1016/j.mseb.2005.02.046

[30] Park S., Vosguerichian M., Bao Z.: A review of fabri-
cation and applications of carbon nanotube film-based
flexible electronics. Nanoscale, 5, 1727-1752 (2013).
DOI: 10.1039/C3NR33560G



http://dx.doi.org/10.1002/pola.25960
http://dx.doi.org/10.1016/j.polymer.2014.12.033
http://dx.doi.org/10.1016/j.synthmet.2015.03.019
http://dx.doi.org/10.1016/j.electacta.2012.10.149
http://dx.doi.org/10.1021/bm7011828
http://dx.doi.org/10.1039/C4RA11454J
http://dx.doi.org/10.1016/j.biomaterials.2006.12.007
http://dx.doi.org/10.1021/cm304057f
http://dx.doi.org/10.1016/j.electacta.2011.08.114
http://dx.doi.org/10.1016/j.electacta.2011.04.053
http://dx.doi.org/10.1039/C2PY20374J
http://dx.doi.org/10.1016/j.electacta.2011.12.087
http://dx.doi.org/10.1039/C2PY20061A
http://dx.doi.org/10.1016/j.polymer.2012.09.003
http://dx.doi.org/10.1039/C3RA00056G
http://dx.doi.org/10.1002/marc.201300448
http://dx.doi.org/10.1016/j.polymer.2012.07.064
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1016/j.mseb.2005.02.046
http://dx.doi.org/10.1039/C3NR33560G

Huang et al. — eXPRESS Polymer Letters Vol.10, No.6 (2016) 450—461

[31] Pradhan A. K., Prusty G., Swain S. K.: Characteriza-
tion of polyacrylonitrile nanocomposites by reinforce-
ment of functionalized single-walled carbon nano-
tubes. Polymer-Plastics Technology and Engineering,
53, 784-789 (2014).

DOI: 10.1080/03602559.2014.886042

[32] Prusty G., Das R., Swain S. K.: Influence of function-
alized single-walled carbon nanotubes on morphology,
conducting and oxygen barrier properties of poly(acry-
lonitrile-co-starch). Composites Part B: Engineering,
62, 236-241 (2014).

DOI: 10.1016/j.compositesb.2014.03.006

[33] Pradhan A. K., Swain S. K.: Oxygen barrier of multi-
walled carbon nanotube/polymethyl methacrylate nano-
composites prepared by in situ method. Journal of Mate-
rials Science and Technology, 28, 391-395 (2012).
DOI: 10.1016/S1005-0302(12)60073-5

[34] Chauhan N., Narang J., Pundir C. S.: Fabrication of
multiwalled carbon nanotubes/polyaniline modified Au
electrode for ascorbic acid determination. Analyst,
136, 1938-1945 (2011).

DOI: 10.1039/COAN00218F

[35] Zhang X., Lai G., Yu A., Zhang H.: A glassy carbon
electrode modified with a polyaniline doped with sili-
cotungstic acid and carbon nanotubes for the sensitive
amperometric determination of ascorbic acid. Micro-
chimica Acta, 180, 437-443 (2013).

DOI: 10.1007/s00604-013-0939-1

[36] Padayatty S. J., Katz A., Wang Y., Eck P., Kwon O.,
Lee J-H., Chen S., Corpe C., Dutta A., Dutta S. K.,
Levine M.: Vitamin C as an antioxidant: Evaluation of
its role in disease prevention. Journal of the American
College of Nutrition, 22, 18-35 (2003).

DOI: 10.1080/07315724.2003.10719272

[37] Jeon I-Y., Tan L-S., Baek J-B.: Synthesis and electrical
properties of polyaniline/polyaniline grafted multi-
walled carbon nanotube mixture via in situ static inter-
facial polymerization. Journal of Polymer Science Part
A: Polymer Chemistry, 48, 1962-1972 (2010).

DOI: 10.1002/pola.23963

[38] Huang T-C., Yeh L-C., Huang H-Y., Nian Z-Y., Yeh Y-
C., Chou Y-C., Yeh J-M., Tsai M-H.: The use of a car-
bon paste electrode mixed with multiwalled carbon
nanotube/electroactive polyimide composites as an
electrode for sensing ascorbic acid. Polymer Chem-
istry, 5, 630-637 (2014).

DOI: 10.1039/C3PY00787A

[39] Okpalugo T. I. T., Papakonstantinou P., Murphy H.,
McLaughlin J., Brown N. M. D.: High resolution XPS
characterization of chemical functionalised MWCNTs
and SWCNTs. Carbon, 43, 153-161 (2005).

DOI: 10.1016/j.carbon.2004.08.033

[40] Yang S-Y., Lin W-N., Huang Y-L., Tien H-W., Wang J-
Y., Ma C-C. M., Li S-M., Wang Y-S.: Synergetic
effects of graphene platelets and carbon nanotubes on
the mechanical and thermal properties of epoxy com-
posites. Carbon, 49, 793-803 (2011).

DOI: 10.1016/j.carbon.2010.10.014

460

[41] He X., Zhang F., Wang R., Liu W.: Preparation of a
carbon nanotube/carbon fiber multi-scale reinforce-
ment by grafting multi-walled carbon nanotubes onto
the fibers. Carbon, 45, 2559-2563 (2007).

DOI: 10.1016/j.carbon.2007.08.018

[42] Swain S. K., Pradhan A. K., Sahu H. S.: Synthesis of
gas barrier starch by dispersion of functionalized mul-
tiwalled carbon nanotubes. Carbohydrate Polymers, 94,
663-668 (2013).

DOI: 10.1016/j.carbpol.2013.01.056

[43] Zhang H., Li H. X., Cheng H. M.: Water-soluble mul-
tiwalled carbon nanotubes functionalized with sul-
fonated polyaniline. The Journal of Physical Chemistry
B, 110, 9095-9099 (2006).

DOI: 10.1021/jp060193y

[44] Sun Y., Wilson S. R., Schuster D. I.: High dissolution
and strong light emission of carbon nanotubes in aro-
matic amine solvents. Journal of the American Chemi-
cal Society, 123, 5348-5349 (2001).

DOI: 10.1021/ja0041730

[45] Dhand C., Arya S. K., Singh S. P., Singh B. P., Datta
M., Malhotra B. D.: Preparation of polyaniline/multi-
walled carbon nanotube composite by novel electro-
phoretic route. Carbon, 46, 1727-1735 (2008).

DOI: 10.1016/j.carbon.2008.07.028

[46] Zhao H., Yuan W. Z., Tang L., Sun J. Z., Xu H., Qin A.,
Mao Y., Jin J. K., Tang B. Z.: Hybrids of tripheny-
lamine-functionalized polyacetylenes and multiwalled
carbon nanotubes: High solubility, strong donor—accep-
tor interaction, and excellent photoconductivity. Macro-
molecules, 41, 8566-8574 (2008).

DOI: 10.1021/ma8014323

[47] Zhai D., Liu B, Shi Y., Pan L., Wang Y., Li W., Zhang
R., Yu G.: Highly sensitive glucose sensor based on Pt
nanoparticle/polyaniline hydrogel heterostructures.
ACS Nano, 7, 3540-3546 (2013).

DOI: 10.1021/nn400482d

[48] Ambrosi A., Morrin A., Smyth M. R., Killard A. J.:
The application of conducting polymer nanoparticle
electrodes to the sensing of ascorbic acid. Analytica
Chimica Acta, 609, 37-43 (2008).

DOI: 10.1016/j.aca.2007.12.017

[49] Chen S., Xu L., Yang Y., Li B., Hou J.: Improved elec-
trocatalytic behavior of ascorbic acid by crosslinked
polyaniline with enhanced conductivity. Analytical
Methods, 3, 2374-2378 (2011).

DOI: 10.1039/C1AY05310H

[50] O’Connell P. J., Gormally C., Pravda M., Guilbault G.
G.: Development of an amperometric L-ascorbic acid
(Vitamin C) sensor based on electropolymerised ani-
line for pharmaceutical and food analysis. Analytica
Chimica Acta, 431, 239-247 (2001).

DOI: 10.1016/S0003-2670(00)01330-1

[51] Zhang L.: Electrochemical synthesis of self-doped
polyaniline and its use to the electrooxidation of ascor-
bic acid. Journal of Solid State Electrochemistry, 11,
365-371 (2007).

DOI: 10.1007/s10008-006-0151-x



http://dx.doi.org/10.1080/03602559.2014.886042
http://dx.doi.org/10.1016/j.compositesb.2014.03.006
http://dx.doi.org/10.1016/S1005-0302(12)60073-5
http://dx.doi.org/10.1039/C0AN00218F
http://dx.doi.org/10.1007/s00604-013-0939-1
http://dx.doi.org/10.1080/07315724.2003.10719272
http://dx.doi.org/10.1002/pola.23963
http://dx.doi.org/10.1039/C3PY00787A
http://dx.doi.org/10.1016/j.carbon.2004.08.033
http://dx.doi.org/10.1016/j.carbon.2010.10.014
http://dx.doi.org/10.1016/j.carbon.2007.08.018
http://dx.doi.org/10.1016/j.carbpol.2013.01.056
http://dx.doi.org/10.1021/jp060193y
http://dx.doi.org/10.1021/ja0041730
http://dx.doi.org/10.1016/j.carbon.2008.07.028
http://dx.doi.org/10.1021/ma8014323
http://dx.doi.org/10.1021/nn400482d
http://dx.doi.org/10.1016/j.aca.2007.12.017
http://dx.doi.org/10.1039/C1AY05310H
http://dx.doi.org/10.1016/S0003-2670(00)01330-1
http://dx.doi.org/10.1007/s10008-006-0151-x

Huang et al. — eXPRESS Polymer Letters Vol.10, No.6 (2016) 450—461

[52] Yeh L-C., Huang T-C., Huang Y-P., Huang H-Y., Chen  [54] Ragupathy D., Park J. J., Lee S. C., Kim J. C.,

H-H., Yang T-I., Yeh J. M.: Synthesis electroactive poly- Gomathi P., Kim M. K., Lee S. M., Ghim H. D., Rajen-
urea with aniline-pentamer-based in the main chain and dran A., Lee S. H., Jeon K. M.: Electrochemical graft-
its application in electrochemical sensor. Electrochim- ing of poly(2,5-dimethoxy aniline) onto multiwalled
ica Acta, 94, 300-306 (2013). carbon nanotubes nanocomposite modified electrode
DOI: 10.1016/j.electacta.2013.01.073 and electrocatalytic oxidation of ascorbic acid. Macro-
[53] Roy A. K., Nisha V. S., Dhand C., Malhotra B. D.: molecular Research, 19, 764-769 (2011).

Molecularly imprinted polyaniline film for ascorbic DOI: 10.1007/s13233-011-0802-3

acid detection. Journal of Molecular Recognition, 24,  [55] Abdelwahab A. A., Kim D-M., Halappa N. M., Shim
700-706 (2011). Y-B.: A selective catalytic oxidation of ascorbic acid at
DOI: 10.1002/jmr.1104 the aminopyrimidyl functionalized-conductive poly-

mer electrode. Electroanalysis, 25, 1178-1184 (2013).
DOTI: 10.1002/elan.201200650

461


http://dx.doi.org/10.1016/j.electacta.2013.01.073
http://dx.doi.org/10.1002/jmr.1104
http://dx.doi.org/10.1007/s13233-011-0802-3
http://dx.doi.org/10.1002/elan.201200650

eXPRESS Polymer Letters Vol. 10, No.6 (2016) 462—469
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2016.44

Jboi ymecr Letters

A new insight into foaming mechanisms in injection molding

via a novel visualization mold

V. Shaayegan, L. H. Mark, A. Tabatabaei, C. B. Park”

Microcellular Plastics Manufacturing Laboratory, Department of Mechanical and Industrial Engineering, University of

Toronto, M5S 3GS8, Toronto, Ontario, Canada

Received 21 October 2015, accepted in revised form 27 December 2015

Abstract. The complex mechanisms of bubble nucleation and dynamics in foam injection molding have not been uncov-
ered despite many previous efforts due to the non-steady stop-and-flow nature of injection molding and the non-uniform
temperature and pressure distributions in the mold. To this end, a new visualization mold was designed and manufactured
for the direct observation of bubble nucleation and growth/collapse in foam injection molding. A reflective prism was incor-
porated into the stationary part of the injection mold with which the nucleation and growth behaviors of bubbles were suc-
cessfully observed. The mechanisms of bubble nucleation in low- and high-pressure foam injection molding, with and without
the application of gas-counter pressure, was investigated. We identified how the inherently non-uniform cell structure is devel-
oped in low-pressure foam injection molding with gate-nucleated bubbles, and when and how cell nucleation occurs in
high-pressure foam injection molding with a more uniform pressure drop.

Keywords: processing technologies, nucleation mechanism, foam injection molding, in-situ visualization, polystyrene

1. Introduction

Foam injection molding (FIM) is an encouraging
manufacturing method, owing to its capability to
produce lightweight products by using less material
and consuming less energy at fast production rates.
In addition, recent studies have demonstrated that
the formation of the cellular structure in FIM can
improve mechanical and physical properties of the
foamed parts [1-3]. However, most of the underly-
ing mechanism(s), contributing to the cellular struc-
ture development, are not fully understood in this
technology. The absence of a comprehensive under-
standing of bubble nucleation mechanisms, bubble
dynamics, and mutual interactions of growing bub-
bles and fillers not only limits any structural improve-
ment to empirical trial and errors, also hinders new
material designs for enhancement of specific prop-
erties in products.

*Corresponding author, e-mail: park@mie.utoronto.ca
© BME-PT

Although extensive research has been conducted to
interpret the foaming phenomena in FIM, character-
ization was performed on the final structure after the
samples were stabilized [4]. Therefore, the foaming
phenomena were not tracked during the process.
Additionally, most of hypotheses or theoretical sim-
ulations were not experimentally verified [5, 6]. In this
context, the in-situ observation of foaming phenom-
ena drew significant attention amongst researchers
[7-10]. Villamizar and Han [7] designed a rectangu-
lar visualization mold with transparent quartz walls
to investigate the bubbles’ dynamics in conven-
tional structural FIM. Mahmoodi ef al. [8] used a
visualization setup in which one side of the mold
cavity was replaced with a multi-layer glass block
in the moving part of the mold. They conducted full-
shot FIM experiments using polystyrene (PS)/carbon
dioxide (CO,) system to visualize cell growth and
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collapse during non-isothermal mold filling. Ishikawa
and Ohshima [9] designed a visualization mold in
which a glass prism targeted the far end of the mold
cavity to investigate the foaming behaviour of poly-
propylene (PP) blown with CO, during mold open-
ing. Ishikawa ef al. [10] extended their study to com-
pare the nucleation effectiveness of nitrogen (N3)
with that of CO,. Yamada et al. [11] observed a multi-
layer core structure in FIM experiments of PS blown
with N», and justified this phenomenon by the local
cavity pressure.

Our study explains the development of a new visu-
alization mold for online observation of bubble
nucleation and growth dynamics in FIM, compatible
with laboratory-scale and small size injection mold-
ing machines. Compared with previous designs, ours
provides novel features such as visual accessibility
to critical locations in the mold, i.e., near the gate, far
from the gate, and the area in-between them, while
measuring the pressures at the visualized locations.
Another unique component of our design is the gate
pressure transducer, which can be used, along with
other pressure transducers across the mold cavity, to
measure the pressure difference before and after the
gate. In our previous study, it was demonstrated that
the pressure distributions before the gate and along
the mold cavity provide critical information about
the foaming dynamics during filling [4]. Neverthe-
less, most bubble nucleation and growth phenomena
had to be theorized based on the pressure data
because of the lack of visualization data. On the other
hand, the visualized foaming results in the literature
could not be properly interpreted due to the lack of
pressure distributions in the cavity. The earlier
researchers used a pressure transducer either at the
end of the cavity [7], near the end [9], or near the gate
[11]. Although the measured pressure was used for
the interpretation of their data, the local pressure and
visualized data could not describe the entire foam-
ing phenomena in the mold cavity as the pressure
profile changes along the mold cavity.

Unlike most available designs, the selection of small
transparent windows in our design minimizes the
effective polymer/glass interface, simulating a more
realistic FIM process in terms of the heat transfer
and the rheological implications on the cavity sur-
face (Figure 1). Also, it reduces the probability of any
thermal shock, or mechanical damage under high
packing pressures. The location of the viewing win-
dows in the fixed plate, on the opposite side of the

mold cavity, makes it possible to perform various
experiments by simply changing the mold insert,
some of which includes, but is not limited to, gas-
assisted FIM studies, shear/extension induced FIM,
and the study of flow in various channels. Also, the
mold can be utilized to investigate other FIM tech-
nologies such as gas-counter pressure (GCP) [12,
13] and mold opening (core back) [9, 10, 14, 15]. The
designed mold can be utilized to further investigate
the mechanisms of bubble nucleation/growth, inter-
action between bubbles and fillers [16, 17], the effect
of formed crystals on foaming [18], weld-line stud-
ies [19], defects [20], and model verifications [21].
Since no commercial software can accurately
describe the microcellular MuCell or structural FIM
technologies, the use of the designed visualization
mold will elucidate the details of the bubble nucle-
ation mechanisms in FIM, and will provide reliable
experimental data for model verification and soft-
ware validation.

In this article, we demonstrate the dominant bubble
nucleation mechanisms in low- and high-pressure
FIM technologies by means of in-situ visualization.
Polystyrene/CO, mixtures have been used as a case
example.

2. System development

A detailed sketch of the designed visualization mold
is shown in Figure 1. A prism-insert was designed and
manufactured at which a right-angle glass prism
was mounted to reflect the cavity images to a cam-
era. The prism was a pure non-crystalline fused sil-
ica 7980 from Meller Optics Inc., with low refrac-
tive index variations, low birefringence values, and
a low thermal expansion coefficient. The view sur-
faces of the prism were optically polished, and its
hypotenuse was silver-coated in order to provide
mirror action. The physical and optical properties of
the prism are summarized in Table 1.

The reflective prism was precisely encased in a 4-
piece prism-insert (Figure 1a). An insert pocket was
then cut into a block of P20 mold steel and the
prism-insert was fixed inside the mold. Three round,
fused silica windows were provided from BMV Opti-
cal and mounted in a metallic frame. To ensure that
the pressure readings represented the local pressure
of the visualized spot, each window was carefully
located in front of each of the cavity pressure trans-
ducers on the opposite side of the cavity. To meas-
ure the pressure before the gate, a Dynisco pressure

463



Shaayegan et al. — eXPRESS Polymer Letters Vol.10, No.6 (2016) 462—469

1 — Mold stationary plate; 3 - Sprue;

5 — View window frame;
2 — Prism-insert; 4 — (Gate) pressure transducer;

7 — Guide bushing;
B — View windows;

9 — Mold moving plate;
8 — Prism;

10 — Mold cavity

Upper plate

Middle plates

Lower plate

c) B("’"

77

Lens

/// /K}\\“

Sae

d)

Figure 1. a) Prism-insert; b) top sectional view of the visualization mold stationary plate, the principle of the reflective
prism, and the location of view windows; c¢) detailed design of the visualization mold stationary plate; d) top sec-

tional view of the complete visualization mold

Table 1. Properties of fused silica

Part Grade Birefringence | Shear Modulus™ | Bulk modulus™ | Surface finish | Surface flatness | Density
[nm/cm] |GPa] |GPa]) [seratch/dig] [wave] [g/em?]
Prism 7980 Standard <5 31.0 35.9 40-10 1 2.20
Window |7980 KrF <1 31.4 354 40-10 1 2.20

“Properties measured at 25 °C

transducer (Franklin, USA) was incorporated into
the mold and its sensor surface was flush-mounted.
The complete assembly of the visualization mold
with a detailed view of the assembly section is shown
in Figure 2.

3. Materials and equipment

A grade of PS from Americas Styrenics (The Wood-
lands, TX), MC3650, with MFI = 13.0 g/10 min, was
blown using CO; from Linde Gas Canada (Toronto,
Canada). Nitrogen from Linde Gas Canada (Toronto,
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Figure 2. a) Visualization mold assembly and detailed location of the pressure transducers; b) gate and cavity cross section
with identified locations (¢ = 0 s at the entrance of the cavity)

w
(9]

Canada) was used as the GCP medium. A 50 ton ery system was used to perform FIM experiments.
Arburg ALLROUNDER 270C injection molding A rectangular mold cavity with nominal dimensions
machine equipped with a Trexel MuCell SCF deliv-  of 135 mmx111 mmx3.2 mm, fed by a fan gate, was
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Table 2. Processing parameters (in all experiments: Tier = 230 °C; Tvolg = 25-30°C).

Process Shot size CO, | Packing pressure | Packing duration | Injection speed GCP Barrel pressure
Icm3] IWt%] [MPa] [s] Icm3/s] [MPa] [MPa]

Low-pressure FIM

(~20% void fraction)| 0 2 0 None 50 None 17
Low-pressure FIM

(<5% void fraction) 38 2 0 None 50 None 17
High-pressure FIM 62 2 16 1 50 None 17
Near full-shot FIM +

GCP 60 1 0 None 50 3.5 17

used to mold the samples. The imaging system con-
sisted of a CV M 10 camera from JAI and a magnify-
ing lens from Navitar connected to a computer.

To investigate the governing bubble nucleation mech-
anisms in FIM, three types of experiments were car-
ried out, namely low-pressure FIM [4], high-pressure
FIM [3], and (almost) full-shot FIM using GCP [3].
The processing parameters for the FIM experiments
are listed in Table 2. This should be noted that three
critical locations were identified for the visualiza-
tion of the mold cavity, such that Location A was near
the gate, Location C was far from the gate and close
to the end of the mold cavity, and Location B was in
between Locations A and C (Locations A to C corre-
spond to each view window illustrated in Figure 1c).
The visual observations demonstrated in this research
were carried out at Location B, and the time refer-
ence (i.e. =0 s) is set as the moment the melt/gas
mixture enters the cavity (see Figure 2b).

4. Results and discussion

In FIM processing, a physical or chemical blowing
agent (BA) is homogeneously mixed with the poly-
mer melt, followed by a thermodynamic instability
to induce bubble nucleation to the system [4]. The
bubble nucleation mechanism and the final cellular
structure are a strong function of the acquired ther-

modynamic instability, via the pressure drop, which
in turn depends on the type of the FIM process.

In low-pressure FIM, the mold cavity was partially
filled with the melt/gas mixture [22]. In this scheme,
the pressure of the melt/gas mixture dropped below
the solubility pressure of the dissolved BA once it
entered the mold cavity; therefore, a myriad of cells
(i.e. gate-nucleated bubbles) nucleate at the gate.
Figure 3a schematically shows the cell nucleation
and free-expansion growth in low-pressure FIM. As
illustrated, gate-nucleated bubbles grow, get sheared
and elongated, and coalesce during their travel along
the mold cavity. Figure 3b shows the successive
snapshots of the cavity visualization for a low-pres-
sure FIM with 20% void fraction. Because of the
large void fraction, the cavity pressure remained
below the solubility pressure of the BA; hence a
large number of cells were nucleated at the gate
under a fast pressure drop rate, and the (foggy) melt
front was associated with fast cell nucleation and gas
escape. In this case, the nucleated bubbles could not
be visually detected. In order to visualize the behav-
iour of bubbles, we increased the shot size (i.e.
smaller void fraction) such that the increased cavity
pressure suppressed the cell nucleation at the gate
to a large extent. Therefore, a smaller number of
cells were induced during filling, and a clear image

[=14s

Figure 3. a) Schematic of low-pressure FIM (formation and growth of gate-nucleated bubbles, which get sheared and coa-
lesced during mold filling and free expansion; the hatched area shows the formed skin layer); b) successive snap-

shots for low-pressure FIM experiments of PS-2% CO, with 20% void fraction. (Injection Speed = 50 cm?s™';

—1.

Tl = 230°C; Visualization location = B. The time was set to zero at the moment when the melt entered the mold

cavity.)
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Figure 4. Mechanism of bubble nucleation in FIM: a) Low-pressure FIM, CO, = 2%; void fraction <5%; b) high-pressure
FIM, CO; = 2%, pack pressure = 16 MPa, packing time = 1 s; ¢) foam injection molding using GCP, CO; = 1%,
GCP removal time = 7 s (Injection speed = 50 cm>s™'; Tiey = 230°C; Visualization location = B. The time was
set to zero at the moment when the melt entered the mold cavity.)

was obtained, as shown in Figure 4a. The bubble
nucleation occurred very quickly as a result of the
pressure drop obtained over the gate (where the
time was set to zero). As the melt flowed along the
cavity, the gate-nucleated bubbles grew as a sensi-
tive function of the mold pressure by the diffusion
of the remaining gas molecules into the nucleated
bubbles, as shown for = 2.3 to 8.9 s in Figure 4a.
Because of the pressure gradient across the mold
cavity and bubble coalescence, considerable inho-
mogeneity in the foam morphology is typically
developed at different locations of the mold.

In high-pressure FIM, on the other hand, a full shot
was used to completely fill out the mold cavity. As
in the case of low-pressure FIM, foaming occurred
upon the entry of the melt/gas mixture into the mold
cavity. However, all the gate-nucleated bubbles are
to re-dissolve into the melt under the cavity pres-
sure in this method. If the cavity pressure does not
suffice for dissolution of gate-nucleated bubbles,
then the melt packing pressure can be continuously
applied. The pressure drop, responsible for bubble
nucleation, is then attainable during melt solidifica-
tion and shrinkage. As shown in Figure 4b, foaming
started upon the entry of the melt/gas mixture into

the cavity, and the melt front advancement was asso-
ciated with bubble nucleation, foaming, and gas-
escape. However, the gate-nucleated bubbles disap-
peared under the cavity pressure and new bubbles
eventually nucleated, after about 9 seconds, during
solidification. Therefore, the main difference between
the nucleation mechanism in low-pressure and
high-pressure FIM schemes was the source of the
pressure drop, which induced bubble nucleation.

In order to increase the surface quality and structural
homogeneity of FIM parts, the FIM process was per-
formed using GCP [12, 13]. In this method, the mold
cavity was charged with GCP, higher than the solu-
bility pressure of the dissolved BA, prior to the fill-
ing step. This high-pressure gas was then exhausted
as the injection proceeded. Figure 4c illustrates suc-
cessive snapshots from visualization results of FIM
experiments using GCP. As demonstrated, the GCP
prevented foaming and gas-scape, evidenced by a
smooth and transparent melt front, and postponed
the bubble nucleation moment till the end of the fill-
ing stage. Once the GCP was removed, bubble nucle-
ation occurred.

The cavity pressure profiles, at Locations A and B,
corresponding to the aforementioned experiments
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Figure 5. Pressure profiles in FIM experiments at 50 cm®:s! a) low- and high-pressure FIM; b) FIM+GCP (The time refer-
ence is the moment of the melt entry into the mold cavity.)

are shown in Figure 5. The cavity pressures in high-
pressure FIM were higher than those in low-pres-
sure FIM, due to the application of melt packing.
Further, while a discrepancy was observed in pres-
sure-decay profiles recorded at Locations A and B in
low-pressure FIM, the pressure profiles almost
coincided in the cases of high-pressure FIM and
FIM experiments using GCP. Compared with the
high-pressure case, a greater discrepancy in the
pressure-decay profiles recorded at Locations A and
B of low-pressure experiments indicated on bigger
bubbles at Location B and a larger structural hetero-
geneity. The study of pressure profiles in experi-
ments using GCP revealed that a very rapid pres-
sure drop, but similar, was obtained at both
Locations A and B upon the GCP release, enhanc-
ing the bubble nucleation rate and improving the
structural uniformity.

5. Conclusions

An innovative visualization mold was successfully
designed and used to investigate bubble nucleation
and growth in foam injection molding. Visualization
results revealed that the prevailing nucleation mech-
anisms in low-pressure foam injection molding is
the one occurring as a result of the pressure drop
obtained at the gate. In high-pressure foam injection
molding, in contrast, the gate-nucleated bubbles dis-
appeared under the high pressure of the mold cavity
using melt packing, and the nucleation of new bub-
bles, happening during melt solidification and
shrinkage, governed the ultimate cellular structure.
The pressure profiles recorded at visualized spots
indicated on a higher cavity pressure, required for
the dissolution of gate-nucleated bubbles in high-
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pressure foam injection molding. By the application
of gas-counter pressure, bubble nucleation was pre-
vented till the end of the mold filling, and initiated
upon the gas-counter pressure removal. By combin-
ing the information from in-situ visualization and
cavity pressure, proper processing conditions can be
effectively derived for each processing scheme.
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Abstract. A facile and efficient approach to reduce graphene oxide with Al particles and potassium hydroxide was devel-
oped at moderate temperature and the graphene/epoxy composite was prepared by mould casting method. The as-prepared
graphene has been confirmed by Transmission electron microscopy, Fourier transform infrared spectrometer, Raman spec-
troscopy, X-ray diffraction, X-ray photoelectron spectroscopy and Thermal gravimetric analysis. This provides a new green
way to synthesize graphene with high surface area and opens another opportunity for the production of graphene. Effects of
graphene on thermal conductivity, thermal stability and microstructures of the epoxy-based composite were also investi-
gated. The results showed that thermal conductivity of the composite exhibited a remarkable improvement with increasing
content of graphene and thermal conductivity could reach 1.192 W/(m-K) when filled with 3 wt% graphene. Moreover,

graphene/epoxy composite exhibits good thermal stability with 3 wt% graphene.

Keywords: polymer composites, oxidation, graphene, graphene oxide, thermal conductivity

1. Introduction

Epoxy resin has gained broad attention in various
occasions such as printed circuit board, heat
exchanger, thermal interface material [1] due to its
good adhesion, corrosion resistance, mechanical
properties, chemical stability, electrical insulation,
low shrinkage and easy processing etc. [2, 3]. How-
ever, brittleness [4, 5] and low intrinsic thermal con-
ductivity of epoxy based composites limit their poten-
tial applications. With further miniaturization of
microelectronics, thermal conductivity of polymer
material could not meet the requirement of desir-
able thermal conductance in some special cases [6].
Moreover, integration of transistors has resulted in
the escalation of power dissipation as well as an
increase in heat flux on the devices. In general, the
lifespan of high performance device depends on the
heat dissipation capability to some extent [7, 8].
Therefore, it is essential for the heat generated from

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

the devices to dissipate as effectively as possible.
Many ceramic fillers with high thermal conductivity,
such as aluminum nitride [9-12], alumina [13, 14],
boron nitride [15] and silicon nitride [16] have been
reported to improve the thermal conductivity of poly-
mers. Although many researches have been focused
on this issue, it still remains unsolved plus some
restrictions such as high loading amount and the
poor adhesion between filler and matrix.

Graphene emerges as a fascinating material in many
technical applications like electronic [17], capacitor
[18] and sensor [19] due to its extraordinary electric,
thermal and mechanical properties and can be a
desirable candidate as thermally conductive filler.
Many different approaches for the preparation of
graphene have been reported [20-22]. However, the
large-scale fabrication of graphene is still a great
challenge, which restricts its further applications.
Kim et al. [20] reported a large-scale pattern growth
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of graphene films for stretchable transparent elec-
trodes via chemical vapor deposition (CVD) on thin
nickel layers and Li [21] grew large-area graphene
on copper substrates by CVD using methane. How-
ever these approaches have not been expanded
broadly because of the high cost and complicated
preparation technology. Chemical reduction [23, 24]
of graphene oxide (OG) is also considered as an effi-
cient technique to produce graphene on a large scale
in spite of its unclear mechanism. Unfortunately,
commonly used chemical method is complicated
and the reducing agents such as hydrazine [25],
sodium borohydride [26], hydroquinone and
dimethylhydrazine [27] are hazardous. Besides,
some non-carbon impurities can be inevitably intro-
duced into the graphene due to the remaining oxy-
gen atoms. Therefore, a green and efficient method
to produce graphene is urgently needed.

Herein, a facile approach is developed to get reduced
graphene oxide (RGO) by chemical reduction of OG,
which can be conducted using aluminum powder as
the reducing agent under alkaline conditions. This
approach provides enhanced reducing strength com-
pared with the previous work of Xiaobin [28] and
Zhuangjun [29]. Moreover, the obtained graphene
suspension is stable within several weeks. Effects of
graphene on thermal conductivity, thermal stability
and microstructures of the RGO/epoxy composite
were also investigated.

2. Experimental

2.1. Materials

As-received purified natural graphite was supplied
by Qingdao Zhong Tian Company. Epoxy resin uti-
lized in this study was a nominally difunctional
epoxy resin, bisphenol-A glycidol ether epoxy resin
(DGEBA) with an epoxy equivalent of 196 and an
average molecular weight of 300 to 400, which was
supplied by Lan Xing New Material Wuxi Resin
Co. 2-ethyl-4-methylimidazole (EMI-2, 4) served
as a curing agent and was provided by Sino pharm
Chemical Reagent Co., Ltd. Acetone, potassium
hydroxide (KOH) and hydrochloric acid (HCI)
were received from Tianjin Fu Yu Fine Chemical
Co., Ltd. Concentrated sulfuric acid (H,SO4, AR,
96~98%) was purchased from Daxing District Indus-
trial. Potassium permanganate (KMnQO,) and hydro-
gen peroxide (H,O,) were supplied by West Long
Chemical Co., Ltd. Shantou. Aluminum powder with
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a diameter of 8~10 um was purchased from Henan
Yuanyang Aluminum industry Co., Ltd. The reagents
and materials were directly used without further
purification unless otherwise indicated.

2.2. Chemical reduction of OG

The OG was prepared by modified Hummers’
method [30, 31] with purified natural graphite. Typ-
ically, OG suspension was obtained by dispersing the
as-prepared OG in distilled water with a concentra-
tion of 2 mg/mL under intensive sonication for 1 h.
The reduction was carried out in water bath at 70 °C
for 30 min with mild sonication by adding 5 mg alu-
minum powder and 6 M potassium hydroxide. Sub-
sequently, the original brown suspension turned black
after heated to the desired temperature. Finally, 0.5 M
hydrochloric acid was added to neutralize excess
alkali. The schematic illustration of the reduction
procedure is shown in Figure 1.

2.3. Preparation of RGQO/epoxy composites
The as-prepared RGO was dispersed in acetone
under an ultra sonicator bath for 30 min. The dis-
persion was mixed with DGEBA and the ratio of
RGO/DGEBA mixture was adjusted for different
content of RGO. The mixture was placed in a warm
sonicator bath at 65°C until most of the solvents
were removed. Subsequently, appropriate amount of
curing agent was added. The mixture was stirred for
a while to get good homogeneity and accelerate the
evaporation of acetone, then placed at 60 °C for con-
tinuous vacuum in order to completely remove the
solvent and get rid of air bubbles. Finally, the mix-
ture was slowly poured into a mould and the whole
system was placed in an oven. The RGO/epoxy com-
posites were fabricated by curing the mixture at
70°C for 3 h, then 110°C for 1 h and at 150°C for
3h

OH
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Figure 1. Schematic illustration of the preparation of RGO
under alkali condition
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2.4. Instrumental analysis

Infrared Spectra were obtained using a WQF-310
type Fourier transform infrared (FT-IR) spectrome-
ter manufactured by Beijing Second Optical Instru-
ment Factory. The RGO samples were ground into
powder, and then made into KBr tablet. The spec-
trum was collected in a range from 4000 to 400 cm ™.
The resolution of apparatus was 4 cm™' and the num-
ber of scans was 16 times. The as-prepared samples
were characterized by Raman spectra (HR 800) and
X-ray photoelectron spectra (XPS; PHI5S300, Perkin-
Elmer) for structure characterization and element

e)

analysis. The phase structures of OG and RGO were
detected by X-ray powder diffraction (XRD; X Pert
Pro model, Holland) with a scan rate of 5°/min. The
X-ray patterns from 10 to 80° were obtained. Trans-
mission electron microscopy (TEM) was taken on
H800-type (Hitachi Co.) to characterize the micro-
structures of OG and RGO. Thermal conductivity
was conducted by employing a Hot Disk thermal
analyzer (Hot Disk AB, Uppsala/Sweden) using tran-
sient place source (TPS) method. A disk-shaped
TPS sensor with a diameter of 7 mm and a thickness
of 0.07 mm was placed between two circular sam-

100 nm

Figure 2. TEM micrographs of RGO under different magnification (a~d). Photographs of OG and RGO dispersion solution (e)
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ple pieces with diameters of 20 mm and thicknesses
of 2 mm. The upper surface and lower surface were
polished with fine sand paper prior to use. The mor-
phology was observed using a field emission scan-
ning electron microscope (FESEM) (JSM-6360LYV,
Japan).

3. Results and discussion

3.1. TEM analysis of RGO

TEM images of RGO under different magnification
are shown in Figure 2a, 2d). It can be observed from
Figures 2a and 2b that the crumpled silk waves of
graphene sheets possess large surface areas. Some
graphene sheets fold and crinkle at some places,
which can be seen in Figures 2¢ and 2d. Moreover,
the as-prepared RGO is mostly monolayer while
some multiple-layered graphene also exist, the thick-
ness of which ranges from 5 to 50 nm (Figure 2d).
The multiple-layered graphene should also exfoli-
ate to monolayer as it experiences further ultrasonic
treatment and agitation during the preparation. Dur-
ing the reduction process, a large amount of hydro-
gen bubbles were produced and the yellow-brown
graphite oxide suspension gradually turned black,
which are indicative of successfully deoxygenation
of graphite oxide. The as-prepared RGO is very sta-
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ble in water within several weeks, which can be
seen in Figure 2e.

3.2. Structural characterization of OG and
RGO

FTIR spectra shown in Figure 3a confirm the oxida-
tion of graphite and identify specific functional
group indicating the successful reduction of OG. A
broad and intense peak centered at 3375 cm™! from
the spectrum of OG is attributed to the stretching
vibration of ~OH group. The peak around 1608 cm™
is associated with vibration of absorbed water mole-
cule [32] and also somewhat attributed to the skele-
tal vibrations of non-oxidized graphitic domains
[33]. The characteristic peak at 1716 cm™ is attrib-
uted to the stretching vibration of C=0O bond in
—COOH group. The signal at 1037 cm™ is assigned
to the stretching vibration absorption of the C—O-C
bond. After deoxidization, the characteristic peaks of
C=0 bond and C—O—C bond disappeared. Moreover,
the absorption peak of ~OH group became weak and
narrow and the peak around 1620 cm™' decreased,
indicating most of the oxygen-containing functional
groups of OG were successfully deoxidized.

The structural changes of OG after reduction can
also be reflected in the Raman spectra shown in Fig-
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Figure 3. FT-IR spectra (a), Raman spectra (b), XRD patterns (c) of OG and RGO
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ure 3b. Ip/lg ratio can be used to qualitatively char-
acterize the change of defects in the carbon materi-
als. The intensity ratio (Ip/lg) for OG was slightly
increased after reduction. The reason may be that a
decrease in the average size of the sp?> domains upon
the reduction of OG, indicating the formation of
some sp* carbon after acid oxidation. The underlying
mechanism is still unclear. The intensity ratio (/p/I)
of the D bond and G bond of OG is about 0.827,
while the ratio of RGO is 0.876. This Ip/IG ratio is
consistent with the results reported by other
researchers [34]. D band of RGO becomes stronger
and broader, indicating that a higher level of disor-
der of the graphene layers and defects were intro-
duced. XRD is used to further study the changes in
structure. The XRD patterns shown in Figure 3¢ indi-
cate that OG has a larger interlayer distance (20 =
10.3) from (001) due to the formation of hydroxyl,
epoxy, and carboxyl groups. After reduction, the
interlayer distance decreases due to the removal of
some oxygen-containing functional groups, which
means that the sp? carbon is reestablished during the
reduction. This can be explained by the ring-open-
ing reaction of the epoxides. The complete disap-
pearance of the native graphite XRD peaks in the
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pattern of the obtained graphene supports its single
sheet nature.

3.3. XPS characterization and TGA analysis
The chemical compositions of OG and RGO were
investigated by XPS. The XPS survey is presented
in Figure 4a and high-resolution Cls spectra of OG
and RGO were shown in Figure 4b and Figure 4c,
respectively. The survey clearly revealed that the
intensity of O1s peak of RGO decreased obviously as
compared to that of OG, suggesting the ratio of C/O
increased remarkably after chemical reduction.
That is to say, the majority of oxygen-containing
functional groups were successfully removed. The
increased C=C peak at 284.8 eV and decreased sig-
nal intensity of C-O at 286.9 eV in Cls XPS spec-
trum of RGO further indicate the reduction of
graphite oxide and formation of graphene.

Thermal stabilities of OG and RGO are investigated
by TGA and the result is shown in Figure 4d. OG is
thermally unstable and starts to lose mass upon
heating even below 100 °C. There is a sharp weight
loss at approximately 200 °C, which is caused by
the decomposition of oxygen-containing functional
groups into CO, CO,, water vapor and so on. Hence,
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Figure 4. XPS spectra and TGA curves of OG and RGO. XPS Survey (a), high resolution Cls region of OG (b) and

RGO (c), TGA curves (d).
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the thermal decomposition of OG is accompanied by
a vigorous release of gas, resulting in a rapid ther-
mal expansion of the material, which is revealed in
the curve. After reduction, thermal stability of RGO
increased due to the removal of thermally labile
oxygen-containing functional groups, indicative of
the successful reduction process. Besides, no signif-
icant weight loss can be found after heated up to
800°C.

3.4. Thermal properties and microstructure of
RGO/epoxy composites
Figure 5a shows that with the increasing content of
RGO, there is a significant increase in thermal con-
ductivity of the RGO/epoxy composites. This is
because that adding the fillers could form a thermal
conductive network path. Furthermore, higher filler
content could form more conductive paths thus
increasing the heat flow of the surface [35, 36]. Ther-
mal conductivity is affected by the filler structure,
loading, and dispersion. Besides, the interfacial
physical contact between polymer and filler is also
very critical since phonons are very sensitive to sur-
face defects. Previously, we did some research on the
amino-functionalized MWCNT/epoxy composites

2.0
u— m-MWCNT
& RGO/epoxy

1.75 A OG/epoxy (Kim et al.)
= ¥ Graphene/epoxy (Teng et al.)
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in order to decrease the interfacial barrier [37]. The
thermal conductivity of MWCNT/epoxy compos-
ites is significantly increased. However, the process
is a little more complicated than our method reported
here. The as-prepared RGO possesses higher sur-
face area and can connect with the epoxy adequately,
which reduces the barriers of phonon transport to a
large extent. Moreover, the excellent solubility of
RGO facilitates its dispersion in polymer compos-
ites, resulting in an increased contact surface area
between RGO and epoxy matrix. Accordingly, it
can facilitate the heat flows and promote phonon
diffusion in RGO/epoxy composites.

As can be seen in Figure 5a, thermal conductivity of
RGO/epoxy composite is almost the same as that of
amino-functionalized MWCNT/epoxy composite.
By contrast, thermal conductivity of composite with
RGO by common hydrazine reduction was a little bit
lower than that of RGO/epoxy composite acquired
by our method, which is also shown in Figure 5a.
RGO/epoxy composites prepared by this method
exhibit the best efficiency in improving thermal
conductivity, compared with those filled with ordi-
nary graphene or OG [38]. It was noticeable that ther-
mal conductivity of RGO/epoxy composite increased
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Figure 5. Thermal conductivity (a), thermal stability (b), and cross-section images (c) of epoxy-based composites
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significantly and reached 1.192 W/(m-K) when filled
with 3 wt% RGO, higher than that of OG/epoxy with
the same weight percentage (Figure 5a) by Kim et
al. [39]. In general, 40~50 wt% ceramic fillers is
required to achieve the comparable thermal conduc-
tivity. As is also indicated in Figure 5a, the thermal
conductivity of epoxy resin system increases obvi-
ously with increasing filler content up to 1 wt%. After
that, it tends to increase slower. This can be explained
by the established percolation theory [40].

Thermal stability of RGO/epoxy composite with a
filler content of 3 wt% is shown in Figure 5b. The
initial thermal decomposition temperature of pure
epoxy is 348 °C. Compared to the pure epoxy resin,
the initial thermal decomposition temperature of
RGO/epoxy composite increased about 40 °C. Ther-
mal stability of RGO/epoxy composite not only
depends on thermal stability of RGO itself, but also
relates to the dispersion of RGO in matrix and the
interaction between them. If agglomeration of RGO
exists, the relatively poor dispersion could make
some defects in the epoxy matrix, which will reduce
the initial decomposition temperature of the com-
posites. Besides, the good interfacial affinity between
RGO and matrix could delay the volatilization of
small molecules at high temperature, thus increas-
ing the thermal stability of the composites.
Cross-section SEM images of the RGO/epoxy com-
posite can be seen in Figure Sc. No aggregations can
be observed in the SEM images, indicating that RGO
is uniformly dispersed in the epoxy resin. RGO is not
easily observed in epoxy matrix even under higher
magnification, while cracks in cross section of the
composites verified that the adhesion between the
filler and matrix is strong enough. The cross section
of pure epoxy should be smooth and the crack is
uniform and orderly [39]. The introduction of RGO
can prevent rapid expansion of macroscopic crack
in matrix and cracks become disordered and con-
sume a part of the energy when subjected to exter-
nal forces. Overall, the as-prepared RGO can homo-
geneously disperse in the epoxy matrix and the results
show good interfacial affinity between RGO and
epoxy matrix, which are consistent with the results
of the thermal conductivity.

4. Conclusions

In conclusion, the exfoliated OG undergoes quick
de-oxygenation process by aluminum in alkali solu-
tions at moderate temperature. This provides a new

facile way to synthesize graphene with large sur-
face area and opens another opportunity for the pro-
duction of graphene. Results from TEM, FT-IR,
Raman, XRD, XPS and TGA analysis demonstrate
that RGO is successfully prepared by this new
method, although the reduction mechanism is still
not clear enough. What’s more, RGO/epoxy com-
posite exhibits remarkable improvement of thermal
conductivity. The thermal conductivity of RGO/
epoxy composite increased significantly and reached
1.192 W/(m-K) when filled with 3 wt% RGO. The
initial thermal decomposition temperature of RGO/
epoxy composite is improved compared with pure
epoxy resin from TGA analysis and the microstruc-
ture images further verify the good interfacial affin-
ity between RGO and epoxy matrix.
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Abstract. Biodegradable amphiphilic polyurethane films (bio-PUs) were synthesized by solvent free polyaddition reaction
of hydrophilic poly(ethylene glycol) (PEG) and hydrophobic poly(caprolactone) (PCL) as macrodiols with hexamethylene
diisocyanate. Samples were subsequently heat cured in order to obtain 3D crosslinked structure. Different PCL/PEG ratios
allowed controlling the toughness of the resulting bio-PUs. Significant enhancement of Young’s modulus, strength and
elongation at break was observed at a PCL/PEG molar ratio above 3. The change in the bio-PU mechanical behavior was
ascribed to the formation of crystalline PCL domains in the bio-PU network. The presence of PEG increased both the ability
to absorb water and the rate of hydrolytic degradation, while PCL increased the cell viability. Prepared solvent free bio-PUs

may advantageously be used in medicine as elastic resorbable material applicable against post-surgical adhesions.

Keywords: biodegradable polymers, polyurethane, elastomer, poly(ethylene glycol), poly(caprolactone)

1. Introduction

Polyurethanes (PUs) form diverse class of elastomers
covering a broad range of chemical and physical
properties. In addition to industrial applications, their
structure can be also formed from bioresorbable
materials for the use in human medicine [1-4]. Favor-
able parameters of PUs for the use particularly in
tissue engineering are tissue-specific biocompatibil-
ity, biodegradability, mechanical flexibility and mod-
erate blood compatibility. PUs were initially used in
medicine as bio-inert, hydrolytically stable materi-
als (e.g. ventricle assist devices or heart valves [5]).
Later on, bioresorbable PUs were introduced for var-
ious tissue constructs such as vascular grafts [6], car-

*Corresponding author, e-mail: vojtech.kupka@ceitec.vutbr.cz
© BME-PT

tilage [7], cancellous bone graft substitutes [8] or as
grafts for small diameter vascular replacement [9].

Moreover, bioresorbable PUs can be tailored to pos-
sess a broad range of mechanical properties by selec-
tions and content of soft and hard segments [10, 11].
Soft segments are commonly polyols represented by
polyesters such as poly(e-caprolactone) (PCL), poly
(lactic acid) and poly(glycolic acid) or polyethers
like poly(ethylene glycol) (PEG) and poly(propy-
lene glycol) having a low glass transition tempera-
ture (lower than 25 °C). The hard segments are pro-
vided by the combination of the chain extender and
the diisocyanate component. The nature of hydro-
gen bonding in the hard segment causes a mutual
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attraction leading to a formation of hard and soft seg-
ment domains [12]. To eliminate the concern of aro-
matic amine by-products, the utilization of aliphatic
diisocyanates (as alternatives to aromatic ones) pro-
vide a route to synthetize biodegradable polyure-
thanes yielding non-toxic degradation products [3].
Generally, PUs are synthesized either by polymeriza-
tion in a solvent or in bulk. Subsequently, processing
of PU polymers into films is carried out by dissolv-
ing the polymer in a solvent such as dimethyl sulfox-
ide (DMSO) or dimethylformamide (DMF) followed
by casting into a mold. A range of bioresorbable lin-
ear PU systems has already been described in the lit-
erature [13-20]. However, avoiding the use of
organic solvent is a favorable parameter for a mate-
rial with the potential use in medicine.

In this work, we present novel and original solvent
free ‘green chemistry’ procedure yielding compact
biodegradable cross-linked PCL/PEG bio-PU films
eliminating organic solvents commonly used in PU
synthesis. Polymerization conditions were optimized
and the effect of PCL/PEG ratio on the prepared bio-
PU structure and physical properties is discussed
below.

2. Experimental

2.1. Chemicals

Poly(e-caprolactone) diol (PCL, M, = 530 g-mol™,
Sigma-Aldrich, Germany) and poly(ethylene gly-
col) (PEG, M, = 400 g-mol™!, Sigma-Aldrich, Ger-
many) were degassed at 130 °C for 3 hours before the
synthesis; 1,6-diisocyanatohexane (HDI, 98%, Sigma-
Aldrich, Germany) was degassed at the laboratory
temperature for 3 hours. Tin(II) 2-ethylhexanoate
(95%, Sigma-Aldrich, Germany) and gaseous nitro-

HO{/\/ OEL;H

o]
0=C= N—(— CHZ)—NZCZO Howo
6 m

gen (99.999 %, SIAD Czech spol. s r.0.) were used
as received. Dealing with wide-angle X-ray scatter-
ing (WAXS) measurements high molecular weight
poly(e-caprolactone) (PCL, M, = 80 000 g-mol !,
Sigma-Aldrich, Germany) was used due to its high
crystallinity. Ultrapure water (UPW) of type Il
according to ISO 3696 was prepared on Elix 5 UV
Water Purification System (Merck Millipore).

2.2. Synthesis

Synthesis was carried out under nitrogen atmos-
phere using a high vacuum manifold utilizing
Schlenk’s technique in combination with nitrogen
flushed glove-box. Typical synthesis procedure is
described below.

PCL and PEG were used as macrodiol components
either alone or in the mixture under given PCL/PEG
molar ratio. Both PEG and PCL were chosen with
the low number average molecular weight (M, =
400 g-mol™" and M, = 530 g-mol!, respectively), to
allow easy casting of the reaction mixture into the
mold at laboratory temperature. Firstly, degassed
macrodiols were mixed together at the laboratory
temperature for 1 hour. Consequently, 0.03 mol% of
tin(IT) 2-ethylhexanoate catalyst (related to moles
of —OH groups in the mixture) was added followed
by vigorous stirring for 1 hour to maximize disper-
sion of the catalyst. Finally, HDI in the molar ratio
of NCO/OH = 1.2 was dosed into the diol mixture
in glove-box, stirred at 250 rpm and the viscous
polymer was poured into the 1 mm thick top-cov-
ered teflon® mold. The sample was left to cure
overnight in the mold at room temperature followed
by post-curing in the oven for 24 hours at 65 °C.
Seven series of bio-PUs was prepared with varying

H

olyethylen glycol (PEG hexamethylene poly-e-caprolactone (PCL)
po gydrogpﬁilic( : diisocyanate (HDI) hydrophobic

stannous
octoane

linear polymer

heat curing

D =

urethane bond: o) NH
R/ ~ lc -~ ~ R.
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Figure 1. Procedure scheme for preparation of bio-PU films
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Table 1. Composition of the prepared PU samples differing
in the amount of PCL and PEG

PU sample M?lar We.ight NCO/OH -
label ratio of ratio of ratio Turbidity
PCL/PEG | PCL/PEG

PUpgg 0/100 0/100 1.2 Transparent
PUg3 24/76 30/70 1.2 Transparent
PUpg 43/57 50/50 1.2 Transparent
PU;g 64/36 70/30 1.2 Transparent
PU; 75/25 80/20 1.2 Translucent
PUg7 87/13 90/10 1.2 Translucent
PUpcrL 100/0 100/0 1.2 Translucent

PCL/PEG molar ratio. The scheme of the procedure
is sketched in Figure 1. The composition of the pre-
pared samples is summarized in Table 1.

2.3. Characterization methods

2.3.1. Temperature profiles acquisition
Temperature profiles were acquired by thermocou-
ple inserted into the reaction mixture. The synthesis
procedure was performed similarly to the described
one in chapter 2.2. Instead of pouring the reacting
mixture into the mold, the mixture was let to react
until the obvious temperature decrease was recog-
nized. Profiles were depicted for PUpgg and PUpcr
samples. Each profile was measured twice to con-
firm the acquired trend. Reported results are
depicted from the first measurement.

2.3.2. Ultraviolet-visible spectroscopy (UV-VIS)

Absorbance spectra were obtained using UV-VIS
spectrophotometer (Jasco V-630, USA) in the interval
of wavelengths from 240 to 1100 nm with resolution
of 0.5 nm. Films with a thickness of 1.0+0.1 mm
were placed directly into the light path and measured.

2.3.3. Attenuated total reflection infrared
spectroscopy (ATR-IR)

Attenuated total reflection infrared spectroscopy
(ATR-IR) was performed on Fourier-transform
infrared spectrometer (Bruker Tensor 27, USA)
equipped with a germanium crystal for ATR over the
spectral range from 4000 to 600 cm™ at the resolu-
tion of 4 cm™' and 32 scans.

2.3.4. Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) was performed
on the diffractometer (Rigaku MiniFlex 600, Japan)
with Cu K, radiation (A = 1.5406 A) operated at
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40 kV and 15 mA and the scattering angle (20) rang-
ing from 5 to 35° with the scan rate of 2°-min~' with
step of 0.02°. For calculating the size of crystallites
according to Scherrer equation, the baseline was set
as a line anchored to corresponding spectra from 15
to 30°. As a reference material, WAXS of a com-
mercial PCL (M, = 80000 g-mol™") with high crys-
tallinity was also measured.

2.3.5. Differential scanning calorimetry (DSC)

Calorimetric measurements were carried out utiliz-
ing differential scanning calorimetry (DSC) (Net-
zsch 204 F1, Germany) in nitrogen atmosphere.
Each sample (5-10 mg) was heated first from —80
up to 100°C with heating rate of 10°C-min~!. Raw
data were processed using the NETZSCH Proteus®
Software to obtain glass transition temperature (7}),
melting temperature (7},) and melting enthalpy
(AHy,). The crystallinity (o) was calculated from
the first DSC heating run according to Equation (1):

(%] AH_ 100
a. | %|l=—""F"
¢ W'AH?n

where AH,, is heat of fusion of the bio-PU sample,
AHY is heat of fusion of 100% crystalline PCL

(135.44 J-g ") [21] and w is the PCL’s weight frac-
tion in the bio-PU sample.

(1)

2.3.6. Thermogravimetric analysis (TGA)
Thermal decompositions of bio-PUs were investi-
gated using the thermogravimetric analysis (TGA)
(TA Q500, USA) with sample mass in the range
between 5-10 mg. All measurements were carried
out in nitrogen atmosphere with a flow rate of
100 mL-min~'. Heating rate was set at 10°C-min™!
starting from 25 up to 750 °C.

2.3.7. Swelling

Swelling ratio of 10x10x1 mm specimens was
measured in Ultrapure water (UPW) at laboratory
temperature. Sample weight was measured every
ten minutes within the first hour, every 20 minutes
within the second hour and then every hour for the
next 4 hours with the last measurement performed
after 1 day since the beginning of the swelling exper-
iment. Water uptake was calculated according to the
Equation (2):

W =™ Wy

Water uptake [%] = 100

2)
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where wy is the weight of swollen sample at the
given time and wy is the weight of dry sample. From
every sample three pieces were measured at each
time point and data were expressed as mean =+ stan-
dard deviation.

2.3.8. Hydrolytic degradation

Hydrolytic degradation tests employing the swelled
samples were carried out in an incubator at 37 °C in
UPW for 365 days. Each measurement was an aver-
age of 3 specimens and data were expressed as
mean =+ standard deviation. The specimens were
removed at the given time from vials with UPW,
wiped using filter paper and weighed to determine
the weight loss. The UPW was changed every two
weeks. Mass loss was calculated according to Equa-
tion (3):

wy —

714/} .100
)

Mass loss [%] = ”
0

where wy is the weight of swollen sample after
24 hours in water and w, is the weight of the sample
at the given time.

2.3.9. Extraction

Extraction of the bio-PU films was performed using
Soxhlet apparatus. Small 10x10x1 mm pieces of
dry bio-PU films were used for the extraction in
dimethylformamide (DMF) and in acetone. Extrac-
tions were performed for 8 hours in 200 mL of the
solvent followed by drying extracted samples in the
vacuum oven at 25 °C to the constant weight. Weight
loss was calculated according to Equation (4):

Wog — W,
uloo 4)

Weight loss [%] = "
0

where wy is the weight of the sample before extrac-
tion and w, is the weight of the sample after extrac-
tion. Extracts obtained from acetone with bio-PU
dissolved residues were thickened by acetone evap-
oration and dried in the vacuum oven to be ATR-IR
analyzed.

2.3.10. Tensile measurement

Tensile tests were performed employing a tensile
tester (Zwick Roell Z010, Germany) according to the
ISO 527 standard. Dog-bone specimens obtained
according to ISO 527-2/5B were 35 mm in length,
2 mm in width in the middle part, 1 mm thick and
gauge length was 10 mm. A 500 N load cell was used

for the measurements with a cross-head speed of
10 mm-min~! corresponding to a 100%-min~" defor-
mation rate. The 0.1 N preload was used and all ten-
sile measurements were performed at the laboratory
temperature. Six dog-bones were measured from each
sample and data were averaged to get the standard
deviation.

2.3.11. Confocal laser scanning microscopy
(CLSM)

Morphology of the bio-PU films was acquired by
confocal laser scanning microscope (Olympus OLS
3000 LEXT). Roughness average (R,) was evalu-
ated using the Olympus software. Five profiles were
acquired from each sample and data were expressed
as mean =+ standard deviation. The length of the pro-
file line for the R, parameter calculation was 126 pm.

2.3.12. Contact angle measurement

Contact angle measurements were carried out on
films using a contact angle apparatus (OCA 10,
Dataphysics, Germany). The used liquid probe was
ultrapure water. Drop of 1 puLL was deposited on a bio-
PU film and contact angle was acquired when steady
state for angle was reached (around ¢ = 10 s). Meas-
urement was repeated five times on each film and
data were expressed as mean =+ standard deviation.

2.3.13. Cell viability evaluation

Selected samples of PUpgg, PUs ¢ and PUpcy films
were tested for cytotoxicity by seeding human mes-
enchymal stem cells (MSCs) and evaluating their
adhesion and viability after 24, 72 and 168 hours.
Human MSCs were isolated from a fatty tissue of
three healthy donors who had undergone cosmetic
liposuction. Isolation of MSCs was based on the
incubation of fresh lipoaspirates with collagenase
and expanded in complete Dulbecco’s Modified
Eagle’s medium with low glucose. Bio-PU 1 mm
thick films in the form of 6 mm discs were sterilized
using a combination of UV (15 min) and ethanol fol-
lowed by incubation in culture medium (Dulbecco’s
Modified Eagle’s medium with L-glutamine, 10%
fetal bovine serum, 1% penicillin/streptomycin)
overnight at 37 °C. Cells were seeded on the films at
a density of 3-10* cells-cm-2 in 48-well plate. Bio-PU
films with seeded MSCs were cultivated at 37°C
and 5% CO, atmosphere. The medium was changed
every 3 days. Fluorescence microscopy and live/
dead staining (calcein-AM/propidium iodide) were
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used to determine cell viability acquired in 24, 72 and
168 hours after seeding. The mix of calcein-AM
(2 uM) and propidium (1,5 pM) in phosphate
buffered saline (PBS) was added to the cell-seeded
films and incubated for 15 min at 37°C and 5%
CO;, for live/dead cell detection. The cells were visu-
alized using a Zeiss Axio Imager 2 microscope.

3. Results and discussion

Seven bio-PU samples with different PCL/PEG
ratios were prepared in order to obtain biodegrad-
able films applicable in regenerative medicine. Lig-
uid low-molecular weight diols (hydrophilic PEG
(M, = 400 g-mol™") and hydrophobic PCL (M, =
530 g-mol™') were used for polyaddition reaction
with HDI without the use of any organic solvent.
Important feature of the procedure was finding a
proper time for pouring the reacting polymer into a
mold. The mixing time was set according to acquired
temperature profiles depicted in Figure 2. Rapid
temperature’s increase in the mixture of PEG with
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Figure 2. Temperature profiles of reaction between PEG
with HDI and PCL with HDI

a) b)

HDI or PCL with HDI after 90 and 140 sec, respec-
tively, was accompanied by increase in viscosity. In
order to easily pour the reacting mixture into the
mold the time of mixing was set at 80 sec for all the
samples.

3.1. Structural analysis

Captured images of samples in Figure 3 are show-
ing differences in opacity. Bio-PU films having
ratio PCL/PEG equal to 1.8 and lower were trans-
parent (Figure 3a), when the molar excess of PCL
was equal to 3 or higher bio-PU films became semi-
transparent (Figure 3b) and samples with higher
PCL’s content were opaque (Figure 3c). This phe-
nomenon was confirmed by UV-VIS measurements
(see Figure 4) showing that bio-PU films having
ratio PCL/PEG equal to 1.8 and lower were without
significant absorption in the visible spectra from
390 to 700 nm. However, when the molar excess of

1.0

0.8 4
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Figure 4. UV-VIS spectra showing change in opacity of
bio-PUs

[UI

Figure 3. Images of samples differing in opacity: a) transparent PUpgg sample, b) semi-transparent PU; ; and c¢) opaque PUpc,

c)
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PCL was equal to 3 or higher, absorbance increased
in the visible spectra range in agreement with semi-
transparent appearance of PUsz o sample. The highest
absorbance exhibited sample PUpcr with opaque
inhomogeneities.

The chemical structure of the synthesized bio-PU
samples was qualitatively evaluated using ATR-IR
spectroscopy. First, the spectra of PUpgg and PUpcp
were compared with spectra of neat PEG, PCL and
HDI (Figure 5) confirming the formation of urethane
bonds. Their characteristic bands are represented by
N-H stretching vibration at 3335 and at 3321 cm™!
for PUpgg and PUpcy, respectively. The absorption of
amide II (urethane N-H bending and C-N stretch-
ing) is located at 1536 cm™!. Strong absorption of
C=0 band is located at 1714 cm™' and, in the case of
PUpgg, it was assigned to hydrogen bonded carbonyl
groups in the disordered conformations [22]. In the
case of PUpcr the C=0 peak split into two peaks,
where the first one at 1730 cm™' belongs to non-
hydrogen bonded ester carbonyl groups and the sec-
ond one at 1683 cm™' was ascribed to hydrogen
bonded carbonyl in crystalline region [23].

Other peaks presented in the spectra were assigned
to asymmetric and symmetric CH, stretching
located at 2919 and 2866 cm™! for PUpgpg and at
2935 and 2858 cm™! for the PUpcy. Other CH, vibra-
tions are demonstrated by the bands at 1458 and

=
=

PEG neat

Absorbance [a.u.]
T
c
)
o
3321
2035
2858
-
~ 1100
“I 058

Absorbance [a.u.]
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Figure 5. ATR-IR spectra of PUpgg (blue line), PEG neat

(dark blue line), PUpcy (red line), PCL neat (violet
line) and HDI neat (black dashed line)

1350 cm™! for the PUpgg sample and 1464, 1344
and 1260 cm™' for PUpcp sample. The band at
1100 cm™! in the PUpgg sample was attributed to
stretching vibration of ether C—O—C bond in the
PEG chain and in the PUp¢ sample was assigned to
C—O—C ester bond. The strong isocyanate bands at
2360 and 2270 cm™! are absent in both PUpgg and
PUpcr spectra indicating complete conversion of
the HDI during synthesis.

Interesting differences were observed when compar-
ing free and hydrogen bonded carbonyl groups in all
prepared bio-PUs as illustrated in Figure 6. The
PUpgg and the bio-PUs with PCL/PEG ratio below
1.8 (PUyp 3, PUyg and PU, g) showed carbonyl peak
in the region ascribed to hydrogen bonded C=0
groups in disordered (amorphous) region [22]. How-
ever, the bio-PUs having the PCL/PEG ratio higher
than 3 (PUs,, PUg7 and PUpcp) exhibited C=0
stretching at 1730 cm™! assigned to non-hydrogen
bonded ester carbonyl and also in the region between
16901674 cm™ ascribed to hydrogen bonded car-
bonyl groups in ordered (crystalline) region. The
possible functional groups acting as electron donors
in the hydrogen bonding with the amide group are
the urethane and the ester carbonyl. The higher
amount of hydrogen bonded C=0O groups in the
PCL rich compositions can be explained by the PCL
domain crystallinity. The parallel chains orientation
in the crystalline regions is assumed to promote the
formation of hydrogen bonds.

The glass transition temperature (7}), melting tem-
peratures (7y,), and crystallinity were determined
using DSC traces (Table 2). DSC traces obtained

{| hydrogen bonded
v C=0 in amorphous
region

PU., ]
PU e

2 ! [ hydrogen bonded
PU N C=0 in crystalline

region

T I T I Ll T
1840 1800 1760 1720 1680 1640 1600

Wave number [cm™]

Figure 6. ATR-IR absorption spectra of bio-PU samples
showing C=0 stretching region
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Table 2. T, T}, and crystallinity of bio-PU films obtained

from DSC thermographs
Sample label [°TCg] [?é"] Crys[t;:;lmty
PUprg -39 - -
pU0.3 -40 - -
PUgs -39 - -
PU]_g -39 - -
PUs, 41 52.9 11
PUs 7 —41 60.4 19
PUpcr 41 57.7 25

from the first heating are reported in Figure 7. Com-
position with a PCL/PEG ratio up to 1.8 showed only
single glass transition near —39 °C suggesting amor-
phous one phase materials. An endothermic melting
peak of crystalline PCL domains appeared with
higher amounts of PCL. It was found that increas-
ing the amount of PCL increases the bio-PU crys-
tallinity up to 25% in the PUpcr. The thermograph
of neat PCL shows quite broad endothermic peak
suggesting that PCL cannot crystallize in its neat
form due to its low molecular weight.

X-ray diffraction (WAXS) revealed the structure of
the crystalline domains in the bio-PUs (Figure 8).
Comparing the WAXS spectra of neat PCL polymer
(M, = 80000 g-mol!) exhibiting two peaks at 21.4
and 23.8° with the high PCL content bio-PUs, fair
agreement with known PCL crystalline diffractions
was found [24]. The increased width of the bio-PU
X-ray peaks and lower intensity can be ascribed to
their less perfectly developed crystalline order. The
size of crystallites was ranging between 2—9 nm
according to line broadening at half the maximum
intensity of diffraction peaks. According to the

Heat flow [W/g] — exo
|
|
|

-60 40 -20 0 20 40 60 80 100
Temperature [°C]

Figure 7. First heating endotherms of the prepared bio-PU
samples obtained by DSC analysis

Intensity [a.u.]

10 15 20 25 30 35
2017

Figure 8. WAXS spectra of the prepared bio-PU specimens
confirming crystalline domains of PCL at 20.8
and 22.7° in PUs g, PUg 7 and PUpcy, samples. Other
samples did not show any diffraction peaks.

Bragg’s law, the small bands shift between the neat
PCL polymer and PUpcr means an increase of inter-
planar space of PCL crystalline domains formed in
bio-PUs. Their structure is influenced by polyure-
thane network resulting in longer distances between
ordered PCL units confirmed by shift of the diffrac-
tion peaks to the lower 26 values. The molecular
weight of the used PCL macrodiol was low (M, =
530 g'mol™!), which accounts for approximately 4
g-caprolactone monomeric units between the ure-
thane groups. Despite the use of such short PCL
chains, crystalline domains in the bio-PU samples
were confirmed by both, DSC and WAXS analysis.
Bio-PU films made up to molar excess of PCL to
PEG equal to 1.8 showed broad amorphous halo
without any diffraction peaks indicating no pres-
ence of crystalline phase in such films.

Extractions of the prepared bio-PU films were per-
formed using dimethylformamide (DMF) to prove
their crosslinked nature and employing acetone to
determine the chemical composition of extracted
residues (Figure 9). Extraction in DMF has not shown
clear composition dependence of the extracted mass.
The fact that the prepared bio-PUs did not dissolve
in DMF was taken as an indirect evidence of their
crosslinked nature influenced by both the excess of
isocyanate in the feedstock mixture (NCO/OH = 1.2)
and heat post cure. When taking into account possi-
ble reactions of isocyanate with other groups form-
ing crosslinks in the system, the only one that can
occur in anhydrous conditions is the reaction between
isocyanate and urethane group forming allophanate
crosslinks. However, allophanates cannot be easily
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Figure 9. Results of the mass loss after extraction of bio-PU
films

distinguished in infrared spectra due to the overlap-
ping of the C=0 carbonyl group with the other one
from the urethane group.

The comparison between infrared spectra of ace-
tone extracted residues from bio-PU films with
those recorded before extraction and with neat PEG
and PCL are shown in Figure 10 and 11. All ATR-
IR spectra showed that linear, non-crosslinked bio-
PUs are presented in extracted residues. Compari-
son between PUPEG film and its extracted residue
showed urethane groups represented by presence
of C=0 band at around 1715 cm™! and secondary
amine band at 1536 cm™' in the extracted residue.
Broad —OH peak in the extracted residue suggest
possible presence of free PEG diol. Similar results
were obtained for the PUpcr, when compared with
its extracted residue and neat PCL. The presence of
the urethane group was also confirmed by second-
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Figure 10. Comparison of PUpgg film ATR-IR spectra with
its extracted residue and PEG feedstock. Presence
of secondary amine band in extracted residue is
emphasized by arrow.
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Figure 11. Comparison of PUpcr. film ATR-IR spectra with
its extracted residue and PCL feedstock. Presence
of secondary amine band in extracted residue is
emphasized by arrow.

ary amine band at 1536 cm™!. Additionally, the spec-
trum of extracted residue missed the band between
16901674 cm™ attributed to hydrogen bonded car-
bonyl oxygen visible in PUpcr sample. None of the
spectra showed strong isocyanate bands at 2360 and
2270 cm™! confirming that unreacted HDI is not
presented in any of the bio-PU materials.

3.2. Swelling and hydrolytic degradation

Results of swelling experiments in terms of the time
dependence of the water uptake are shown in Fig-
ure 12. The standard deviation varied depending on
PCL/PEG ratio in the range from 0.1% for PUpcr up
to 6.3% for PUpgg. PCL/PEG ratio strongly influ-
ences the ability to absorb water. As expected, hydro-
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Figure 12. Swelling properties of the synthesized bio-PU
films made with different PEG/PCL ratio
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philic PUpgg films showed the highest water uptake
of 85.24+0.4% after one day of swelling. Water uptake
decreased with decreasing amount of PEG diol. The
hydrophobic PUpcy, film exhibited the lowest water
uptake of only 1.8+0.1 % after one day swelling. The
hydrophilic behavior of PEG is affected by the ether
group repeating every 2 carbons in the macrodiol’s
chain compared with the hydrophobic PCL where
five consecutive —CH,— groups in the main chain
contribute further to PCL hydrophobicity [25]. More-
over, the crystalline domains of PCL exhibit sub-
stantially smaller diffusion coefficient, hence, the
kinetics of water uptake is massively slowed down.

In vitro hydrolytic degradation tests of the prepared
bio-PU films were performed at 37 °C in UPW. The
time dependence of the mass loss is presented in
Figure 13. The standard deviation increased for all
the samples with time of degradation. The values
depend on the PCL/PEG ratio ranging for PUpgg
sample from 0.36% (beginning) up to 18.2% (sam-
ple almost degraded) and for PUpc from 0.13%
(beginning) until 0.32% (end of the observation). The
PUpgg film containing only PEG diol exhibited the
fastest degradation rate since the sample completely
decomposed in 23 weeks. Other compositions con-
taining PCL did not show complete decomposition
even over a period of one year. The expected bonds
that undergo hydrolysis are ester and urethane ones,
where esters are expected to be most unstable [16,
26]. Sample PUpgg contained from the two men-
tioned only urethane ones and those are expected to
be hydrolyzed yielding shorter PU chains. Other
reason might be gradual solubilization of PUpgg in
water. Therefore, water uptake is an important param-
eter affecting the hydrolytic stability. Increase of
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Figure 13. Hydrolytic degradation of the bio-PU films in
the period of 1 year

the PEG content in the PU enhanced the rate of the
degradation. Hydrophobic nature of samples with
higher presence of PCL prevented penetration of
water into the material resulted in hydrolytically
stable materials over the period of one year.

3.3. Thermal stability

The rate of thermal degradation plotted against tem-
perature is shown in Figure 14. The first weight
reduction at approximately 125°C was caused by
removing adsorbed water from the bio-PU surface.
The first weight loss was proportional to the amount
of PEG in the bio-PU film due to its hydrophilic
nature. The thermal degradation subsequently pro-
ceeded in two major steps.

More than 80% weight of all the prepared composi-
tions was lost in the temperature interval between 270
and 380 °C. Temperature dependence of the rate of
weight loss shows some evidence for presence of sev-
eral thermal degradation processes. One can assume
decomposition of urethane and ester groups with
the maximum rate between 310-325 °C and decom-
position of ether bonds at higher temperatures with
maximum rate between 325-350°C [27, 28]. The
urethane bonds decompose into alcohols and iso-
cyanates, while the decomposition of ester and ether
bonds in PCL and PEG, respectively, is assumed
through chain scission [29]. The second step occur-
ring between 410-470°C is assigned to the C—C
bond cleavage.

3.4. Mechanical properties analysis

Stress-strain curves of the prepared bio-PU compo-
sitions are shown in Figure 15. Samples having the
PCL/PEG ratio below 1.8 exhibited brittle deforma-
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Figure 14. Thermal stability of the bio-PU samples
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Figure 15. Stress-strain curves of bio-PU films showing
rapid change in mechanical properties for PCL/
PEG ratio >3

tion behavior (inset in Figure 15). As the PCL/PEG
ratio increased above 2, the mechanical response
abruptly changed increasing the elastic modulus,
stress and deformation at break by order of magni-
tude while not exhibiting post-yield strain soften-
ing. Considerable post-yield strain softening was
observed for samples with PCL/PEG ratio above 6
(Figure 15). Young’s modulus (£y), tensile stress at
break (o), tensile strain at break (eg), and the yield
point (oy) are listed in Table 3. Mechanical properties
are profoundly affected by the increasing amount of
PCL in the diol mixture.

Plausible explanation of such mechanical behavior is
based on spider dragline model introduced by Ter-
monia [30]. Model ascribes high tensile strength and
ductility of spider dragline to the presence of very
small crystals (2x6x21 nm) in the rubbery matrix. In
agreement with WAXS evidence the bio-PUs with
PCL/PEG >3 are assumed as a semicrystalline mate-
rial containing a large number of small crystallites
dispersed in amorphous regions made of rubber-like
chains. The size of crystallites ranges between 2—
9 nm according to line broadening at half the maxi-
mum intensity of diffraction peaks. This explanation

Table 3. Mechanical properties of the prepared bio-PU
films calculated from stress-strain curves
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Figure 16. Correlation between mechanical properties
(Young’s modulus, yield point) plotted against
crystallinity

Table 4. Mechanical properties of some human soft tissues

Label of Ey oy OB &B

sample [MPa] [MPa] [MPa] [%]
PUpgg 3.6+0.2 - 1.9+£0.2 70£11
PUg3 3.5+0.3 - 1.7+£0.2 64+12
PUgs 4.240.1 - 1.7+£0.2 5048
PU, 4.0£0.1 - 1.7+£0.2 50+8
PUs, 27.1+£2.4 - 10.7+1.2 600+103
PUg 67.8+£3.0 8.5+£0.3 21.5+1.4 947448
PUpcL 80.1+3.8 8.9+0.5 18.1+1.7 830+100

[12]
Tissue Young’s modulus | Strain at break
[MPa] [%]
Relaxed smooth muscle 0.006 300
Contracted smooth muscle 0.01 300
Myocardium [31] 0.2-0.5 20 <90
Cerebral vein 6.85 83
Aortic valve leaflet 15+6 21+12
Pericardium 20.4+1.9 34.9+1.1
PUsp 27.142.4 600+103

is supported by correlation between mechanical
properties (Young’s modulus, yield point) plotted
against crystallinity in Figure 16. Thus, the abrupt
change of deformation response is explained by the
formation of small crystalline domains of PCL.

The amount of PCL feedstock in the material is
strongly influencing mechanical properties. This
could be further utilized for the preparation of an
elastic resorbable material useful in the human body,
e.g. as an artificial vascular grafts or as a material
against post-surgical adhesions. Short summary of
mechanical properties of some human soft tissues is
reported in Table 4. Selecting from the prepared bio-
PU films the sample labeled as PUs o did not show
sharp yield point determining its very good elastic
properties. In addition the sample is quite tough with
elongation of about 600% which is favorable for
safe manipulation with the material during surgical
operation.

3.5. Morphology and surface properties

Bio-PU films morphology was affected by the rough-
ness of the mold, most likely due to processing in
bulk. Confocal microscopy images showed similar
surface texture of prepared samples and calculated
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Table 5. Water contact angles of bio-PU films

Sample label Conta[it] angle
PUpkg 61.8+3.4
PUp3 72.3+£3.7
PUos 77.1£3.0
PU; 5 82.5+2.6
PUs, 84.0+1.3
PUs 7 87.8+0.9
PUpcr, 88.6+1.1

roughness average (R,) showed fair agreement
between the Teflon® mold (R, = 0.48+0.12 pm) as
well as on the surfaces of PUpgg (R, = 0,67+0.35 pum)
and PUpcr samples (R, = 0.55+£0.28 um). The rough-
ness of the films can be advantageously tuned by
roughness of the mold meeting different medical
applications.

Macroscopic measurements of wettability depicted
in Table 5 illustrated an increase in contact angle of
around 30° from hydrophilic PUpgg to hydrophobic
PUpcr sample. The resulting trend corresponds well
with the data obtained by swelling where weight ratio
between PCL and PEG influences the ability of the
material to absorb water.

4. Cell viability evaluation

From all the synthesized samples three of them were
chosen for preliminary tests on human mesenchy-
mal stem cells (MSCs) response to the material.
Chosen samples were bio-PUs made of only macro-
diol (PEG or PCL) and isocyanate (samples PUpgg
and PUpcr) and sample PUj3y due to its promising
mechanical properties. Analysis of cell viability
was performed to determine qualitative changes in
cellular growth which involve cell adhesion and pro-
liferation observed by confocal fluorescent micro-
scopy. Cell viability tests were conducted by incubat-
ing MSCs on the sample over 24, 72 and 168 hours
at 37°C. Adhered cells were observed only on the
samples PUjz o and PUpcr (Figure 17a and 17b,
respectively) after 24 hours. No MSCs have been
seen on PUpgg sample after 24 hours. This phenom-
enon is most likely because the PEG based PUs pro-
vide a non-adherent environment for MSCs which
then undergo apparently no adhesion (PUpgg) or fast
detachment (PUj3 ) from PEGylated surface. By con-
trast, PUpcr sample provided better substrate for
MSCs which supported good adhesion of some
MSCs. The cells attached to this bio-PU surface
showed flat, well spread morphology over 48 hours

(Figure 17¢). Only a few surviving cells were
observed on PUpcp sample after the period of one
week (Figure 17d).

Parameters that can change the biological activity of
materials are related to physico-chemical properties
of the material surface, such as surface chemistry,
wettability, micro-roughness and especially in the
case of biodegradable materials their degradation
compounds.

Both materials that demonstrated cell adhesion were
stable during performed degradation tests in UPW,
nevertheless, they might release some uncross-
linked molecules. No cell adhesion on PUpgg and the
low adhesion without evident proliferation on PUj
and PUpcp could be partly attributed to the morphol-
ogy of polymer surface promoting inhibition of the
cell growth. Other reason might be the presence of
remaining tin(Il) 2-ethylhexanoate catalyst in the
material due to the synthesis procedure carried out
in bulk. Although the catalyst is FDA approved, this
disadvantage has to be overcome by different syn-
thesis procedure of bio-PU, e.g. synthesis at higher
temperature without the need of catalyst and still
without the need of solvent. Our preliminary results
with MSCs did not provide complete information
about the cell behavior on selected materials, there-
fore more in vitro analysis of cell viability will be
performed as well as various cells must be tested.
Observed low MSC’s adherence is favorable param-
eter for the potential use of the material as an artifi-
cial vein. However for interaction with a body, fur-
ther modification of the contact side is desirable by
compounds favoring cell adhesion e.g. by RGD
proteins.

5. Conclusions

Biodegradable PU films with variable PCL/PEG
diol ratio were synthesized without the need of a
solvent. The experimental study revealed that addi-
tion of PCL strongly affects mechanical properties
of bio-PU films, especially for PCL/PEG ratio higher
than 1.8. In comparison to PU containing only PEG
(PUpgg), the Young’s modulus, tensile stress and
strain at break increased by 1-2 orders of magni-
tude. WAXS and DSC measurements revealed for-
mation of crystalline PCL domains at PCL/PEG ratio
above 1.8. These domains reinforce the PU network
and their small size allows for more uniform distri-
bution of strain resulting in enhanced ductility. The
ability to absorb water and the rate of hydrolytic
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c)

d)

Figure 17. Live/dead assay after seeding with MSCs of sample a) PUj after 24 hours, b) PUpcy after 24 hours, ¢) PUpcy,
after 72 hours and d) PUpc( after 168 hours. All other images (sample PUpgg after 24, 72 and 168 hours and
PUs  after 72 and 168 hours) were black without any sign of adhered cells on the surface.

degradation both increased with increasing amount
of hydrophilic PEG in the compositions. This study
demonstrated that by changing the ratio between
hydrophilic and hydrophobic macrodiols physico-
chemical properties of biodegradable bio-PUs can
be tailored. Bio-PU material could be utilized for
the preparation of elastic resorbable materials appli-
cable as non-adherent surface against post-surgical
adhesions.
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Abstract. Voronoi analysis is implemented to assess the influence of fiber content on the microstructure and mechanical prop-
erties of bulk-molding compounds containing different weight fractions of E-glass fibers (EGF) (5-20 wt%). The fiber distri-
bution in the polymer matrix is analyzed by scanning electron microscopy followed by the Voronoi tessellations, radial
distribution function and statistical calculations. The experimental results are compared to modelled microstructures. The
derived microstructural descriptors allow us to correlate the fiber weight content and the degree of fiber distribution homo-
geneity with the mechanical properties of EGF-reinforced composites. The distribution of fibers in composites with 10 and
15 wt% of fibers could be considered as the most homogeneous. This is in a good agreement with the results of the flexural
strength and dynamic mechanical analyses, which confirmed that the latter samples exhibit the highest level of reinforcement.

Keywords: polymer composites, microstructures, mechanical properties

1. Introduction

Bulk-molding compounds are multiphase composite
materials, most commonly consisting of a polymer
resin as the matrix, discontinuous glass fibers as the
secondary phase and mineral filler. BMCs are widely
employed in transportation, in the electrical and the
electronic industries, especially for the mass produc-
tion of small, complex-shaped components, since
they offer ease of manufacturing, have low costs,
and exhibit good mechanical properties [1]. Com-
mon processing methods for the production of such
parts are injection and compression molding [2].
The mechanical properties of composite compo-
nents are strongly influenced by the morphology
and weight percentage of the glass fibers. Evidently,

*Corresponding author, e-mail: barbara.bertoncelj@domel.com
© BME-PT

an inhomogeneous microstructure can result in local
variations of the stress concentration, which can
affect the mechanical performance of the composite
material [3, 4].

In recent years, in order to characterize the micro-
structures of fiber-reinforced composites, different
image-analysis techniques have been applied using
optical microscopy or scanning electron microscopy
(SEM) [5-7]. One of the methods used to quantita-
tively describe the microstructure is a Voronoi dia-
gram, commonly known as the Dirichlet tessellation
[8, 9]. This approach is often used for describing non-
crystalline structures for example amorphous solids,
liquids, and dense gases [10, 11]. This is a method of
dividing a plane into areas known as Voronoi poly-
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gons. Every polygon is assigned to a given point in
a plane and occupies a region around that point,
allowing that all neighboring points are closer to the
tracked point than to any other point in the set. In
fact, a set of convex polygons could be formed by
introducing planar cell walls that are perpendicular
to the lines connecting neighboring points. Voronoi
analysis can be extended also in three dimensions.
In this case, the Voronoi cells are defined as 3D poly-
hedrons [10, 12]. In material science the Voronoi
diagram was used to quantify the distribution of the
zirconia phase in alumina-matrix composites [13].
This study pointed out that the wear resistance is
related to the microstructural homogeneity of the
composite. Trefalt et al. [14] studied the distribu-
tion of tetragonal zirconia particles in Pb(Zr,Ti)O;
ceramic composites using a Voronoi-diagram analy-
sis. Summerscales et al. [15] used the Voronoi
method to investigate the relationship between the
processing, properties and structure in fiber-rein-
forced polymer-matrix composites. A characteriza-
tion of sisal-reinforced composite microstructures
was carried out by Sun et al. [16]. They character-
ized the porous structure of the sisal fibers and stud-
ied the effect of a maleated polypropylene compati-
bilizer on the polypropylene matrix’s crystallization
using Voronoi diagrams. They also used the Voronoi
method to perform a quantitative analysis of the
fiber distribution within the polymer matrix in order
to relate it to the tensile modulus of differently treated
composites. Ghosh et al. [17] applied a Voronoi dia-
gram to characterize computer-simulated multiphase
microstructures. The same authors also used the
radial distribution functions (RDFs) to analyze the
patterns in their composites. These RDFs give infor-
mation about the distribution of particles around a
central particle and can therefore be used to detect
clustering in the system [17]. Another study of sim-
ulated microstructures was made by Pyrz and Boch-
enek, who investigated the topological disorder of
inclusions in composites [18].

On the other hand, microstructural parameters, such
as the length, loading, orientation and distribution
of the reinforcing fibers, were identified as the most
significant factors affecting the mechanical proper-
ties of composites. A dynamic mechanical analysis
(DMA), where the storage modulus (£"), loss mod-
ulus (£") and damping loss factor (tand) are meas-
ured as a function of temperature and frequency,

was found to be useful in correlating the mechani-
cal properties with the microstructure of the material
[19-22]. Recently, studies were made of the influ-
ence of various glass/natural-fiber volume fractions,
such as ramie and curaua fibers, on the dynamic
mechanical properties [23, 24].

The aim of this study was to correlate the microstruc-
tural features, i.e. inhomogeneous fiber distribution
and fiber clustering, with mechanical properties of
BMC samples. Such approach could then be applied
to obtain insight about mechanical response of crit-
ical parts of products manufactured from BMCs,
especially those of complex geometry through micro-
structural analysis.

The Voronoi-diagram method and a RDF analysis
were used to quantitatively characterize the micro-
structures of BMC composites fabricated with dif-
ferent weight fractions of glass fibers in order to
evaluate the homogeneity of the fiber distribution in
a polymer matrix (PM). The relationship between
the homogeneity of the fiber distribution in cross-
section, i.e. perpendicular to the compound filling
flow direction upon compression molding, and the
mechanical properties of the composites was inves-
tigated. Therefore, the effect of the glass fiber’s
weight fraction on the static and dynamic mechani-
cal properties of the composites, such as the flexural
strength, storage modulus, loss modulus and damp-
ing behavior, is related to the level of the micro-
structural homogeneity evaluated with the Voronoi
analysis and the clustering described by the RDF.

2. Experimental

2.1. Materials

Four formulations of BMC (Tetradur Gmbh., Ham-
burg, Germany) were commercially prepared by
varying the glass-fiber and mineral-filler weight
fractions. As a reference, a composite of polymer
matrix (subsequently denoted as PM) and mineral
filler was also prepared. The E-glass fibers, denoted
as EGF, were 4.5 mm long, with a diameter of
approximately 11 pm, while the mineral filler was
CaCOj3 with a particle size range from a few microns
up to a few tens of microns as determined by SEM.
Furthermore, the PM was based on thermosetting
unsaturated polyester, styrene and additives, com-
prising 21 wt% of the overall composite material.
The compositions of the samples are collected in
Table 1.
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Table 1. Compositions of the BMC composite materials

Ne. PM EGF CaCO;
[Wt%] [Wt%] [Wt%]
0 21 0 79
1 21 5 74
2 21 10 69
3 21 15 64
4 21 20 59

The test specimens were fabricated by compression
molding, in accordance with the standard ISO 3167
[25]. About 42 g of the compound was placed into a
mold cavity that was heated to around 165°C and
pressed at a molding pressure of 20 MPa on a
hydraulic compression press (HPK 100/6, Bussmann,
Munchen, Germany) with a cure cycle of 2 minutes.
After molding, the test specimens were cooled down
to room temperature. The scheme in Figure 1 indi-
cates the dimensions of the samples and the filling
direction of the material during the compression-
molding process. The test specimens were then cut
perpendicular to the filling-flow direction, as repre-
sented in Figure 1, to yield a cross-sectional area
with dimensions of 10 mmx>4 mm.

2.2. Microstructural characterization

The cross-section microstructures of the composites
were investigated using a field-emission scanning
electron microscope FE-SEM (JSM-7600F JEOL
Ltd., Tokyo, Japan). Prior to the investigation, special
attention was paid to the standard metallographic
technique normally used for the preparation of flat
surfaces for the SEM investigation in order to estab-
lish the best conditions for the grinding and polish-
ing of the samples’ cross-sections. The polished

Cutting direction
80 mm

Sample
£
2/ 150 mm

Filling flow direction

. 5 mm -
1 6 i
E
£ »E 2 5
N 3 4
«—10mm . Analyzed area

Figure 1. Schematic representation of the test specimen’s
dimensions, the cutting position and the sample
dimensions, with the sampling scheme of the
cross-sectional area for the morphological char-
acterization

cross-section surfaces were sputter-coated with a
thin carbon layer and micrographs were taken in
backscattered-electron mode (composition contrast
mode — COMPO) at an accelerating voltage of
15 kV.

For each sample, the cross-sectional area was divided
into quarters, as shown in Figure 1. The sampling
included capturing 9 images from 9 segments in
one quarter. Each image size was 481 umx361 pm.
The overall investigated area for each sample was
1.6 mm?.

2.3. Voronoi diagrams

The Voronoi diagrams were generated from the
SEM micrographs. The process included analyzing
9 SEM micrographs taken from 9 different segments
of an individual sample, as shown in Figure 1, and
proceeded as follows (see Figure 2). First, the cen-
ter of each glass fiber on the SEM micrograph (a) was
marked with a black point using Corel Paint Shop
Pro X7 software. The oval-shaped and elongated
fibers were treated in the same way, meaning that
the point mark was put at the center of the intersec-
tion area of each fiber. The point-pattern images (b)
were then saved as binary images and subsequently
employed to construct the Voronoi polygons (c)
using Imagel] software. The area of each Voronoi
polygon was measured using Image Tool software.
As a reference, for each composition of the com-
posite material, a pattern of randomly distributed
disks (d) and a corresponding Voronoi diagram
were generated (e). For the randomly generated pat-
tern a constraint of ‘no overlapping disk’ was used.
The randomness of the produced structures was
ensured by the use of uniformly distributed random
numbers in the [0,1] interval, which were used to
generate random positions within the sample. Check
of randomness was done by analyzing such point
distributions which yielded RDF functions whose
value was 1 in the whole interval. This ensures that
the points are distributed perfectly random. Further-
more, the area distributions of our randomly gener-
ated Voronoi tessellations are in agreement with lit-
erature [26]. A sample area and a disk size of
481 umx361 pum and 11 um were chosen; these val-
ues correspond to the experimental values.

The tessellation of a microstructure into Voronoi
polygons is a critical step in generating the geomet-
rical descriptors necessary to quantify the fibers’
distribution in a given microstructure of the com-
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Figure 2. Representation of the sequence of steps involved in generating the Voronoi diagrams from the SEM micrograph
(top) and from the randomly distributed disks (bottom): a) SEM micrograph, b) binary point-pattern image
obtained from the SEM micrograph by point marking of each fiber, c) the Voronoi diagram generated from the
point-pattern image, d) modelled microstructure of random distribution of fibers and e) the Voronoi diagram gen-
erated from the modelled microstructure. Note that the minimum interpoint distance in d) was set to be equal to
the fibers’ diameter, which ensures that there is no overlap of the fibers

posite material. In this way, the analyzed areas 1-9
(see Figure 1) could be easily identified and quanti-
fied using statistical parameters like the mean area
size of the polygons, the standard deviation and the
relative polygon areas. The number of polygons
included in the calculations was 468, 998, 1370 and
1979 for the composites with fractions of EGF from
5 to 20 wt%, respectively. Between 250 and 1000
realizations were used in the case of the randomly
generated samples to ensure good statistics. The
areas of the Voronoi polygons were calculated for
each sample. The absolute areas were then normal-
ized to relative polygon areas, which enables an eas-
ier comparison of the samples with different frac-
tions of fibers. The relative polygon areas, 4, were
calculated according to Equation (1):
B AN

A4

4, (1)

total

where 4, is the absolute polygon area, N is the num-
ber of polygons in the sample, Ay, is the area of the
sample. Such a normalization defines the mean area
of the polygons as being equal to 1, regardless of the
fiber fraction. Histograms of the relative polygon
areas were generated for each sample.

In addition, the shape of the fibers was obtained from
binary (black fiber on a white background) images
of the microstructures in which the individual fibers
were outlined in black. A stereological analysis was
performed using the Image Tool program. The elon-
gation shape factor was determined as the ratio of
the longest to the shortest axis of the fiber cross-
section.

2.4. Radial distribution function analysis

The fiber-reinforced composite microstructures and
the randomly created disk patterns were quantita-
tively described by the RDF, which is related to the
probability of finding a particle j at a distance r
from the center of a particle 7, and is defined as
Equation (2):

1
gi(r) = p]—NE J; <6(r - rij)> (2)
where p; is the density of the particles j, N is the
number of particles 7, » is the distance from the cen-
ter of the particle i, r;; is the distance between the i
and j particles, and (5(r — rij)) is the averaged delta
function [27]. In fact, the RDF measures the density
of the particles j at a distance » from the center of
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the particle i, normalized by the average density of 3. Results and discussion

the particles j (Equation (3)):

Pij(’” )
Pi

gi(r) = 3)

where pj; is the local concentration of particles ;j at a
distance r from a particle i. For the calculation of the
RDFs, periodic boundary conditions with a mini-
mum image convention were used [27, 28].

2.5. Flexural properties

The flexural strength of the test specimens was
obtained using the three-point bending method with
a 64 mm span and a crosshead speed of 2.0 mm/min
(Alpha 50-5, Messphysik Materials Testing Gmbh.,
Fiirstenfeld, Austria), in accordance with the stan-
dard ISO 178:2003 [29]. The test was carried out
under ambient conditions using 15 specimens for
each set. The flexural strength was calculated using
Equation (4):

3Pl
= 4)
2bh

where o is the flexural strength, P is the maximum
fracture load, / is the span between the supports, b is
the width of the sample and # is the thickness of the
sample.

Oy

2.6. Dynamic mechanical analysis (DMA)
Dynamic mechanical analyses were performed on a
TA Q800 thermal analyzer (Q800 DMA, TA Instru-
ments, New Castle, Delaware, United States) in
order to evaluate the dynamic moduli (£’ and E")
and the damping behavior (tan o) of the BMC com-
posites. The tand is the ratio between loss (£") and
storage modulus (£") (Equation (5)):

E
tanéd = i (5
For the measurement the test specimens were cut with
a diamond blade saw to the length of 60 mm and
thinned to 3.5 mm by grinding (the width remained
the same, i.e. 10 mm). The test was carried out at a
frequency of 1 Hz and at strain amplitude of 10 um
using a three-point bending mode. The properties
were measured in the temperature range 20-200°C
at a heating rate of 2 °C/min.

3.1. Microstructure, RDF analysis and
Voronoi diagrams
3.1.1. Microstructure and Voronoi analysis of a
selected cross-sectional segment
The segment 4 of the overall analyzed positions at
the sample’s cross-sectional area (see Figure 1) was
chosen to represent the microstructure of the com-
posites and the distribution of the EGF in the PM.
The microstructures of the polished cross-sections
of all the BMC composites with the corresponding
Voronoi diagrams, and Voronoi diagrams from ran-
domly generated microstructures are collected in
Figure 3. The SEM micrographs show the distributed
glass fibers, which are surrounded by irregularly
shaped particles of CaCO3 mineral filler and the PM
(dark regions). Because the orientation of the glass
fibers in the material is random, the intersections of
the glass fibers that are perpendicular to the cutting
position are circular and others, which are cut at an
angle, are oval-shaped.
In order to distinguish between the microstructures
with possible fiber clustering and a more even and
regular fiber distribution in the composites with dif-
ferent EGF contents, the Voronoi diagrams from our
experiment were compared with the diagrams from
randomly generated microstructures (see Figure 3,
central and right columns). It is clear that at lower
weight fractions of the EGF, i.e., at 5 wt%, the
Voronoi polygons are quite large. However, by
increasing the weight fraction of the EGF the spatial
distances between the fibers become smaller, and
that is reflected in the smaller polygon areas. In par-
ticular, marked differences in the size of the poly-
gons are observed in the Voronoi diagrams of the
composites with 15 and 20 wt% of EGF (Figure 3 c,
3d). In experimental diagrams the relatively small
polygon areas indicate EGF clustering within the
PM, which arises from the insufficient space for the
fibers to orient and regularly distribute at higher
weight fractions. In contrast, homogeneous fiber dis-
tributions, which are reflected in equally sized poly-
gons across the whole pattern, can be seen in the
Voronoi diagrams obtained from the computer-gen-
erated random distribution of fibers.

3.1.2. Voronoi and RDF analyses of the
cross-sectional area

The quantitative description of the fiber distribution

in the host PM within the cross-sectional area, as
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Experimental voronoi

Random voronoi diagrams

Figure 3. SEM micrographs of polished cross-sections of the BMC composites and the corresponding Voronoi diagrams from
the experimental and randomly generated fiber distribution (from area 4): 5 wt% (a), 10 wt% (b), 15 wt% (c), and

20 wt% (d) of the EGF

shown in Figure 1, was carried out by RDF analy-
sis. This method was already found to be useful in
describing the fiber distribution in fiber-reinforced
composites [17, 30]. In fact, the RDF gives informa-
tion about the areal density of the fibers at a certain
distance and can subsequently indicate the degree of
fiber clustering in the microstructure. The results are

shown in Figure 4 and include all 9 analyzed seg-
ments for all composites. The general shape of the
experimental and modeled RDFs is similar. At dis-
tances below the fiber diameter the RDFs are equal
to 0, since the fibers cannot interpenetrate each other.
After the distance of closest approach of about
10 um, the g(r) increases rapidly above 1 and later
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Figure 4. The RDFs of the experimental and randomly generated fiber patterns for all the BMC composites: a) 5 wt%,

b) 10 wt%, c) 15 wt% and d) 20 wt% of EGF

decays to a value of 1 at large distances. The peak at
the distance of closest approach shows that the den-
sity of the fibers at this distance is higher than the
average density and can be connected to the cluster-
ing of the fibers.

Obviously, the experimental RDF values are higher
than in the modeled RDFs in all the composites,
especially at distances below 40 um. The difference
is even more noticeable at higher weight fractions of
the EGF (15 and 20 wt% of EGF), indicating addi-
tional clustering of the fibers, which can be assigned
to their increased number. As an example of such
fiber-clustering, the cross-section microstructure of

the segment 5 of the composite with 15 wt% of EGF
is shown in Figure 5.

Hence, the values of the experimental fiber distribu-
tion are approaching the values of the ideal distribu-
tion with increasing distances, and they are reached
sooner at a lower EGF weight content, i.e., at 5 and
10 wt% of EGF. Based on these results, it can be con-
cluded that the distribution of fibers in the compos-
ites with 5 and 10 wt% of EGF most closely approx-
imates to the values extracted from the random
distributions.

The relative frequencies of the Voronoi-polygon areas
from the experimental and simulated microstruc-
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Figure 5. Cross section microstructure of the segment 5 of the
composite with 15 wt% of EGF where fiber clus-
tering is observed

tures are shown in Figure 6. In the case of the com-
posite with 5 wt% of EGF the distribution is quite
broad due to the larger number of smaller and larger
polygons. This is a consequence of local areas with
only resin and mineral filler that occur in the com-
posite microstructure at lower weight fractions of
EGF. Therefore, the spatial distances between the
fibers are quite large in some areas, resulting in
larger areas for the Voronoi polygons. Here, the
experimental and modeled distributions of EGF are
very close. However, the coincidence of the experi-
mental and random distribution plots does not
imply that such a composition is the best from the
viewpoint of mechanical performance, since the
mechanical properties depend on both the content
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oy
] - 015 |
% 0.15 Experimental ' -
_2 ] —
ﬁ 0.10 0.10 F
0.05 005 ]
000 — . - . . 0.00 .|_l . - . - ,
0.1 1 10 0.1 1 10
a) b)
025 025 F
020 020
g
5
> 015 | 015 ]
o
2
@ — ] -
= | L
B ] | —
3 010 | 0.10
005 | 005
0.00 1 I 1 0.00 1 — I —}_|_| 1
0.1 1 10 0.1 1 10
c) Relative polygon area d) Relative polygon area

Figure 6. Histograms of the relative polygon areas of all the BMC composites extracted from the Voronoi diagrams of the
experimental and randomly generated fiber-distribution pattern: a) 5 wt%, b) 10 wt%, ¢) 15 wt% and d) 20 wt%

of EGF
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of fibers and their distribution, as discussed below
(see section 3.2.).

The histogram of the composite with 10 wt% of EGF
indicates a somewhat narrower distribution of poly-
gons. Such an improved distribution can be mainly
related to the increased number of fibers in the PM,
i.e., to the decreased number of the local areas filled
with resin and mineral filler. Also, the histogram of
the ideal random distribution becomes narrower,
with the peak shifting to slightly higher values. The
divergence of the experimental distribution from
the ideal one is even more apparent at higher EGF
contents, i.e., at 15 and 20 wt%, which could be pri-
marily the result of clustering in the microstruc-
tures, where the distance between the fibers is short
and equidistant only locally, rather than across the
whole pattern. Due to the closer packing of the fibers
at higher weight fractions of the EGF the area sizes
of the Voronoi polygons become smaller. This is espe-
cially pronounced in the case of the composite with
20 wt% of EGF, where the peak maximum in the
experimental distribution shifts toward a smaller
relative polygon area, indicating fiber clustering. In
general, one can observe that the histograms of ran-
domly generated distributions are narrower and their
peak is higher when the fiber content is increased.
This observation suggests more even distributions at
higher fractions of fibers, which is the consequence
of a smaller available space for each fiber. On the
other hand, the experimental histograms have a simi-
lar width and a shift to smaller polygon areas at
higher fiber contents. This behavior shows that in the
experimental samples, the clustering, which counter-
acts the evenness, is increasingly pronounced with
increasing fiber content. This observation is very
much in line with the results from the RDF analysis.

This was also confirmed with a stereological analy-
sis. The elongation parameter, expressed as the ratio
of the longest and shortest axis of the fiber cross-
section, and is equal to 1 for a perfect circle, is shown
in Figure 7. The results are presented for all 9 seg-
ments of an individual composite. The higher the
weight percent of EGF, the more spread out the data
points are over a wider range of values, meaning that
almost round, to highly elongated, intersections of
fibers are found in the cross-section of the micro-
structure of the sample with 20 wt% of EGF, with
the elongation parameter values in some fibers even
exceeding 25. By increasing the glass-fiber content,
the mean elongation parameter of the EGF increases
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from 1.18 to 1.42 for 5 and 20 wt% of EGF, respec-
tively.

3.2. Mechanical properties

3.2.1. Flexural strength

The flexural strength, the standard deviation, the rel-
ative standard deviation and the flexural modulus for
the BMC composites with different EGF contents are
presented in Table 2. It is evident that with increas-
ing glass-fiber content the flexural strength increases
from 73.4 to 108.8 MPa for the samples with 5 wt%
of EGF and 10 wt% of EGF, respectively, reaching a
maximum value of 121.0 MPa for the composite with
15 wt% of EGF, thus showing the effectiveness of
the reinforcement given by the EGF. With a further
increase of the EGF content the flexural strength
decreases to 95.8 MPa, i.e., for the sample with
20 wt% of EGF. However, an increase in the flexural
strength, to some degree, of the composites was
expected. It seems that at higher weight fractions, the
number of contacts between the fibers increases,
thus it may affect the effective stress transfer in the
material and, consequently cause a flexural strength
reduction that we observed in our samples.
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The clustering of fibers and the increased fiber-
fiber interactions at higher fiber contents were also
observed in the SEM micrographs (see Figure 5).
This is especially apparent in the composite with
20 wt% of EGF, where the flexural strength was
reduced. The results of the flexural strength meas-
urements can be related to the degree of fiber-distri-
bution homogeneity in the individual composites,
as previously indicated in Figure 5 by the RDF. The
values of the relative standard deviation for the com-
posites with 15 and 20 wt% of EGF indicate an
uneven load capacity, since they are higher (RSD >
10%) than for the composites with a lower EGF frac-
tion. The composite with 10 wt% of EGF has the
smallest value of the relative standard deviation, i.e.,
3.3%, (see Table 2) suggesting the most uniform
stress transfer between the fibers. The presence of dif-
ferently oriented fibers in the microstructure, as evi-
denced by the increased elongation factor (see Fig-
ure 7), could locally increase the stress, which could
affect the interfacial de-bonding and brittle-matrix
cracking and could be responsible for the less effec-
tive mechanical performance of the composite mate-
rial. Furthermore, it is important to note that at
lower weight fractions of the EGF, below 10 wt%,
there are not enough fibers to reinforce the PM and to
achieve sufficient mechanical strength. Flexural mod-
ulus of all BMC composites is increasing with fiber
content from 15.2 to 16.9 GPa for 5 and 20 wt% of
EGF, respectively.

3.2.2. Dynamic mechanical analysis
In order to study the mechanical response of the
composites with different weight portions of EGF, a

Table 2. Flexural strength, (o), standard deviation, (SD), rel-
ative standard deviation, (RSD) and flexural modu-
lus, (Ef), of the BMC composites. In the bottom part
of the table is listed the coefficient of reinforce-
ment (C) obtained from the storage modulus (DMA
analysis) and T, values of all BMC composites deter-
mined from the tano curves

Weight content of EGF
[wt%]
0 5 10 15 20
o [MPa] 73 109 121 96
SD 5.4 3.6 15.3 9.8
RSD [%] 7.4 33 12.6 10.2
E¢[GPa] 152 154 16.7 16.9
DMA
C 0.86 0.85 0.79 0.87
T, [°C] 99 101 94 91 113

DMA was performed with the aim being to corre-
late the obtained results with the microstructural
analyses. The composite without EGF (0 wt% EGF,
79 wt% CaCQOs3) was additionally analyzed to obtain
a better insight into how the viscoelastic properties
change with the fiber loading. The temperature
dependence of the storage modulus (£'), the loss
modulus (E") and the damping behavior (tand) for
all the BMC composites are shown in Figure 8. Evi-
dently, the composites’ storage moduli increased with
the addition of the EGF to the host PM across the
entire temperature range due to the increase in the
material stiffness. The coefficient of reinforcement,
calculated using Equation (6):

!
!
ER composite

C= (6)

"
Eg
E !
R / PM +minereal filter

where EG and Ef are the storage-modulus values in
the glassy and rubbery regions, respectively, was
used to evaluate the extent of the reinforcing action.
According to the theory, the lower the value of Cis,
the greater is the reinforcement. The calculations
(see Table 2) revealed that the sample with 15 wt%
of EGF has the lowest C coefficient and therefore
the highest reinforcement.

The temperature dependence of the loss modulus is
shown in Figure 8b). Below the glass-transition tem-
perature (7;) the loss modulus increases with increas-
ing EGF content up to 15 wt%, which is indicative
of better packing of the fibers in the PM and their
effective coupling. The T, when determined as the
peak value of the loss modulus curves, is about 85—
96 °C for all the composites. Above the T, a sharp
decrease is observed, which is assigned to the
enhanced movement of the polymer chains. In the
case of the composite with 20 wt% of EGF the devi-
ation from the trend is attributed to the increased
fiber-fiber interactions that can lead to faults in the
material and deterioration of the mechanical prop-
erties.

As shown in Figure 8c), the damping factor for all
the composites (tand) increases with the increasing
temperature. All the curves reach a peak in the tem-
perature range from 91 to 113°C (7,), see Table 2
According to [23], the incorporation of fibers in the
PM should lower the tand peak due to the greater
restriction of the polymer chains caused by the pres-
ence of fibers. In contrast to the literature, here the
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opposite was observed for the composites with 15,
10 and 5 wt% of EGF, which is probably influenced
by the presence of CaCO3 mineral filler.

4. Conclusions

Different characterization techniques were used to
analyze the EGF distribution in the polymer matrix
in order to obtain a better insight into how the
degree of the fibers’ order/disorder and their orien-
tation influence the mechanical properties of fiber-
reinforced composites. Methodologies and compu-
tational techniques such as the Dirichlet tessellation
and the RDF were considered during a quantitative
characterization of the composites, where a set of cri-
teria was used to determine whether the simulated
microstructures are, to some degree, equivalent to
the experimental observations and to link the micro-
structural changes with the composite properties,
i.e., the flexural strength, storage modulus, loss mod-
ulus and damping behavior.

According to the results of the RDF analyses the
experimental fiber distribution approaches the ideal
fiber distribution with increasing distances and is
reached more quickly at low weight fractions of the

EGF. It was shown that the fiber distributions in the
composites with 5 and 10 wt% EGF most closely
approximate the values of ideal random fiber distri-
butions. Consistent results were obtained from his-
tograms of the relative frequency of the Voronoi
diagrams, where the divergence of the experimental
fiber distribution from the ideal one is more pro-
nounced at higher fiber contents, i.e., above 15 wt%.
Such results indicate that for higher fiber contents
the fibers are clustered together, resulting in areas
where the distances between the fibers are only
locally equidistant. Such a microstructural inhomo-
geneity then affects and deteriorates the mechanical
properties: increased fiber-fiber interactions lead to
a less effective stress transfer between the fibers. The
flexural strength of the composites increased with
increasing EGF content, but only up to a certain point.
The highest value was measured for the composite
with 15 wt% of EGF. The coefficient of reinforce-
ment showed an optimum value for the composite
with 15 wt% of EGF. We can conclude that the right
balance of properties, i.e., a high degree of fiber dis-
tribution homogeneity and a suitable mechanical per-
formance can be achieved by tailoring the EGF con-
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tent for a selected composite formulation. Further-
more, such quantitative analysis of the microstructure
of BMC composites could be applied for obtaining
information about the mechanical response of com-
plex parts of BMC products.
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Abstract. The introduction of self-healing functionality into epoxy matrix is an important and challenging topic. Various
micro/nano containers loaded self-healing agents are developed and incorporated into epoxy matrix to impart self-healing
ability. The current report reviews the major findings in the area of self-healing epoxy composites and coatings with special
emphasis on these containers. The preparation and use of polymer micro/nano capsules, polymer fibers, hollow glass
fibers/bubbles, inorganic nanotubes, inorganic meso- and nano-porous materials, carbon nanotubes etc. as self-healing con-
tainers are outlined. The nature of the container and its response to the external stimulations greatly influence the self-heal-
ing performance. The self-healing mechanism associated with each type of container and the role of container parameters
on self-healing performance of self-healing epoxy systems are reviewed. Comparison of the efficiency offered by different
types of containers is introduced. Finally, the selection of containers to develop cost effective and green self-healing sys-

tems are mentioned.

Keywords: smart polymers, epoxy, self-healing, coating

1. Introduction

Excellent adhesion, high mechanical strength, high
thermal stability and high chemical and corrosion
resistance of epoxy make this material suitable for
versatile applications like structural adhesives, pro-
tective coatings and resin matrices for composites
[1]. However, as an inherently brittle material, epoxy
thermosets are highly susceptible to defects/cracks
[1-3]. Fracture/fatigue loadings, thermal effects or
any kind of environmental effects influence the
matrix service life. In general, the material failure
starts at nano-scale, which then enlarges to micro- and
then to macro-scale until failure occurs. It is diffi-
cult to detect and repair these micro/nano cracks
formed in the structural components [4]. Hence, it is
promising to develop self-healing epoxy compos-
ites that can repair damages by themselves without
any external intervention to recover their functions.

*Corresponding author, e-mail: poornimavijayan@gqu.edu.qa
© BME-PT

In a similar way, the introduction of self-healing
functionality into protective coating is a better alter-
native for a long-term corrosion protection of metal-
lic structures by eliminating toxic chromate based
coatings. The self-healing coating provides an active
protection to the metallic surface not only by mechan-
ical covering but also by protection even after par-
tial damage of the coating [5—7]. In self-heling coat-
ings controlled release of the corrosion inhibitor has
been triggered by the changes in local environment
(change in pH).

The development of self-healing technology for
epoxy materials attracted growing interest and vari-
ous methods have been reported based on healing
agents, healing agent containers, healing mecha-
nisms etc. A great deal of attention has been paid to
design self-healing epoxy after their first introduc-
tion in 2001 by White et al. [8]. In this breakthrough
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self-healing concept, healing agent (dicyclopentadi-
ene) encapsulated inside a poly (urea-formaldehyde)
microcapsule reacted with a catalytic chemical trig-
ger (Grubbs’ catalyst) within epoxy matrix to provide
self-healing ability. The successive reports on self-
healing epoxies, disclosed various combination of
self-healing components and healing mechanisms.
Among them, the containers to encapsulate the heal-
ing agent have been investigated widely. These con-
tainers are specially designed to release the loaded
healing agents in case of the failure of the epoxy
structure due to any kind of external stimulus. The
nature of the container such as the material, morphol-
ogy, shell wall thickness, storage stability, core con-
tent etc. and its response to the external stimulations
are of great importance in determining the self-heal-
ing performance. The external stimulation to trigger
the release of healing agent from the containers
includes light, mechanical impact, local change in
pH during the corrosion process etc.

Self-healing polymers are subject to intense discus-
sion in the scientific community during the last
decade [9-11]. The studies on micro/nanocapsules
used for self-healing coatings were reviewed by
Samadzadeh et al. [12]. Wu et al. [13] reviewed the
trends and developments in self-healing polymeric
materials including preparation and characteriza-
tion of the self-healing systems, evaluation of self-
healing efficiencies in thermoplastic and thermoset
materials. Yang et al. [14] reviewed different aspects
of self-healing polymers including the thermody-
namic requirements and chemical reactions for self-
healing, encapsulation process, remote self-healing
etc. A specific area in self-healing polymers i.e.
container based self-healing polymer coatings wase
reviewed by Shchukin [15]. Fayyad et al. [16] dis-
cussed in detail different techniques used to follow
the self-healing process in protective epoxy coatings.

However, the absence of a systematic review in the
area self-healing epoxy in specific, make the cur-
rent review unique, which focuses on self-healing
agent loaded containers used in epoxy matrix.

The present review aims to report the investigations
on the development and use of various micro/nano
containers for epoxy composites and coatings. An
ideal self-healing container should be resistant to
solvents, temperature and mechanical stresses such
as mixing, curing etc. during the manufacturing
processes by maintaining the healing agents inside.
At the same time, the container should break upon
propagation of cracks through the matrix and release
enough healing agents to recover the crack. Exten-
sive research works were reported to achieve contain-
ers which fulfill these criteria. Researchers used dif-
ferent types of self-healing agent loaded containers
with hollow cavity of different shapes including poly-
mer capsules, polymer fibers, hollow glass fibers
and capsules, inorganic capsules and tubes etc. in the
size range from micro to nano. Figure 1 shows con-
tainers of different origin which are capable of load-
ing healing agents inside their cavity. The influence
of container parameters on the self-healing perform-
ance is reviewed in detail. The potential of inorganic
nanotubes, mesoporous materials and carbon nan-
otubes materials to act as multifunctional containers
for epoxy is proposed.

2. Polymer capsules as self-healing agent
containers

2.1. Preparation of polymer microcapsules

In situ emulsion polymerization, interfacial polymer-
ization, vacuum infiltration etc. are used to prepare
the polymer microcapsules. Among them in situ
emulsion polymerization is the most widely used
method for the preparation of polymer microcap-
sules. Different types of liquid healing agents such as

Containers for self-healing agent

| |
—— — —
A ML R MR eeme

Figure 1. Containers of different origin capable of loading healing agents inside
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dicyclopentadiene (DCPD), organic solvents, epoxy
resin, curing agents and drying oils are encapsulated
inside polymeric shells like poly (urea-formalde-
hyde) (PUF), poly (melamine-formaldehyde) (PMF)
etc. using in situ polymerization reaction [17]. White
and coworkers [8, 18] prepared DCPD encapsulated
PUF microcapsules in oil-in-water emulsion. The
processing parameters like agitation speed, tempera-
ture, emulsifier concentration etc. can influence the
morphology, shell wall parameters, size distribution,
storage stability and core content of these microcap-
sules.

The procedure adopted by White and coworkers [8,
18] was also extended to encapsulate other healing
materials in PUF shell. Organic solvents encapsu-
lated polymer capsules were prepared by researchers.
Chlorobenzene was encapsulated in PUF shell
using in situ polymerization method with an aver-
age diameter of 160+£20 um [19]. In an advanced
attempt, co-encapsulation of epoxy monomer with
solvents in PUF shells were done by dissolving
epoxy resins in solvents before adding to the emul-
sion mixture [19, 20]. Drying oil encapsulated
microcapsules, specifically designed for self-heal-
ing epoxy coatings, were also generated by in situ
polymerization [21].

The self-healing based on DCPD or solvent encap-
sulated microcapsules make use of chemistries which
are different from that of the matrix. This might result
in deterioration of the mechanical properties of the
healed area. So researchers found methods for the
safe encapsulation of both epoxy resin and curing
agent. While using epoxy as reactive healing agent,
the microencapsulation of epoxy monomer was
done by a two-step process [22]. Initially, urea and
formaldehyde were pre-polymerized and then formed
microcapsules via in situ condensation. In another
attempt, epoxy was encapsulated in an epoxy shell
itself[23]. Liu et al. [23] prepared microcapsules with
epoxy as the core healing agent and epoxy-amine
polymer as the shell by interfacial polymerization
of epoxy resin droplets with ethylenediamine (EDA).
The reaction of epoxy which cannot be dissolved in
water with EDA which is readily dissolved in water
at the interface of epoxy droplets to form the shell
material.

Though it is easy to achieve the epoxy encapsula-
tion, encapsulation of liquid amine hardeners is dif-
ficult due to their amphoteric nature and high reac-
tivity. The conventional amine hardener could not

encapsulate by urea-formaldehyde shell under acidic
conditions. Researchers chose mercaptan as curing
agent suitable for encapsulation purpose [24, 25].
Since mercaptan is very active, it was microencap-
sulated with melamine-formaldehyde by an improved
in situ polymerization approach. The mercaptan-
loaded PMF capsules showed high storage stability.
The catalyst was infiltrated into the mercaptan-
loaded PMF capsules, to produce microcapsules con-
taining both mercaptan and its amine catalyst.
Later, a new method to encapsulate amine harden-
ers was introduced [26]. In this method diethylene-
triamine was infiltrated into hollow PUF microcap-
sules using vacuum process. Initially, hollow PUF
microcapsules were prepared by a poly-condensa-
tion reaction of urea-formaldehyde pre-polymer on
the surface of entrained air bubbles. These hollow
capsules were immersed in diethylenetriamine and
carried out the vacuum infiltration for several hours
to encapsulate the amine inside the PUF capsules.
In an another attempt, polyetheramine, a flowable
and low temperature curable curing agent was suc-
cessfully encapsulate in poly(methylmethacrylate)
(PMMA) shell [27]. In this case, PMMA microcap-
sules were prepared by a controlled phase separa-
tion process within droplets of an oil-in-water (O/W)
emulsion. Successively, the solvent evaporation tech-
nique was employed to form a PMMA shell around
the polyetheramine core.

Very recently, a facile method of preparation of
microcapsules based on Pickering emulsion, in
which the solid particles adsorbed on oil-water inter-
face instead of surfactants in traditional emulsion
was introduced [28, 29]. Soild particles like nanoclay
and lignin are remarkably stable to protect droplets
from aggregation. Yi et al. [29] used cheap and eco-
friendly material-lignin as Pickering emulsion stabi-
lizer and the active hydroxyl groups in the chemical
structure of lignin could react with isocyanate groups
in oil phase and reinforced the stability of emulsions.
Isophorone diisocyanate, (IPDI) was effectively
loaded in lignin nanoparticle-stabilized oil-in-water
(O/W) Pickering emulsion templates (Figure 2).

2.2. Preparation of polymer nanocapsules

To develop thin polymer coating, the incorporation
of nanocapsules is better choice than microcapsules.
The possible lower capsule diameter limit of the PUF
microcapsule developed by the in sifu polymeriza-
tion was 10 um [8]. However, a combination of ultra-
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Figure 2. Schematic for the synthesis process of multilayer composite microcapsules loaded with healing agents based on

Pickering emulsion templates [29]

sonication and in situ encapsulation techniques was
used to produce submicron and nano PUF capsules
filled with DCPD [30]. This method was reported to
produce nano-capsules with smooth outer surface
and thin shell walls.

Zhao et al. [31] introduced a general method to
develop nanocapsules from polymers like poly (L-
lactide) (PLLA), poly(vinyl acetate) (PVAc), poly
(methyl methacrylate) (PMMA), poly(vinyl formal)
(PVF) and poly(vinyl cinnamate) (PVCi) using com-
bination of solvent evaporation and miniemulsion
techniques. The steps involved in this process is
shown in Figure 3. Initially, a homogeneous hydro-
phobic phase containing pre-synthesized polymer and
healing agent in a good polymer solvent was ultra-
sonicated with aqueous surfactant solution, to obtain
miniemulsion droplets. Further upon good solvent
evaporation, the nanocapsule encapsulated with heal-
ing agent was formed through internal phase sepa-
ration. This method can be applied to encapsulate
hydrophobic healing agents like solvents and mono-
mers, reflecting their use in self-healing epoxy sys-
tems.

2.3. Polymer capsules in epoxy composites

Polymer capsules are developed as self-healing con-
tainers to fracture along the crack to release the
healing agent into the failure site. The understand-
ing of the micromechanical properties of these encap-

Ultrasonication

—’.%?{E

* Healing agent e Surfactant

sulated shells using nanoindentation technique can
help in predicting the self-healing performance of
microcapsule incorporated epoxy systems [32]. In
addition to the ability to act as healing agent reser-
voirs, theses containers can also serve as a toughen-
ing agent for virgin epoxy. The detailed toughening
mechanism operates in fluid filled PUF microcap-
sules embedded epoxy was investigated. The tough-
ening mechanisms induced by these microcapsules
are found to be different from that by solid particle
fillers [33, 34]. The increased hackle marking and
subsurface micro-cracking were identified in fluid-
filled microcapsules incorporated epoxy. It was
reported that the PUF microcapsules with optimal
wall thickness (56+5 um), diameter (400+50 um) and
surface morphology have the lower permeability and
high stability. This makes them applicable to poly-
mers fabricated at higher temperature (<250 °C) [35].
However, it was found that the presence of microcap-
sules caused a reduction in modulus and strength of
the matrix [33, 24].

The self-healing epoxy system introduced by White
et al. [8] used PUF microcapsules with thin shell to
encapsulate DCPD as healing agent. When the crack
propagates thorough the matrix, the embedded micro-
capsules ruptured to release the DCPD monomer into
the crack. Grubbs catalyst embedded in the matrix
initiated the polymerization of the released DCPD
via ring-opening metathesis polymerization (ROMP)

Solvent
evaporation

_'_'_'_,/
%

& Pre-synthesized polymer

Figure 3. Schematic illustration of the general route towards fabrication of healing agent-filled nanocapsules from

miniemulsions using pre-synthesized polymers [31]
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to rebond the crack plane at room temperature. Fig-
ure 4a schematically shows the self-healing mecha-
nism operates in encapsulated DCPD/Grubbs cata-
lyst based self-healing epoxy systems. The scanning
electron microscopic (SEM) image of ruptured PUF
microcapsule is shown in Figure 4b. In this case,
the self-healing process was found to influence the
concentration and size of PUF microcapsules [36].
It was found that a lower capsule concentration of
5 wt% achieved a satisfactory healing. However, in
this case, the size of the microcapsule did not show
a prominent effect on fracture toughness (Kjc) and
healing efficiency (# = Kjc healed/K)c virgin), even
though the capsule size had a direct influence on the
volume of DCPD monomer released. The fracture
toughness per volume fraction of capsules was
found to be higher for 1.5 um capsules than for larger
capsules (180 um). The PUF nanocapsules synthe-
sized by Suryanarayana et al. [21] were found to pro-
vide better compatibility with the matrix. The dis-
persion of DCPD filled PUF nanocapsules in epoxy
matrix caused a significant increase in fracture tough-
ness with a slight decrease of tensile strength.

The microcapsules made of urea-formaldehyde filled
with DCPD was used in successive research to
develop carbon fiber reinforced epoxy structural

composites with self-healing ability [37]. The encap-
sulation of fluorescent dye along with DCPD into
the melamine—urea—formaldehyde (MUF) shell was
effectively used to observe the recovering process
using fluorescence microscopy [38]. The transport of
self-healing agent between crack planes released
from a microcapsule were traced using fluorescence
microscopy in cracked epoxy incorporated with
MUF microcapsules containing DCPD with fluo-
rescent dye.

The limitations of DCPD/Grubbs catalyst based
self-healing system includes catalyst unavailability,
cost, environmental toxicity, instability, and difficult
materials processing could be eliminated by an eco-
nomical and simple way of using encapsulated sol-
vents to recover the virgin properties of epoxy sys-
tem [19]. Chlorobenzene loaded PUF microcapsules
were incorporated into the epoxy matrix. When a
crack propagated through the material, the solvent
was released upon cleavage of the capsules and
healed the crack. The healing mechanism they pro-
posed involved the local swelling of the matrix by
the solvent which allowed the accessibility of resid-
ual amines and further crosslinking with residual
epoxy functionality. The self-healing ability of the
solvent-based system could be further improved by

= Microcapsx&aé
® @

. . Grubbs catalyst «
. s

. . .

Crack [

Crack propagation and
rupture of microcapsule

Polymerization of DCPD
with catalyst

a)

Figure 4. a) The schematic representation of self-healing concept introduced by White ef al. in encapsulated DCPD/Grubb’s
catalyst based epoxy self-healing systems, b) scanning electron microscope image shows the fracture plane of a self-
healing material with a ruptured PUF microcapsule in a thermosetting matrix [8]
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using an epoxy monomer co-encapsulated with sol-
vents [20, 39]. In such case, the additional epoxy
monomer delivered to the crack plane provided addi-
tional crosslinking to have new thermoset material to
the original matrix interface with multiple healing
events. The solvent-based self-healing concept was
extended to greener solvents like phenylacetate and
ethyl phenylacetate [39, 40]. These aromatic ester are
significantly less toxic solvents than chlorobenzene.
Coope et al. [40] incorporated PUF microcapsule
containing mixture of ethyl phenylacetate/epoxy
mixture into scandium(I11) triflate catalyst embedded
epoxy. In this system, the epoxy monomer from the
ruptured microcapsule undergoes ring-opening poly-
merization in contact with dispersed catalyst. Here
the self-healing activity was promoted by the
swelling of epoxy matrix by ethyl phenylacetate to
facilitate catalyst dissolution.

The PUF encapsulated ethyl phenylacetate/epoxy
mixture was used along with shape memory alloy
wires in epoxy matrix to allow the healing of larger
damage volumes [41, 42]. Here the use of shape
memory alloy wires along with ethyl phenylacetate
helped to reduce the crack face separation and pro-
vide internal heating to accelerate the healing kinet-
ics.

Blaiszik et al. [20] demonstrated the influence of
shell wall morphology on the microcapsule rupture
based on the study carried out on PUF micro/nano-
capsules containing a mixture of resin and solvent.
The capsule shell wall was found to comprise of two
distinct regions with a thin continuous inner shell
wall of low molecular weight polymer that deposits
at the oil-water interface formed by urea and
formaldehyde reaction in aqueous phase, and a
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thicker rough exterior shell wall formed by coalesce
the colloidal UF particles as the UF reaction pro-
gresses. When incorporating this microcapsule into
epoxy matrix, the rough surface of the wall allowed
a good adhesion to the epoxy matrix by increasing
capsule fracture and healing agent delivery.

To provide a repair system with matching chemical
entity with host epoxy matrix, researchers focused on
the use of microcapsule encapsulated with epoxy and
hardener. Yin et al. [22] developed a two-component
healing system consisting of epoxy encapsulated
PUF microcapsules (30-70 um) and a latent hard-
ener dissolved in epoxy. When cracks were propa-
gated through the composites, the damaged micro-
capsule released the epoxy. The latent hardener which
is soluble in the matrix encountered with released
epoxy from the broken microcapsules to recover the
crack upon curing at 130-180°C.

Yuan and coworkers [24, 43] developed a self-heal-
ing epoxy system by incorporating both epoxy loaded
and mercaptan loaded microcapsules. The size dis-
tributions of epoxy-loaded and hardener-loaded PMF
capsules are shown in Figure 5a. This two-component
self-healing epoxy with stoichiometric weight ratio
(i.e. 1.26) of epoxy to mercaptan capsules offered
maximum self-healing at or below room temperature
with crack healing chemistry similar to the matrix
polymer (Figure 5b). As the cracks propagate through
the matrix, both type microcapsules fractured and
successively released their contents. In the cracked
surface, the epoxide groups quickly reacted with
mercaptan in the presence of catalyst benzyl-
dimethylamine to recover the matrix. The high flowa-
bility, fast consolidation and miscibility of the
released epoxy and mercaptan facilitated rapid repair.
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Figure 5. a) Size distribution of epoxy-loaded capsules and hardener-loaded capsules and b) influence of capsule concentra-
tion on fracture toughness and healing efficiency. Weight ratio of the two types of capsules in all the self-healing
specimens is 1:1. Healing of the fractured specimens was conducted at 20 °C for 24 h [24].
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Later, a two component epoxy self-healing system
based on epoxy-amine healing chemistry was devel-
oped [26]. Both epoxy encapsulated capsules (pro-
duced by in situ polymerization) and amine encap-
sulated capsules (produced by the vacuum infiltra-
tion) in optimal ratio were incorporated into epoxy
matrix. The reaction of epoxy and amine released
from the respective capsules healed the damaged
area. The healed fracture surfaces revealed that the
healed matrix failed cohesively which indicated the
in situ formation of epoxy and good bond strength
to the matrix.

In recent studies, poly(methylmethacrylate) (PMMA)
was chosen as the capsule shell as it has superior sta-
bility, biocompatibility and good compatibility with
epoxy. Both one component PMMA microcapsules
[27] and two component PMMA microcapsules [44]
were investigated. The one component system [27]
was designed in such a way that the released curing
agent (polyetheramine) upon rupture of the PMMA
shell crosslinked with the residual epoxy groups to
form the new thermoset region in the original matrix
interface. They found that the healing efficiency of
the two-components system was higher than that of
the single component self-healing system due to fast
reaction occurred between the resin and the hard-
ener leaked from the microcapsule to the crack sur-
face. The effect of weight ratios of epoxy-/hardener-
contained microcapsules on the healing efficiencies
of epoxy composites was also investigated. It was
observed that the self-healing efficiency signifi-
cantly increased with increasing microcapsules con-
tent from 5 to 15 wt%. Increased microcapsule con-
tent helped to release enough epoxy and hardener to
heal the cracks.

Very recently, nanocontainers with copolymer shell
walls were developed as the functional copolymers
containing oxirane function to match the epoxy struc-
ture as well as a second monomer to create fragility
to fracture under crack [45]. Nanocontainers encap-
sulated with amine healing agent were prepared
using poly (glycidylmethacrylate-co-methylmethacry-
late) [poly(GMA-co-MMA)] via double emulsion
technique.

The dual microcapsules were also used in glass fiber
reinforced epoxy composites and studied the self-
healing action upon low velocity impact damage [46].
Epoxy encapsulated PUF microcapsules (produced
via in situ polymerization) and amine hardener encap-
sulated PUF microcapsules (produced via vacuum

infiltration method) were properly mixed with epoxy
in the ratio 10:3. Appropriate fabrication technique
via hand layup followed by vacuum bag molding
confirmed the protection of microcapsules in this
glass fiber reinforced composite. In the crack area,
the bleeding from microcapsules recovered the dam-
aged area by formation of new bond.

As the weakest region in fiber reinforced polymer
composite, the fiber/matrix interphase should require
preferential self- repairing action [47]. The knowl-
edge gained on bulk self-healing has also been trans-
ferred to the fiber/matrix interphase. Carbon fiber/
epoxy interphases [48] and glass fiber/epoxy inter-
phases [49] were functionalized with capsules con-
taining reactive epoxy resin and ethyl phenyl acetate
solvent to provide the interfacial self-healing upon
debonding of the fiber/matrix interface.

During the progress of research in self-healing epoxy,
scientists discovered methods to compensate the
reduction in elastic modulus and hardness of the
epoxy due to the presence of microcapsule by incor-
porating carbon nanotubes (CNTs), which was
proved to improve the aforementioned values sig-
nificantly [50]. Table 1 tabulated the healing eftfi-
ciency obtained for epoxy composites with different
polymer capsules.

2.4. Polymer capsules in epoxy coatings

The self-healing concept was also applied in epoxy
coating besides in epoxy composites structures. Pro-
tective self-healing epoxy coatings are developed by
incorporating containers, which are able to release a
corrosion inhibitor or self-healing agents under the
situations like pH changes caused by the triggering
situations like start of corrosion process, ion-
exchange process, and mechanical damage. Stankie-
wicz et al. [51] reviewed different type of self-heal-
ing coating for anti-corrosion applications. Drying oil
encapsulated capsules such linseed oil encapsulated
phenol-formaldehyde (PF) microcapsules [52] and
tung oil encapsulated PUF microcapsules [53] were
used to make self-healing epoxy coatings. Drying oils
are chemically unsaturated glycerides of long chain
fatty acids. When these oils contact with oxygen,
carbon—carbon chain cleaved to polymerize and the
degree of double bond unsaturation controls the
polymerization rate. The linseed oil and tung oil
released from microcapsules polymerized when
contact with the air to heal the scratched area. Even
though the chemical nature, physical and mechani-
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Table 1. The healing efficiency reported for different type of containers

No. Matrix Containers Self-healing agent Self-healing efficiency | Ref.
1 |Epoxy PUF Encapsulated DCPD/Grubbs catalyst 85+5% at room temperature | [36]
45% at room temperature
2 |Epoxy/carbon fiber | PUF Encapsulated DCPD/Grubbs catalyst 80% at 80°C [37]
3 |Epoxy PUF Encapsulated chlorobenzene 82% at room temperature [19]
4 |Epoxy PUF f:;?s:ﬂated phenyl acetate/ethyl phenyl 100% at room temperature | [39]
5 |Epoxy PUF Encapsulated epoxy/latent hardener 111% at 130-180°C [22]
6 |Epoxy PMF Encapsulated epoxy/Encapsulated mercaptan 104% at 20°C [24]
based hardener
Encapsulated epoxy (by in situ polymeriza-
7 |Epoxy PUF tion)/encapsulated amine hardener (by vacuum |91% at room temperature [26]
infiltration)
8 |Epoxy PMMA eErrllecrapsulated epoxy/encapsulated amine hard- 84.5% at room temperature | [44]
Encapsulated epoxy (produced via in situ poly-
9 |Epoxy/glass fiber |PUF merization)/encapsulated amine hardener (pro- [40% at room temperature [46]
duced via vacuum infiltration)
10 |Epoxy GMA-co-MMA Encapsulated amine hardener 85% at room temperature [45]
11 |Epoxy Electrospun PAN mats | Immersed epoxy/immersed amine 38% at room temperature [61]
12 |Epoxy HGBs Loaded epoxy/loaded amine 62% at 50°C [69]

cal characteristics of healed area are not the same as
the matrix, the authors claimed that the creation of a
barrier between air and surface could increase the
life cycle of the coating. The corrosion resistance
studies by electrochemical impedance spectroscopy
(EIS) showed a better preservation of corrosion
resistance of epoxy coating incorporated with tung
oil encapsulated PUF microcapsule.

The encapsulated epoxy microcapsules were incor-
porated into epoxy paint composed of epoxy and
modified polyamide hardener to prepare self-heal-
ing coating for carbon steel [23]. The capsules were
ruptured along with the damage on the coating and
the stored epoxy resin released into the matrix. The
released epoxy polymerized when contacting with
the residual polyamide hardener after curing of the
epoxy in matrix, to repair the scratch. The EIS stud-
ies were used to evaluate the self-healing activity of
epoxy microcapsules filled epoxy coating on car-
bon steel. These microcapsules were found to heal
the scratched coating surface in a short time. Coat-
ing with an optimum concertation of epoxy micro-
capsules (20 wt%) completely healed the scratched
surface with in 4 hrs. Also, these epoxy microcap-
sules were later used in epoxy/polyamide coatings for
mild carbon steel for self-healing performance
along with polyaniline nanofibers for passive prop-
erty [54].

In epoxy protective coatings, solvents used to lower
resin viscosity and heat treatment used to remove sol-
vent or to cure coating matrix adversely affect the sta-

bility of the microcapsules. Hence solvent and ther-
mal resistant microcapsule are practically required
for self-healing epoxy coatings. A novel double-
layered polyurea microcapsules containing hexam-
ethylene diisocyanate (HDI) with excellent shell
tightness synthesized via interfacial polymerization
reaction showed good resistance to temperature and
nonpolar solvents [55]. These HDI encapsulated dou-
ble-layered polyurea microcapsules showed out-
standing anticorrosion performance through self-
healing functionality of the released HDI in damaged
locations.

The epoxy coating loaded with these multilayer
composite microcapsules based on Pickering emul-
sion had excellent anticorrosive and self-healing per-
formance. This was confirmed from the optical
images of the scratched coating with and without
microcapsule loading (Figure 6). This cheaper and
greener approaches adopted for the self-healing tech-
nology pave way for further use in industrial and
environmental fields.

3. Polymer fibers as self-healing agent
containers

Polymer fibers were also found as effective healing
agent containers in epoxy matrix. Different methods
were adopted to encapsulate the healing agents
inside these polymer fibers including coelectrospin-
ning [56-58], emulsion electrospinning [56] and
emulsion solution blowing [56]. DCPD enwrapped
into polyacrylonitrile (PAN) using coelectrospin-
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a)

b) (B,

(A)

(B,) (By)

Figure 6. Brine-submersion corrosive-accelerating test. Photograph of steel plates coated with common coating (Group A)
and multilayer microcapsules based on Pickering emulsion -embedded self-healing coating (Group B): (A;, B})
before, (A,, By) after submersed in 10 wt% NaCl solution for 120 h, and (A3) traces of corrosion on steel plate,
(B3) anticorrosive performance of self-healing coating on steel plate. OM images of enlarged view of scratched
region on (a) common coating and (b) self -healing coating, the scale bars are 200 um. The steel plates
(10x10 cm?) were submerged in NaCl solution (10 wt%) for 120 h [29].

ning to form core-shell DCPD/PAN nanofibers [56,
57]. The electrospinning was carried out in a lab-
made coaxial needle setup for generating the core—
shell jet [59, 60] by supplying a solution of 10 wt%
PAN in dimethyl formamide (DMF) as the outer jet
(shell) and the solution of 10 wt% DCPD in DMF as
the inner jet (core). Self-healing carbon-fiber/epoxy
composites were developed by incorporating this
core-shell DCPD/ PAN nanofibers at laminate inter-
faces. Epoxy monomer was also encapsulated within
a poly(vinyl alcohol) (PVA) nanofiber using coelec-
trospinning [58]. Thus obtained core-shell epoxy/
PVA nanofibers was found to be stable enough within
the curing epoxy matrix.

In a different approach, as-electrospun mats of poly-
acrylonitrile (PAN) containing both epoxy and amine
as healing solutions were embedded into an epoxy
matrix [61]. Here, the healing agents were not sub-
jected to encapsulation or electrospinning process as
in the previous case and hence this technique could
be implemented to carry reactive healing agents
without tedious process. The electrospun PAN mats
were simply immersed in liquid epoxy solution or
diethylenetriamine (DETA) and were alternatively
layered up in epoxy composite structure. Thus gen-
erated composites structures achieved multiple heal-
ing cycles. This method open up a way to the mass

production of self-healing composites for structural
applications.

4. Hollow glass fibers (HGF) and hollow
glass bubbles (HGB) as self-healing agent
containers

The high chemical inertness as well as thermal sta-
bility of hollow glass based self-healing containers
offers advanced self-healing technology which can
eliminate the limitations of corrosive feature of some
healing agents and thermally degradability of the
shell. The hollow glass fibers can be used as an ideal
medium for storing healing components together
with exploring them as structural reinforcing agents
in advanced epoxy composite structures [62—65].
Hollow glass fibers with external diameter of 60 pm
and 50% hollow fraction was used by Pang and Bond
[62] to restore the healing components. They incor-
porated the unidirectional hollow glass fibers in
epoxy matrix with 0°/90° lay-up. A significant frac-
tion of flexural strength lost after impact damage was
found to be restored by the self-healing action of
resin and hardener stored within hollow fibers. The
self-healing mechanism operates in this systems is
similar to bleeding mechanism in biological organ-
isms. During a damage event, healing agent passed
from within any broken hollow fibers infiltrated the
damage area.
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These HGF were also incorporated into carbon fiber
reinforced epoxy in order to impart the self-healing
ability to carbon fiber reinforced polymer (CFRP)
laminates used in aerospace applications [66]. It was
found that the presence of HGF within a CFRP lami-
nate produce minimal degradation in flexural
strength and ply disruption. Recently, much thinner
hollow glass fibers (13 um outer diameter) were used
in a damage-detecting and self-repairing epoxy com-
posite to ensure major reinforcement [67]. Self-repair
in this system was achieved by adding polyester resin
(catalyzed resin and initiator) to the hollow fibers.
When compared to the filled—damaged specimens,
the healed specimens had 20 and 26% higher bending
strength and bending modulus respectively.

Etched HGB are found to be another stable con-
tainer for amine curing agent. Etched HGB with holes
at the micrometer level were fabricated by etching
the glass bubbles using dilute hydrofluoric acid (HF)
in specially designed mixer. [68]. Etched HGB in
micrometer range (diameter 66.9+£8.2 um, and shell
thickness 0.79+0.41 pm) were used to encapsulate
both epoxy resin and the amine hardener [69]. The
healing agents inside the HGB survived from the
manufacturing process and following 24 hour of
cure. These healing agent containers were incorpo-
rated in the optimized ratio of 4:1 for epoxy loaded
HGBs to amine loaded HGBs to get better self-
healing performance.

5. Inorganic nanomaterials as self-healing
agent containers

When compared with tedious encapsulation process
required in the case of most of the polymer cap-
sules, merely ‘physical’ encapsulation generally vac-
uum infiltration is required in the case of these inor-
ganic nanomaterials which make this self-healing
technique more demanding to heal the micro-crack.
Even though there are some reports on the use of
inorganic nanoporous and nanotubes as self-healing
containers, still more detailed investigations are
required in this area. Like polymer capsules, the inor-
ganic containers also offer mechanical reinforce-
ment apart from the healing agent loading and mag-
nitude of reinforcement in most cases much higher
than that offered by the polymer capsules. More-
over, the compatibility of the inorganic nanomateri-
als with epoxy is well understood.

Kirk et al. [70] encapsulated both epoxy and hard-
ener separately inside channels of nanoporous silica

using infiltration method. The feasible self-healing
approach for the recovery of mechanical properties
of epoxy by adding a mixture of epoxy filled nano-
porous silica capsules and hardener filled nanoporous
silica capsules were proposed by them. In their study,
they observed only a partial self-healing, because the
amount of healing agents inside the capsule was not
large enough to heal large macro cracks analyzed.
Hence they claimed the effective use of such self-
healing containers for preventing/healing microc-
racks which are the precursor to macrocrack forma-
tion/extension.

Another promising ‘green’ nanocontainer for healing
agents is naturally occurring halloysite nanotube
(Figure 7). Halloysite is a two-layered aluminosili-
cate clay mineral and is available cheaply in thou-
sands of tons from natural deposits. Depending on
the deposit, the size of halloysite nanotubes (HNT)
vary within 1-15 um of length and 10-150 nm of
inner diameter [71].

Halloysite can readily dispersed in epoxy without
any surface treatment. It was reported that the hal-
loysite nanotubes could act as impact and toughness
modifier for epoxy [72, 73]. Abdullayev and Lvov
[74, 75] reviewed the use of halloysite clay nan-
otubes for controlled release of protective agents
for medical and pharmaceutical applications, anti-
corrosive and self-healing coatings etc.

Melo et al. [76] encapsulated solvents inside the hal-
loysite lumen and they investigated the feasibility
to use them for developing self-healing epoxy. After
the insertion of the solvent (DMSO) inside HNT
using vacuum infiltration, additional encapsulation
using polyelectrolytes was done to block the ends of
the HNT in order to trap the solvent inside the struc-
ture (Figure 8). This solvent encapsulated HNT can
be effectively used in epoxy to make it self-healing
in the future. Generally, high molecular weight sub-
stances like polymers (epoxy resin) have slow release
time due to their stronger adsorption to the hal-
loysite surface. This stronger adsorption is expected
due the fact that the high molecular weight sub-
stances have more functional groups that can inter-
act with OH groups in halloysite surface to estab-
lish hydrogen bonding. Hence no need for addi-
tional encapsulation in such case [74].

For self-healing coatings, the corrosion inhibitors are
usually loaded as the healing agent inside the nano-
containers. Halloysite nanotubes were successfully
used as container for corrosion inhibitor for paints
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Figure 7. (a) SEM and (b) TEM images of halloysite nanotubes [78]
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Halloysite nanotube

Figure 8. Encapsulation process of solvent into HNTs [76]

[77] and acrylic and polyurethane coatings [78].
While the halloysite inner void loaded with the cor-
rosion inhibitor, the outer surface was covered with
polyelectrolyte multilayers. The polyelectrolyte mul-
tilayers are sensitive to changes in the surrounding
environment. The opening of the polyelectrolyte
layer with pH changes resulted in occasional release
of inhibitor in local corrosion areas. Once the corro-
sion area is healed, the pH shifted to its original
value which could stop the release of corrosion
inhibitor by closing the polyelectrolyte shell.

The similar corrosion inhibitor loaded halloysite
nanotubes will be a promising candidate to generate
self-healing anticorrosive epoxy protective coating
for metals. Mesoporous silica was also used to load
corrosion inhibitors for sol-gel protective coating
for metal [79].

Maia et al. [80] adopted a one step process includ-
ing synthesis of silica nanocapsules (SiNC) and load-
ing of corrosion inhibitor 2-mercaptobenzothiazole
(MBT) which outlook the mass production. This
process route provided silica nanocontainers with an
empty core and shell with gradual mesoporosity,
which facilitates better loading efficiency and pro-
longed and stimuli-triggered release of the inhibitor.
When incorporating these loaded silica nanocap-
sules into water-based epoxy system to coat alu-
minium alloy, the SiNC release a higher amount of
MBT in acidic pH and at high concentrations of

Halloysite nanotube filled with solvent

—_—

Halloysite nanotube
with solvent encapsulated

NaCl. This facilitated prolonged self-healing for long
time in corrosive media.

Epoxy coatings containing corrosion inhibitor (MBT)
loaded mesoporous silica was proved to have self-
healing properties [81]. It was showed that epoxy
coating with 4 wt% MBT loaded mesoporous silica
had partial recovery from artificially created defects
as shown by it response to EIS analysis when exposed
to 3.5 wt% NaCl solution. Although a decrease in
impedance values in the low-frequency range was
observed during the first day, impedance values
increased after 24 hours of immersion (Figure 9).
Moreover, the inherent corrosion protection capa-
bility of halloysite nanotubes and silica nanoparti-
cles [82] will be an added advantage for epoxy coat-
ing incorporated with these inorganic materials
loaded with corrosion inhibitors. Previously, it was
shown that HNTs enhanced the corrosion protection
capability of epoxy coating for a carbon steel sub-
strate along with nanozinc dust [83].

Above all, the dimension of the epoxy monomer
(diglycidyl ether of bisphenol A) (as per the molec-
ular dynamic simulation studies) [84] is suitable to
be loaded even inside the pores in meso-scale.
Suzuki et al. [85] showed that the pore size in meso-
porous silica (~4 nm) is sufficiently large enough for
epoxy polymers (~0.5 nm) to penetrate into the
internal mesospace. Hence, it is feasible to insert
the epoxy monomers into the mesopores and nan-
otubes due to capillary force.
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Figure 9. Electrochemical impedance spectroscopy bode plots of epoxy-4 wt% silica-MBT coating after artificial defect

exposure to 0.1 mol-L~1 NaCl solution [81]

6. Carbon nanotubes (CNT) as containers
for self-healing agents

The ability of carbon nanotubes to act as reservoirs
for the self-healing agents has been investigated. As
a primary research in this area, Lanzara et al. [86]
studied the feasibility of using CNTs as containers
for healing agents by understanding the molecular
dynamics (MD) of a fluid which resembles an organic
healing agent leaking out of a damaged single-walled
CNT. As the crack propagates through the matrix
the following would happen, (1) a CNT nanocon-
tainer which would first slow down crack propaga-
tion, (2) then release the healing agent as the outer
wall of the CNT is damaged and (3) finally CNT
would seal back. This MD simulation suggested a
new way of using carbon nanotubes as a reinforcing
self-healing reservoir that have the potential to
reduce the damage through the host matrix, self-
repair the crack and at the same time strengthen the
material before and after the repairing process.
Later, Sinha-Ray et al. [56] loaded the healing agents
like DCPD and isophorone diisocyanate into CNTs
by using self-sustained diffusion method. In this
method, CNTs were blended with dilute solution of
self-healing agents in benzene by means of sonica-
tion and the Fickian diffusion of healing agent equil-
ibrate the healing agent concentration inside CNTs
with that in the bulk. In order to avoid a halt in the
intercalation process at this low solute concentra-
tion inside CNTs, the solution with suspended CNTs
was left to evaporate. The bulk concentration of
solute gradually increased due to the solvent lost and
this permanently sustained the Fickian diffusion of
the solute into CNTs, which allowed complete filling

of the CNT bore. The TEM images of CNT samples
intercalated with DCPD and isophorone diiso-
cyanate (Figure 10) showed that the filled CNT with
the healing agents. The amorphous turbostratic CNTs
used in this work could be easily broken as evident
form the partially broken wall by the sonication
process (Figure 10b), which confirmed the possible
release of the healing agents as formation of defect.

7. Combination of containers for
self-healing epoxy composites and coating
Researchers utilized the combined benefit of differ-
ent containers so as to achieve advanced self-heal-
ing ability. Encapsulated polymer and inorganic cap-
sules are used together in epoxy matrix for the
strength restoration [87]. Hollow silica capsules
encapsulated with an instant hardener (antimony
pentafluoride) in the form of antimony pentafluoride—
ethanol complex and epoxy monomer encapsulated
by PMF were incorporated into epoxy matrix. This
system could effectively healed within few seconds
and about 8.3% impact strength was recovered after
20 s. Within a healing time of 100 s, this system
could reached its maximum healing efficiency (Fig-
ure 11).
PUF microcapsules loaded with epoxy and etched
hollow glass bubbles (HGBs) loaded with amine
were simultaneously used to produce self- healing
epoxy composite [88]. The amount and the mass
ratio of the released healing agents at the damaged
area were found to depend on parameters like size,
content and core capacity of the healing agent con-
tainers. The longest diffusion distance from their
carriers is also critically influence the self-healing
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d)

Figure 10. TEM images of the intercalated self-healing materials inside CNTs. Panels (a) and (b) show DCPD inside CNTs,

while (¢) and (d) show isophorone diisocyanate inside CNTs. In panel (b) the arrow indicates the partially bro-
ken CNT wall [56]
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Figure 11. (a) SEM image of impact fracture surface of healed self-healing epoxy matrix with hardener encapsulated silica
capsules and epoxy encapsulated PMF. The specimen had been fractured by the first impact test, healed at 25°C
for 100 s, and then fractured again by the second impact test. (b—d) Magnified views of different parts of (a):
(e) healing efficiency versus healing time of self-healing specimens determined by impact test [87].

process in the two-part system. With a shorter diffu- 8. The role of container parameters on self-

sion distance at higher concentrations and efficient healing performance of epoxy

mixing lead to an improved healing performance. One of the most important factors which affects the
self-healing performance of epoxy system is the
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easiness in releasing the healing agent upon damage
and this in turn depends on the thickness of the con-
tainer walls, container composition and container
core composition. Researchers used characteristic
techniques such as Fourier transform infrared spec-
troscopy, scanning electron microscopy, particle
size analyzer for evaluating these parameters of the
capsules. Both the size and weight fraction of the
microcapsule control the amount of healing agent
released in the damaged plane and hence the degree
of self-healing achieved. At a given weight fraction,
larger microcapsules produce superior healing per-
formance because the release of more healing agent
per unit crack area [89]. Encapsulation of containers
can be verified quantitatively and qualitatively by
Fourier transform infrared analysis, X-ray diffrac-
tion, Brunauer-Emmett-Teller (BET) surface area,
thermogravimetry and SEM.

Moreover, the competition between polymerization
kinetics and crack increase rate is one of the factors
for effective self-healing [90]. It was reported that a
significant crack arrest and life-extension occurred
when the healing rate is more than the growth rate
of the damage. The effect of healing agent encapsu-
lated microcapsule on epoxy cure kinetics was inves-
tigated [91]. The mechanism (autocatalytic) of epoxy
cure reaction was found to be unaltered by the pres-
ence of the healing components responsible for the
introduction of healing functionality such as resin
encapsulated PUF and amine hardener immobilized
on a mesoporous siliceous substrate.

9. Conclusions

The high cost of active monitoring and external
repairing in epoxy structural materials can be better
eliminated by introducing self-healing ability in
them [92], for example corrosion cost reached 4.2%
of the gross national product (GNP) of a country for
12 national surveys up to 2010 [93]. Similarly, the
large economic concerns raised by corrosion of
metallic structures, forces the researchers to search
for cost effective self-healing coatings. With proper
selection of containers, it could be possible to develop
robust, cost-effective and highly efficient epoxy
self-healing technologies so as to offer better serv-
ice life to protective coatings, construction, aero-
space, and electronics structures. The introduction
of less expensive and possible green healing com-
ponents in epoxy self-healing coating and compos-
ites material were reported. The use of catalyst free

healing agents like solvents, epoxy resins etc. were
developed in search for cost reduction. Due to the
difficulty in encapsulating the amine hardener inside
the common polymer capsules like PUF and PMF,
PMMA based capsules loaded with epoxy and amine
hardener can be a better choice to maintain the epoxy
chemistry in the damage area even after the recov-
ery. The novel preparation methods based on Pick-
ering emulsion to achieve solid particle stabilized
microcapsules and miniemulsion techniques to
achieve the polymer nanocapsules are found to be
promising in the area.

The ease of availability, better response to submi-
cron crack, the easy penetration of epoxy monomer
into the nano/meso pore and the ability to enhance
the matrix properties are the advantages of the inor-
ganic nanotubes as healing agent container for
epoxy. Along with the capability to store the healing
agent possessed by these inorganic nanomaterials,
the inherent corrosion protection ability and their
contribution to mechanical reinforcement to the
matrix makes them a promising candidate as self-
healing containers for developing multifunctional
epoxy for structural composites and coating. For
developing economically viable self-healing tech-
nology, along with the use of low-cost healing agents,
the exploitation of readily available, cheaper and
green containers like halloysite [94, 95] and nano-
clay or lignin nanoparticle-stabilized Pickering emul-
sion templates are promising. Even though the stud-
ies are in the preliminary stage, the capability of CNT
can also be effective as containers in epoxy self-
healing technology. Moreover, the use of low cost
lab-made electrospinning techniques open up prom-
ising future for the self- healing technology.

Abbreviations

CFRP Carbon fiber reinforced polymer
CNT Carbon nanotube

DCPD Dicyclopentadiene

DETA Diethylenetriamine

DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

EDA Ethylenediamine

EIS Electrochemical impedance spectroscopy
GNP Gross national product

HDI Hexamethylene diisocyanate
HGB Hollow glass bubbles

HGF Hollow glass fibers

HNT Halloysite nanotubes

IPDI Isophorone diisocyanate
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MBT 2-mercaptobenzothiazole

MD Molecular dynamics

MUF- Melamine—urea—formaldehyde
PAN Polyacrylonitrile

PAN Polyacrylonitrile

PLLA Poly(L -lactide)

PMF Poly(melamine-formaldehyde)
PMMA Poly(methylmethacrylate)

Poly(GMA-co-MMA) Poly(glycidylmethacrylatemethylm-
ethacrylate)

PUF Poly(urea-formaldehyde)

PVAc Poly(vinyl acetate)

PVA Poly(vinyl alcohol)

PVCi Poly(vinyl cinnamate)

PVF Poly(vinyl formal)

ROMP Ring-opening metathesis polymerization
SEM Scanning electron microscopic

SiNC Silica nanocapsules
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