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Editorial corner — a personal view
A second life for polymers ... needs more research

M. Gahleitner”

Borealis Polyolefine GmbH, Innovation Headquarters, St. Peterstr. 25, 4021 Linz, Austria

While scientists and engineers tend to focus on the
role of polymers as problem solvers, parts of soci-
ety appear to consider polymers more as a problem.
Polymer scientists therefore need to consider the
discussed issues in their daily research, like the var-
ious end-of-life options for polymer articles. But
before going into details let’s look what happens to
the about 300 mio tons of polymers produced every
year right now.

In Europe (EU27+CH+NO), out of 25 mio tons of
polymer waste 25% are recycled mechanically and
36.5% used as an energy source (in combustion, steel
and cement production mostly). 38.4% or 9.6 mio t
still goes to landfills, varying between 1% (CH), 50%
(IT) and 70% (UK), while peaking at 87% for Malta
(acc. PlasticsEurope). In North America, the recycled
fraction is 9% (USA) resp. 16% (Canada), with about
60% going to landfills. China, a hotspot of plastic
waste treatment, manages 22%, out of more than
600 mio tons, half of this being imported. Only India
manages to re-process more than half at a rate of
60%.

A consequence of this bad resource management
together with poorly maintained landfills is the
increasing ocean pollution by plastic waste, as the
recorded quantities can hardly be caused just by
beachside littering (250 kt globally, see DOI: 10.1371/
journal.pone.0111913). One may dispute the claimed
consequences, but trying to combat this kind of
marine pollution by fishing particles from the sea is
doomed to failure if the influx is not reduced. That
means better waste management and higher cost —
and good recycling may partly pay for it.

The role models are there: Global paper production
is based 50% on recycling, glass production 75% in
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Europe and 70% in the US. In all cases, these figures
were not just reached by politics or public pressure,
but also by ingenuity and research. The fact that poly-
mer recycling is not growing rapidly is at least partly
due to a lack of research efforts in the field which is
obviously not considered ‘sexy’ enough by the scien-
tific community. Progress happens, nevertheless,
largely driven by industrial research. The highly rel-
evant issue of purification, for example, is largely
handled in such developments (e.g. http://www.
erema.at/en/general corema/), and the involvement
of small companies demonstrates economic oppor-
tunities.

Academic research on recycling, however, is often
rather repetitive and unrealistic in scope, even if
~950 papers on the subject were published in 2014
(acc. SciFinder). An example is the use of tyre
regrind for toughening thermoplastics — this works
well if done correctly, but the simple issue of the
necessarily horrid sulphur smell of such compounds
which will prevent application of such compounds
in more than 90% of the cases is never addressed.

Polymer scientists need to take a fresh look at recy-
cling, dealing with issues like compatibilisation,
purification, emission reduction and long-term sta-
bility from a ‘fundamental perspective’.

Dr. Markus Gahleitner
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Abstract. Ugi four component condensation (UFCC), is an important tool for the synthesis of different types of bioconju-
gate species. In this study, a PLA-PEG/magnetite magnetic composite was prepared by a synthetic-route approach based on
UFCC. In particular, poly(lactic acid) (PLA) was synthesized by autocatalytic polycondensation. Also, poly(ethylenegly-
col) bis-amine (bis-amine PEG) was synthesized by two different methods: via carbonyldiimidazol (CDI)/ethylenediamine
(ED) (75% yield) and via chlorate monochlorated acetyl (CCA)/ED (95% yield). All products were characterized by gel
permeation chromatography (GPC), hydrogen-1 nuclear magnetic resonance (NMR 'H), Fourier transform infrared (FTIR),
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). In addition, magnetite was prepared and mod-
ified to generate aldehyde groups which are also necessary for UFCC. This product was characterized by DSC, TGA, X-ray
diffraction (XRD) and magnetic force (MF) techniques. Also, the magnetic composite PLA-PEG/magnetite was synthe-
sized by UFCC. The calculated yield was equal to 80%. Furthermore, magnetic microspheres were prepared by the proce-
dure of emulsion solvent-evaporation and characterized by scanning electron microscopy (SEM) and magnetic induction
hyperthermia (MIH). The main contribution of these results is to propose a new application for UFCC in the preparation of
biomasked magnetic drug delivery systems able to improve the cancer treatment and even the welfare of the patients.

Keywords: biodegradable polymers, Ugi reaction, magnetic composites, hyperthermic agent

1. Introduction

Drug delivery systems (DDS) is one of the most
exciting research fields of pharmacy, chemistry and
other related sciences [1-8]. The clinical benefits
have been demonstrated by dozens of products that
have already been approved for use in humans and
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several types of DDS have been approved by regu-
latory agencies [9].

Many of these systems are based on polymers.
Among them, the most widely used are polyethylene
glycol (PEG) and the poly(lactic acid) family, includ-
ing its copolymers with glycolic acid [9, 10]. The

188



Icart et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 188—203

most important feature of PEG is its potential for
biomasking [11-13]. The conjugation of PEG to
DDS or drugs (e.g. peptides and proteins) prevents
recognition by the various defense systems of organ-
isms [14-16].

In turn, PLA or poly(lactic/glycolic acid) (PLGA)
copolymers have been widely studied with regard to
the controlled release of drugs occluded in this matrix
by diffusion or erosion of biodegradable polymers
[17-21]. Since 1987, there have been 1042 reports of
DDS, based on PEG-PLA or the PLGA polymeric
system. However, in the last five years, 600 papers
were published, which suggests a remarkable level of
interest in this scientific field. The properties and
applications of DDS can be improved by the use of
magnetic particles. These composites have the poten-
tial to be targeted to a specific site by using mag-
netic fields. In addition, they could be very useful in
magnetic hyperthermia therapy [22-25].

Magnetic particles modified with biodegradable
PLGA or PLA were firstly prepared in the beginning
of the 1990s by chemical adsorption or molecular
interactions between a reactive polymer end group
and the surface of the particle [26—-30]. On the other
hand, the surface modification of magnetic particles
by chemical linkage of polymers is less documented,
even less by the use of Ugi four component conden-
sation (UFCC).

The main objective of this study was to prepare a new
system of controlled drug release, based on the union
of the three elements mentioned above (i.e. PLA,
PEG and magnetic particles) and using Ugi four com-
ponent condensation (UFCC) [31]. This reaction is
useful to the functionalization and PEGylation of bio-
macromolecules based on glycoprotein [32], lipopro-
tein [33] and polymeric conjugates [34—36]. UFCC
is a condensation reaction in which an aldehyde or a
ketone, an amine, an isocyanide, and a carboxylic acid
can form a bis-amide. It is considered a prime exam-
ple of a multi-component reaction (MCRs) which
proceeds by the formation of an imine as a result of
condensation of the aldehyde and primary amine.
Afterwards, the isocyanide and carboxylic acid are
added to the imine intermediate which, via an acyl
transfer, rearranges to the bis-amide product [37].
This new DDS could be used in very interesting appli-
cations, such as (i) the occlusion of hydrophobic
drugs in the PLA phase, which can be released by dif-
fusion and erosion of the polymer matrix; (ii) the con-

jugation of targeting elements to the amino end groups
of the PEG chain; (iii) the production of biomask-
ing by PEG chains, increasing the lifetime of the sys-
tem; (iv) additional targeting capability due to the
presence of the magnetic iron oxide core; and (v) use
of the phenomenon of magnetic hyperthermia. There-
fore, the presented material is very interesting due to
the advantages of Ugi reaction, which make the syn-
thetic route less expensive and enables easier manip-
ulation of the reagents used. In addition, it can
increase the efficiency of treatments, improving the
welfare of patients.

2. Experimental

2.1. Materials

Lactic acid (85%), FeCl3-6H,0, FeSO4 7H,0, KOH,
glutaraldehyde (50%), reduced Fe, CoSO47H,0 and
CuSO45H,0, polyvinyl alcohol (PVA) and ethylene-
diamine were purchased from VETEC. PEG (M,
6000), carbinyldiimidazole (CDI), chlorate mono-
chlorated acetyl (CCA) and tert-butyl isocyanide
were purchased from SIGMA-ALDRICH.

2.2. Synthesis of PLA polymeric system by
autocatalytic polycondensation
The PLA polymer was synthesized from 85% lactic
acid (700 mL), in a closed system with slight vac-
uum (—550 mL/mm Hg). The reaction medium was
kept at 180°C for 12 h. The product of the reaction
was purified by solubilization in chloroform (250 mL)
and precipitation in cold ethanol (4 L).

2.3. Synthesis of end amine functionalized PEG
2.3.1. Via CDI/ED

PEG (0.5 g) dissolved in dichloromethane (70 mL)
was reacted with an appropriate amount of CDI
(10 equivalent) overnight, at room temperature under
stirring. Soon afterwards, the reaction mixture was
concentrated by rotoevaporation and the activated
PEG was purified by three precipitations in cold
diethyl ether (140 mL) and filtered under a slight vac-
uum. The purified activated PEG (0.1 g) dissolved
in dichloromethane (14 mL) was reacted with appro-
priate amounts of ethylenediamine (10 equivalent)
overnight, at room temperature under stirring. Then,
the reaction mixture was concentrated by rotoevap-
oration and diafiltered against distilled water, (cellu-
lose acetate membrane, 1 kDa cutoff). Finally, the
bis-amine PEG was dried by lyophilization.
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2.3.2. Via CCA/ED

PEG (5 g) dissolved in 100 mL hexane/dichloro-
methane (1.1 vv) was reacted with an appropriate
amount off CCA (6 equivalent) for 8 hours, at room
temperature and under stirring. Then, the reaction
mixture was kept under nitrogen atmosphere for
30 minutes. Immediately following this, 14 mL of
ethanol was added and the system was kept under
reflux for 30 minutes. Finally, the reaction mixture
was concentrated by rotoevaporation until 50 mL.
Suddenly the activated PEG was reacted with appro-
priate amounts of ethylenediamine (10 equivalents)
for 48 hours at room temperature and stirring. The
final product was purified by precipitation in diethyl
ether (250 mL) followed by slight vacuum filtration.

2.4. Synthesis of magnetite and
aldehyde-modified magnetite

Magnetite was prepared as described in the litera-
ture [38]. Briefly, in separate vessels, 3.375 g
(2.5 mmol) of FeCl;-6H,0 and 3.475 g (2.5 mmol)
of FeSO4-7H,0 were dissolved in 100 mL of deion-
ized water. Subsequently, these two solutions were
mixed and then 50 mL of aqueous solutions of KOH
2 M were added rapidly under stirring; the final prod-
uct was a black precipitate that is attracted by a
neodymium magnet. The magnetite was washed
three times with deionized water and once with
ethanol using magnetic decantation. The final prod-
uct was dried at room temperature. The purified
magnetite mixed in distilled water (75 mL) was
reacted, first with glutaraldehyde 50% (10 mL) for
9 min under sonication (450 Watts) and then was kept
overnight under mechanical agitation at room tem-
perature. The modified magnetite was washed once
with ethanol using magnetic decantation and dried
at room temperature.

2.5. Synthesis of Ugi-magnetic-composite (UMC)
Aldehyde-modified magnetite (0.08 g) dispersed in
2 mL chloroform/methanol (1:2 v/v mixture) was
reacted with appropriate amount of bis-amine PEG
(0.15 uMol) overnight at room temperature under
nitrogen atmosphere and stirring (Modify-aldehyde
magnetite/ bis-amine PEG molar ratio = 1:5). The
protonated imine formed was reacted with PLA
(0.029 uMol) and tert-butyl isocyanide (0.029 pMol)
at room temperature for 72 hours under nitrogen
atmosphere and stirring (aldehyde-modified mag-

netite/bis-amine PEG/PLA/tert-butyl isocyanide
molar ratio equal to 1/5/5/1, respectively). After this
time, the product obtained was washed once with
ethanol using magnetic decantation and dried at
room temperature.

2.6. Preparation of magnetic microsphere
Magnetic microspheres were prepared using the
single emulsion-solvent evaporation methodology
[39], with some modifications. Briefly, the UMC
(100 mg) was dispersed in 1 mL of dichloromethane.
Soon afterwards, the prepared UMC dispersion was
added to a beaker containing 5 mL of cold PVA
(w/w 0.5%). This system was kept under stirring at
20000 rpm during 5 minutes. Then, the o/w emul-
sion was poured into a beaker containing 50 mL of
PVA (w/w 0.1%) and kept under mechanical stir-
ring for 2 hours at room temperature (25°C) to
harden the microspheres by solvent evaporation.
Magnetic microspheres were then collected by cen-
trifugation at 2500 rpm and washed 3 times with
distilled water. Finally, the collected magnetic micros-
pheres were freeze-dried by lyophilization and
stored at 12°C.

2.7. Materials characterizations

2.7.1. Hydrogen-1 nuclear magnetic resonance
Mmeasurements of PLA and bis-amine PEG were
carried out in a Varian Mercury VX-300 NMR spec-
trometer operating at 300 MHz ('H) and 75 MHz
(13C). Samples (15 or 50 mg) were dissolved in chlo-
roform-D1 (0.8 mL) in 5 mm NMR tubes at room
temperature.

2.7.2. Gel permeation chromatography
Measurements of PLA and bis-amine PEG were
determined using an Agilent 1200 series HPLC with
a MIXED-C column. Chloroform was used as the
solvent with a flow rate of 1.0 mL/min and poly-
styrene was used as a standard.

2.7.3. Fourier transform infrared

Spectra of PLA, bis-amine PEG and aldehyde-mod-
ified magnetite was performed using a Varian
model 3100 FTIR Excalibur Series spectrophotome-
ter (Japan). Samples were macerated with potas-
sium bromide (1 mg/100 mg samples/KBr). Then,
the FTIR spectra of the samples were recorded at

room temperature and a resolution of 4 cm™'.

190



Icart et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 188—203

2.7.4. Differential scanning calorimetry
Measurement of PLA, bis-amine PEG, magnetite,
aldehyde-modified magnetite and UMC was carried
out with help of the TA Q1000 V9.9 build 303
Calorimeter. Briefly, 5 mg of the samples were heated
and cooled at a rate of 10 °C/min from —80 to 200 °C
under nitrogen flow. Values of glass transition (7}),
melting temperature (7},,) and the crystallization tem-
perature on cooling (7.) were taken in a cooling
run after the second heating run.

2.7.5. Thermogravimetric analyses

Were performed using a TA TGA Q500 Thermo-
analyser. Measurements were carried out in nitro-
gen at a heating rate of 20 °C/min up to 700 °C with
a gas flow rate of 20 mL/min.

2.7.6. X-ray diffraction

Measurement of bis-amine PEG, magnetite, alde-
hyde-modified magnetite and UMC was deter-
mined in Rigaku Miniflex X-ray diffractometer in a
20 range from 20 to 70° by the FT (fixed time)
method. The steps used were equal to 0.05° and a
time of 1s, using a tube voltage and current equal to
40 kV and 20 mA, respectively. The radiation used
was CuKo = 1.5418 A.

2.7.7. Magnetic force

Measurement of magnetite, aldehyde-modified mag-
netite and UMC were performed as reported by our
group elsewhere [40]. Briefly the samples were kept
under a variable magnetic field (0-790 Gauss), cal-
ibration of the test was performed by using reduced
Fe, CoSO47H,0 and CuSO4'5H,0 as standard for
high level, medium level and a lack of magnetic
force, respectively [41-43]. Then, the apparent varia-
tion in the mass of the sample in the presence of a
magnetic field was calculated subtracting the mass
of the sample in the presence of a magnetic field
from the mass of sample.

2.7.8. Scanning electron microscopy

Measurement of magnetite, UMC and magnetic
microspheres was carried out with a JEOL JSM-
5610 LV microscope, using acceleration voltage of
15 kV. Samples were coated with gold in order to
study the morphology of the magnetic particles syn-
thesized by UFCC. The materials were sampled by
taking several images of various magnifications to

ensure that analysis was based on a representative
region of the sample.

2.7.9. Magnetic induction hyperthermia

MIH measurements of magnetic microspheres were
performed using the Ambrell Easy Heat machine
model L1. Samples, dispersed in distilled water (10
and 20 mg/mL at 25°C), were thermally isolated
using glass fiber textile. Soon afterwards, each sam-
ple was inserted inside the coil of the machine.
Electrical current equal to 200, 400 and 600 A were
applied for 600 s. Sample temperature was recorded
at 120, 240, 360, 480 and 600 s. The bulk tempera-
ture of the samples was measured before and after
the induction heating tests.

3. Results and discussion

The Ugi reaction allows the binding, in a single

experimental step, of four functional groups: amine,

aldehyde, carboxylic acid and isocyanide [37]. In this

work, we placed these functional groups as follows:

I. PEG provided the amine group. Instead of using

a commercial diamine reagent, PEG was modi-

fied so that the amine group is attached to the

polymer backbone by labile bond (i.e., amide).

This labile link could permit the release of PEG
and/or any molecule bound to the free end.

II. Iron particles were coated with aldehyde groups.
This choice was based on the ease of modifica-
tion of the NP with glutaraldehyde.

III. Obviously, the carboxylic group was supplied
by the PLA.

IV. A commercial reagent was used as tert-butyl iso-
cyanide. However, this could be replaced by
some interesting molecules in future applica-
tions.

3.1. Synthesis of diamine PEG

Firstly, PEG was modified by a known method [44,
45], which is based on the reaction of the hydroxyl
groups of the polymer with ethylenediamine in the
presence of CDI [46]. However, yields were small
(Table 1). Possibly due to the various purification
steps necessary to remove excess CDI. To improve
yields, another linker was used to attach the ED:
chlorate monochlorated acetyl. In this reaction, fur-
ther purification steps were not necessary after the
synthesis of Product 1 (see Figure 1), due to the easy
elimination of the hydrochloric acid during the
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Figure 1. Synthesis of PEG bis-amine by chlorate monochlorated acetyl/carbinyldiimidazole reaction

Table 1. Yields of poly (ethyleneglycol) bis amine function-

alized (p < 0.01)
Samples Method Yield | iy | oy
[%0]
PEG bis amine 1 Via CDI/ED 71.7 1.5 2.1
PEG bis amine 2 Via CCA/ED 94.3 1.2 1.2

*Standard Deviation
“Variation coefficient

acetylation. On the other hand, the residual CCA
remaining after refluxing was eliminated by ethanol
esterification. The formed ester was easily elimi-
nated because it was miscible with the solvent used
for the synthesis and purification of bis-amine PEG
[47]. Moreover, the cross-link reactions, on both
sides of PEG, were avoided using a small excess of
ethylenediamine.

The yields of this reaction were significantly
increased, as shown in Table 1, as expected due to
there being fewer purification steps required.

As shown in Table 1, the mechanism of CDI/ED pre-
sented moderate yields, probably due to several
purifications steps being required to eliminate the
residual CDI before the amine reaction. However,
these results are in agreement with those reported
for the functionalization of PEG with CDI [48]. On
the other hand, high yields (94.3%) were achieved for
8 h reaction at room temperature with CCA/ED; it
was not necessary to perform purification of activated
PEG with CCA before the amine reaction.

The products (1) and (2) of the Figure 1 were char-
acterized by NMR 'H and FTIR and the spectra
obtained are shown in Figures 2 and 3, respectively.
It can be seen in Figure 2a that only two peaks at
4.11 and 3.65 ppm appear, which are assigned as
(CH,ClI) and ethylene (CH,—CH,) groups of CCA and
PEG, respectively [49]. Consequently, the 'TH-NMR
spectra of aminated PEG (Figure 2b) retained the
peak at 3.65 ppm assigned to (CH,—CH,) of PEG and
to (CH, a C=0); however, Figure 2b allows us to
infer the absence of the peak assigned to CH,Cl

groups of CCA. These protons might appear over-
lapped by the signal of (CH,—CH;) groups of PEG
due to the release of chloride group after the amina-
tion process, which suggests the success of the ami-
nation process. Unfortunately, we cannot observe
the peaks assigned to the ethylene (CH,—CH,) groups
of ethylenediamine, probably due to their overlap
with the ethylene (CH,—CH;) groups of PEG.

FTIR spectra of activated and aminated PEG showed
the characteristic absorption bands of this product,
i.e. the stretching band at 1751 and 1730 cm™ related
to C=0 of ester groups of activated and aminated
PEG, respectively (see Figure 3). Axial bending at
3420 cm™ is related to the N-H of amine groups of
aminated PEG (see Figure 3 curve b). Unfortunately,
the absorption band characteristic of amine groups
like C—N bounds could not be observed, probably due
to the small molar range of amine groups in relation
to PEG.

3.2. Synthesis of PLA

Low molecular weight PLA was synthesized by one-
step autocatalytic polycondensation of the lactic
acid. This procedure does not need further purifica-
tion steps to eliminate the catalytic agent; in this case,
the purification process was performed to ensure
the elimination of low molecular weight oligomers
[50]. The synthesized PLA was characterized by
FTIR; the results are shown in Figure 4.

The FTIR spectra of PLA homopolymers, shown in
Figure 4, present the characteristic absorption bands
of this polymer [51], i.e., an axial bending at
3518 cm™! corresponding to O—H groups, axial bend-
ing at 2997 and 2946 cm™' related to CH and CH3, a
stretching band at 1757 cm™ corresponding to C=0
groups, asymmetric and symmetric deformation
vibrations at 1486 and 1464 cm™' of the CH3 groups,
a stretching band at 1271 cm™' of C-C=0 groups,
stretching bands at 1196, 1134, 1093 cm™' related to
C-O groups, a stretching band at 1046 cm™' of O-H
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Figure 2. 'H-NMR spectra of activated PEG (a) and aminated PEG (b)
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Figure 3. FTIR spectra of activated PEG (a) and FTIR of
aminated PEG (b)

groups, stretching bands at 875 and 789 cm™! related
to C—C groups and a stretching band at 704 cm™! of
the O—H group; these are all in agreement with
those reported in the literature [10, 52].

In turn, the synthesized PLA were characterized by
"H-NMR and '*C-NMR, shown in Figures 5 and 6,
respectively.

Figure 4 shows the 'H-NMR spectra of the PLA
homopolymers. It can be clearly seen from Figure 5

Transmittance [%)]

C=0 C-C(=0)}-0C-0

4000 3000 2000

Wave number [em~']

1000

Figure 4. FTIR spectra of synthesized PLA
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Figure 5. "H-NMR spectra obtained for sample of the PLA
homopolymer
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Figure 6. '3C-NMR spectra obtained for samples of the
PLA homopolymers

Table 2. Molecular weights of synthesized poly(lactic acid)

Samples [g-r]‘r;l(v)vl"] [g-l]:lltl;l"] MM,
PLA1 6543 4641 1.41
PLA2 6475 4466 1.45
PLA3 6287 4428 1.42

that only two peaks at 1.49 and 5.16 ppm appear,
which are assigned to the methyl (CH3) and methine
(CH) signals from the PLA homopolymer, respec-
tively [53]. These results are consistent with those
obtained from PLA homopolymers prepared by the
polycondensation of lactic acid [54]. Furthermore,
Figure 6 shows three peaks at 16.92, 69.35 and
169.83 ppm which are assigned to the methyl
(CH3), methine (CH) and carbonyl (C=0) groups,
respectively. The peaks that appear at 1.47, 1.65, 4.34,
and 5.14 ppm (see Figure 5) and 20.71, 67.77, and
17383 ppm (see Figure 6) were assigned to the D-
lactic acid product present in the samples [55, 56].
The number-average molecular weights (M,) and
polydispersities (M,,/M,) obtained from GPC are
listed in Table 2.

Three batches of PLA were prepared by the method
described in this work. Analysis by GPC (Table 2)
showed good batch-to-batch reproducibility (Vari-
ant coefficient ~2%). The polymers obtained pre-
sented molecular weight values suitable for use in
controlled release systems [57]. Furthermore, a nar-
row M, /M, allows greater control of the release
profiles [58].

3.3. Synthesis of aldehyde-modified magnetite
Glutaraldehyde modification of the magnetite
obtained by co-precipitation [38] was studied by
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Figure 7. Thermogravimetric analysis of magnetite (a) and
aldehyde-modified magnetite (b)
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Figure 8. FTIR spectra of magnetite 7 (a) and aldehyde-
modified magnetite 7 (b)

thermogravimetric analysis; the results obtained are
shown in Figure 7.

The comparison between weight losses up to 600 °C
of magnetite and modified product, equal to 2.0%
(due to water loss) and 22.9%, respectively, demon-
strated the presence of the aldehyde.

Aldehyde modification of magnetite was also con-
firmed by FTIR analyses, as can be seen in Figure 8.
The FTIR spectrum of magnetite provides informa-
tion about the excitation of vibration or rotation of
molecules in their ground electronic state. In the mag-
netite structure presented in Figure 8 curve a, these
vibrations are associated with the stretching deforma-
tion of the interatomic bond of iron with other mole-
cules like oxygen and appears at 588 and 585 cm™!
[59, 60]. The FTIR analysis of aldehyde-modified
magnetite (Figure 8 curve b) also showed the pres-
ence of aldehyde groups by the appearance of stretch-
ing bands at 1717 cm™ related to C=O of ester
groups, axial bending at 2860 cm™! related to (C=O)H
of the aldehyde group and axial bending at 2927 cm™!
corresponding to the CH; of aldehyde groups.
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3.4. Synthesis of Ugi magnetic composite

Ugi as well as Passerini reactions are classified as
isocyanide-based multicomponent reactions. The Ugi
reaction is usually performed in a polar protic sol-
vent such as methanol, and some success in water
was recently showed [61]. In turn, non-polar halo-
genated solvents favoring the occurrence of the
Passerini reaction, since most of the amines are insol-
uble in cited media [62]. Thus, the synthesis of the
magnetic composite was performed in dichloro-
methane/MeOH. This medium as chosen due to the
heterogeneous nature of the Ugi components. In addi-
tion, the bis-amine PEG is soluble in dichloromethane,
allowing its use in the Ugi reaction. This way, the Ugi
reaction is favored in comparison with Passerini
reaction as shown in Figure 9. The yield of the mag-
netic composite synthesis was equal to 80%, deter-
mined by the weight of the final product. Obtained
material was characterized by TGA and the main
results are shown in Table 3.

Table 3 shows the decrease of the Ty, T¢ and T}, of
UMC in comparison to PLA. The replacement of the
rigid homogeneous PLA-PLA interaction by het-
erogeneous PLA-PEG interaction in the UMC makes
the macromolecular motion easier, producing the
observed decrease of the temperature in the cited
transitions (see Figure 10a). As a consequence, the
UMC exhibited values of T, (52.8°C) that were
lower than those for PLA, equal to 52.8 and 59.8 °C,
respectively (see Table 3). These results are in agree-

Table 3. TGA analyses of carboxylic PLA, aminated PEG
and Ugi magnetic composite

Tg T.. Tw X, Td*

Sample | o) | pep | pCl | %] | Q)
144.0

PLA 59.8 98.6 1544 21.2 272.8

PEG-NH, - — 56.7 — 394.1
140.3

UMC 52.8 84.2 123.2 292 264.4

544 392.4

Determined considering AH,3 = 106 J/g [85].
*Degradation temperature determined by TGA

ment with those previously reported for the decreased
values of 7, in some PLA-PEG copolymers [63]. The
influence of PEG on the crystallization behavior of
UMC is also shown in Table 3. From this table, it was
observed that the T, of PLA decreased significantly
with the incorporation of PEG (reduction around
15°C). Similar results were reported for the 7,
behavior of PLA-PEG copolymers [64]. The melt-
ing behavior is also influenced by the incorporation
of PEG into PLA. It was clearly evident from Table 3
that there was a decrease in the 7}, of between 14
and 21 °C in the case of UMC. This decrease in the
melting point is also an indication of the formation
of a composite (Figure 8 curve b) [65]. The degree
of crystallinity increased from 21.2 to 29.2% in the
case of UMC, suggesting that X; increased in the
case of UMC with an increase of the AH,,,. In turn,
the increased crystallinity in the PLA-PEG copoly-
mer was previously reported [66]. It could be con-

e Magnetite _Magnetite Magnetite — COH
2 CH Ugi PLA — COOH
PLA-COOH I, ;
NH - PEG - NH, <« NH, - PEG-N-H H,N - PEG - NH,
\ / t-but = NC HO
. sy
\\\_ CN - t-buf DE
N .
\t-hut ,_79
1 :
PLA
o SN - Magnetite
ﬁ/e—/;%/H,N PEG g °
1 |
o] - ~NH
C :,:,\| Magnetite t-but~" )I)\NJ\ PLA
le] ‘ —~_JOH
N -
t-but~” PEG - NH, HO‘I j

Ugi magnetite composite

Figure 9. Syntheses of magnetic composite by Ugi four component condensation sheme of Ugi magnetic particle
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cluded that PEG has the ability to increase flexibil-
ity of the UMC material by increasing the mobility
of the PLA molecule [16]. On the other hand, only
two temperatures for weight loss appeared, at 264.4
and 392.4°C (see Table 3 and Figure 10c), for the
Ugi magnetic composite, which probably belong to
the PLA and PEG molecule, respectively. The
increase of the polymer chains mobility in the UMC
material can decrease the thermal stability of the
material. In addition, this phenomenon could be
enhanced by the presence of basic amines from the
residual bis-amine PEG. Moreover, the residue in
the case of UMC was negligible. Therefore, these
results are in agreement with those that have been
previously reported [67].

In addition, the chemical linkage between PEG,
PLA and magnetite could be confirmed by the FTIR
spectra of Ugi magnetite composite (Figure 11).

In Figure 11, the absorption bands of PEG and PLA
linked to magnetite are clearly seen; i.e., axial bend-
ing at 2945 cm™! related to CH, of the ether groups
and axial bending at 1093 cm™! corresponding to C-O
of ether groups, which are assigned to PEG. The
stretching band at 1762 cm™! related to C=0O of
ester groups, axial bending at 2996 cm™' correspon-
ding to CH3 and the stretching band at 1048 cm™!
were related to (C=0)-O—C of the ester groups,
which were assigned to PLA. Finally, the FTIR spec-
tra also presented the stretching absorption bands of
magnetite at 588 and 585 cm™' described above.
Magnetic composites were also characterized by
XRD, the results of which are shown in Figure 12.
XRD results from magnetite, magnetite modified
with aldehyde and magnetic composite are shown
in Figures 12 curves a)—c) respectively. All the
tested materials present peaks at 26 equal to 30.3°,
35.7°,43.3°,53.9°, 57.3° and 63.0°, which confirm
the spinel structure of the crystal, characteristic of
this iron oxide [68], proving that Ugi four compo-
nent condensation does not change the particles’
nature [40, 27, 69]. Moreover, the crystal size of
magnetic particles was calculated by the Scherrer
equation [70]. Crystal size values of 13.6, 13.4 and
12.5 nm were obtained for magnetite, aldehyde-
modified magnetite and Ugi magnetic composite
particles, respectively. This nanometric size could
provide superparamagnetic properties for the Ugi-
modified magnetic particles [71] making them very
interesting for studies of nano-carriage, targeting
and magnetic hyperthermia [22, 72, 73].
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Figure 11. FTIR spectra of Ugi magnetic composite
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(311)

2017

Figure 12. XRD analyses of magnetite 10a, aldehyde mag-
netite 10b and Ugi magnetic composite 10c

The magnetic products obtained were also charac-
terized by magnetic force tests, the results of which
are shown in Table 4 and Figure 13.

As expected, the chemical modification of mag-
netite and its covalent linkage to PEG and PLA by
Ugi four component condensation decreased the
values of magnetic force of the composite [40, 74,
75] when compared to free magnetite and aldehyde
magnetite. These results are in agreement with those
reported for the organic modification of magnetite
[76-78].

Taking into account that the crystalline structure of
magnetite remains unchanged after Ugi modifica-
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Figure 13. Magnetic force of magnetite (a), aldehyde mag-
netite (b) and Ugi magnetic composite at
800 Gauss (c)

Table 4. Magnetic force of magnetite, aldehyde magnetite and
Ugi magnetic composite

Samples MF Relative MF
[mN/g] [7]
Magnetite 762.89+1.20 -
Aldehyde magnetite 589.10+0.74 <29.33
Ugi magnetic composite 103.14+1.20 <86.48

MF: magnetic force

tion, this decrease in the magnetic force of compos-
ite is due to the presence of the organic phase on mag-
netite; this result is in complete agreement with that
of TGA.

Morphology of non-modified magnetite, modified
magnetite bonded to PLA and PEG by UFCC and
magnetic microspheres was characterized by the
scanning electron microscopy technique; the results
are shown in Figure 14.

Figure 14 shows the morphological change of mag-
netite after Ugi four component reaction with PEG
and PLA. The particles of pure magnetite (see Fig-
ures 14a and 14b) present a smooth surface. On the
other hand, the UFCC-modified magnetic particles
(see Figure 14c and 14d) presented a different mor-
phology, with an increase of the surface roughness
due to the new organic phase bound to the mag-
netite particles, confirming the success of the chem-
ical modification of magnetite with PEG and PLA by
UFCC. In addition, Figure 14e clearly shows that
UMC is able to form magnetic microspheres of
PLA/PEG/magnetite after the single emulsion-sol-
vent evaporation procedure. The surface structure
of all microspheres possesses large pores, which
probably influence the amount of PEG linked by
UFCC. The ability of PEG to form small pores in
the surfaces of the microspheres was reported for
microparticles based on blends of PLGA/PLA and
PEG and also applies to microparticles composed of
diblock polymer [79]. During the precipitation step,
the PEG branches of the diblock copolymer orien-
tated toward the internal and surrounding aqueous
phase and formed a sponge-like structure [80].
Finally, the heating experiments in AC magnetic
field were performed on a medium frequency induc-
tion heating apparatus. Figure 15 show the tempera-
ture of the samples as function of the electrical cur-
rent and time. Magnetic PLA-PEG/magnetite micros-
pheres were tested using two concentrations, equal
to 10 and 20 mg/mL. All the tests were started at
25°C. As one can see, the reached temperature is
directly related to the used concentration, electrical
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Figure 14. Scanning electron microscopy of magnetite (a and b) and Ugi-magnetic-composite (¢ and d), magnetic micros-

pheres of PLA/PEG/magnetite (¢)

current and time. The use of the highest current val-
ues produced the highest temperatures. Thus, the
heating effect could be controlled by adjusting the
value of the apparent current [28, 81, 82]. In addi-
tion, in the best cases, achieved using 600 A, the
temperature of samples with concentrations equal
to 10 and 20 mg/mL increased from 25 to 37.7 and

47.1°C, respectively. Similar results were obtained
from hypertermic evaluation of particles based on
biodegradable polymers [81, 82].

In spite iron magnetic particle generally be well tol-
erated by the organism, they can be used in the gen-
eration of reactive oxygen species, which cause
direct damage to DNA, proteins or lipid molecules
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Figure 15. Heating curves of the magnetic microspheres of PLA/PEG/magnetite tested at two different concentration equal

to 10 mg/mL (a) and 20 mg/mL (b)

[26]. Thus, magnetic particles are usually surface-
modified or coated with biocompatible and bio-
degradable polymer molecules such as PLA and
PEG. In these work the UMC was well character-
ized by thermogravimetric and spectroscopic tech-
niques, confirming the chemical linkage of PEG and
PLA to the magnetite. This result is very encourag-
ing since presented UMC could be biocompatible
due to the use of the PLA and PEG, which are
widely used in DDS [83, 84].

On the other hand this material could be useful to
treat cancers, either alone or in combination with
radiotherapy or chemotherapy. Therefore, the pre-
sented set of results allow us to infer that presented
material, as well as constituting a new application
of UFCC, could be very useful for the preparation
of biomasked magnetic drug delivery systems.

4. Conclusions

Ugi four component condensation made the PEGy-
lation of PLA and magnetite in a one pot step reac-
tion possible. The results obtained indicate that one
application of Ugi reaction is suitable for the PEGy-
lation of magnetic particles. Superficial modifica-
tion is the most important aspect of particles in bio-
medical applications to consider in order to improve
their biocompatibility with biological entities. As a
consequence, superficial modification of magnetite
by Ugi reaction was corroborated by FTIR, DSC,
TGA, optical and electronic microscopy, which made
it possible to identify the copolymer (PLA-PEG) dis-
tributed around the magnetic particles. Besides, the
synthesized material presented a good magnetic
force, which was able to keep the magnetic compos-
ite in a specific location in the presence of any exter-

nal magnetic field. In addition, the synthesized mag-
netic composite was able to form magnetic micros-
pheres that could potentially be useful for the site-
specific delivery of any cytotoxic agent for cancer
therapy. Also, these magnetic microspheres are use-
ful to magnetic hyperthermia applications, improv-
ing the cancer treatment and even the welfare of the
patients.
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Abstract. Highly transparent and tough graft-interpenetrating polymer networks (graft-IPNs) were synthesized using an
elastomeric polyurethane phase (PU) and a highly stiff acrylate-base copolymer phase. The grafting points between the two
networks were generated with the purpose of minimizing the phase separation process of the polymeric systems. In order to
generate the grafting between the networks, an acrylic resin capable of undergoing both free radical and poly-addition poly-
merization was employed. The thermo-mechanical properties, fracture toughness properties as well as network and surface
phase morphology of the graft-IPNs synthesized were evaluated in this work. Data obtained suggested that the minimiza-
tion of the phase separation was achieved by the generation of crosslinking points between both networks. High trans-
parency was obtained in all samples as an indication of the high level of interpenetration achieved. The relative high values
obtained for the fracture toughness tests suggest that generating chemical crosslinks between networks is a good approach
for increasing the fracture toughness of polymeric materials.

Keywords: thermal properties, grafi-IPNs, fracture toughness, BisGMA, sequential polymerization

1. Introduction

Over the past decades, polymer blends also known as
multiphase polymeric systems have been employed
in a broad number of design applications that require
high resistance to fracture, a highly desired charac-
teristic for virtually all engineering materials [1].
These polymeric materials became appealing due to
their low density when compared with other engi-
neering materials, due to the ability to synergistically
incorporate properties of their individual compo-
nents and achieve materials with better mechanical
properties than the original constituents, as well as
for their transparency [2]. The challenges with these
multiphase systems are to improve their compatibil-
ity and interfacial adhesion between phases, so as to
guarantee the desired performance of the final mate-
rial. It is known that only a relatively small number

*Corresponding author, e-mail: auad@auburn.edu
© BME-PT

of polymer pairs form miscible blends, mostly
because of these blends have low entropy of mixing.
Although the entropy of mixing favors the miscibil-
ity of a given system, it also depends on the number
of molecules per unit volume. Thus, the higher the
molecular weight of the polymers involved, the fewer
molecules per unit volume and the lower the entropy
of mixing. And since the heat of mixing of poly-
mers pairs is generally unfavorable, polymer blends
tend to macroscopically phase separate, leading to
systems with poor mechanical properties [3—5]. In
order to overcome this problem, many efforts have
been made to find different ways to improve the mis-
cibility of multiphase systems, one of this approaches
involves the use of interfacial agents. These agents
decrease the average domain size of the disperse
phase by acting as steric barriers at the interphase
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region, enhancing the level of interactions between
the polymer phases [6—8].

Another well-known method to minimize phase
separation in a polymeric system is through inter-
penetrating polymer networks (IPNs). Mignard et al.
[5] define an interpenetrating polymer network as a
system constituted by two or more polymer networks
partially interlaced on a polymeric scale but not
chemically crosslinked. Different kinds of IPNs can
be found based on the synthesis method; the two most
common methods for their synthesis are sequential
and simultaneous polymerization [5]. In the synthe-
sis of IPNs, at least one of the polymers in the system
is in the form of a monomer, and since most mono-
mers are small molecules they have appreciable
entropy of mixing. Also, the presence of physical
interlocks give to the IPNs a more uniform phase
structure than those of the parent polymer blends,
leading to what is called forced miscibility, since the
compatibility is not achieved by the mixing enthalpy
or entropy [5, 9]. Nevertheless, IPNs usually pres-
ent some degree of phase separation at some stage
of the synthesis. For instance, it has been observed
that synthesis of IPNs by simultaneous method
results in phase separation [10]. Phase separation in
sequential polymerization has also been observed,
here, the entropy of mixing is lost during the second
polymerization, due to the increase in size of the
molecules as the polymerization continues [4]. In
early works done by Chen ef al. [11] and Fan ef al.
[12] they reported the implementation of a vinyl
ester resin (VE) with a polyurethane network for the
synthesis of simultaneous interpenetrating polymer
networks. This VE resin was capable of undergoing
both free radical polymerization as well as step-
wise polymerization. Here the formation of cross-
links between networks was never the objective.

Crosslink point

Furthermore, the generation of crosslinks was in
fact avoided. Studies on the morphology showed
clearly that more than one phase was present in the
system, as a result of the phase separation between
networks.

In the present work, we addressed the phase separa-
tion problem of IPNs by generating chemical cross-
link points between two networks, thus, generating a
class of [PNs called graft-IPNs as seen in Figure 1a.
The graft-IPNs synthesized in this work consisted
of a highly stiff copolymer phase, which comprises
bisphenol A bis(2-hydroxy-3-methacryloxypropyl)
ether (BisGMA) resin and two acrylic monomers:
methyl methacrylate (MMA) and triethylene glycol
dimethacrylate (TEDGMA), and a soft, rubbery poly-
urethane phase (PU) with a high capability of energy
absorption. The crosslinking of the two networks is
accomplished by means of the BisGMA resin. This
resin has terminal double bonds and secondary
hydroxyl groups, which allows the resin to react
with the acrylic monomers by radical polymeriza-
tion, as well as undergo a polyaddition between the
secondary (—OH) groups and the (NCO) groups of
the isocyanate [13—15], as seen in Figure 1b.

The synthesis of graft-IPNs was carried out using
the sequential methodology, where the PU phase
was polymerized first. Then the copolymer, which
was swelling the elastomeric phase, was polymer-
ized in situ within the PU network. The thermo-
mechanical properties, fracture properties as well as
the phase morphology of the graft-IPNs were stud-
ied in this work.

2. Experimental

2.1. Materials

For the synthesis of the polyurethane phase (PU), two
polyols were employed: 2-ethyl-2-(hydroxymethyl)-

Soft phase: polyurethane

OH CH,
TRICL
YO
Hor A
A

HE~"—0H
.
%N' T ’N‘Cgo Isocyanate

L

Graft

Stiff phase: copolymer phase®,

o BisGMA o
AW oeo O Oro oty

MMA

Figure 1. a) Scheme of a graft-IPN, b) scheme of graft formation
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1,3propanediol (TRIOL) from Acros Organics, (USA)
and poly(tetramethylene ether) glycol (PTMG) aver-
age M,~ 650 and ~ 1400 g'rmol™! from Sigma-
Aldrich, (USA). Both TRIOL and PTMG were mixed
beforehand, through melting. The TRIOL and PTMG
mixture was melted in an oven under strong vac-
uum to remove moisture. This procedure was
employed for the different molecular weight PTMGs.
The isocyanate used was hexamethylene diiso-
cyanate 98.0% (DCH) from TCI, (USA). Two cata-
lysts were used for the synthesis: dibutylin dilau-
rate, 98% (DD) distributed by Pfaltz and Bauer,
(USA) and triphenylbismuth, 99+% (TB) from Alfa
Aesar, (USA). Ethyl acetate was used as an ana-
logue for both catalysts.

The copolymer was synthetized using the bisphenol
A bis(2-hydroxy-3-methacryloxypropyl) ether (Bis-
GMA) from Esstech, (USA) and two acrylic mono-
mers: methyl methacrylate 99% stabilized (MMA)
from Alfa Aesar, (USA) or triethylene glycol
dimethacrylate stabilized (TEGDMA) from TCI,
(USA) (see Structure 1) while 2,2'-azobis(2-methyl-
propionitrile), 98% (AIBN) from Sigma-Aldrich,
(USA) was used as an initiator.

2.2. Synthesis of graft-IPNs

The synthesis of the different graft-IPN systems
was carried out in a single-step procedure. Both the
copolymer phase and the PU phase were prepared
separately at room temperature conditions.

First, the copolymer was prepared by mixing the
acrylic monomer (MMA or TEGDMA) with the
BisGMA resin, keeping a mass ratio of 90:10 acry-
late:BisGMA. The amount of radical initiator
employed for the polymerization was 1 wt% of the
total copolymer mass. For the polyurethane phase,
the DCH was added to the PTMG/TRIOL mixture.
The following ratio was used to synthesize all poly-
urethane networks, 0.19 eq TRIOL:0.12 eq PTMG:
0.31 eq DCH. In order to generate the crosslink
points between networks, an additional quantity of
DCH was added to the polyurethane precursor solu-
tion in a eq ration of 1:1 DCH:BisGMA. Then, the
polyurethane precursors were added to the copoly-
mer precursor solution. Following this, DD and TB
were added to catalyze the polyurethane system.
After mixing both solutions, all samples were placed
in an oven at 40 °C for 17 h after which the samples

were transferred to a water bath where the tempera-
ture was raised to 60 °C for 24 h and finally the tem-
perature was raised to 80 °C for 24 h.

Several graft-IPN formulations were prepared fol-
lowing the above-mentioned procedure. The ratio
of copolymer to polyurethane content changed from
90 wt% copolymer and 10 wt% PU to 50 wt%
copolymer and 50 wt% PU, this was reproduced for
the 650 and 1400 g'mol~' PTMG methyl methacry-
late based graft-IPNs, as well as for the 650 grmol™!
PTMG triethylene glycol dimethacrylate based
graft-IPNs.

2.3. Characterization of graft-IPNs

Fourier transform infrared spectroscopy (FT-IR) was
done using a Thermo Scientific Nicolet™ 6700
spectrometer in attenuated total reflection (ATR)
infrared mode. The analysis was carried out within
the frequency range of 4000-400 cm™! by co-adding
32 scans and at a resolution of 2 cm™.

Dynamic mechanical analysis (DMA) on a TA Instru-
ments RSA III was carried out to assess the thermo-
mechanical properties by three-point bending. The
tests were performed at temperatures ranging from -
45 to 200°C with a heating rate of 5°C/min. The
frequency was fixed a 1 Hz and a sinusoidal strain-
amplitude of 0.1% was used for the analysis. The
dynamic storage modulus (£") and tan d curves were
plotted as a function of temperature. The temperature
at the maximum in the tand curve was taken as the
T,. The E" at T, + 50°C was chosen as the rubbery
plateau modulus, ER, for each system.

The average molecular weight between crosslinks
(Mc) for the 650 and 1400 g'mol™! PU based sys-
tems was calculated using Equation (1), which is
based on the theory of rubber elasticity [16]:

_ 3pRT
C ER

(1)

where p is the density of the sample; 7 is the tem-
perature [K]; R is the universal gas constant, and Ex
is the storage modulus in the rubbery plateau at
temperature 7.

Transmission electron microscopy (TEM) on a
Zeiss EM 10C 10CR microscope was used to study
the morphology of the different networks. Samples
were prepared using Kato’s osmium tetroxide
(OsQy) staining method, as described elsewhere
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[17]. All samples were stained for 48 hours prior to
analysis.

UV- Vis transmittance spectra were collected for
the various ratios of MMA based copolymer to 650
and 1400 g-mol~! PTMG based polyurethane. A
UV-Vis 2450 spectrophotometer from Shimadzu
Scientific Instruments was employed to acquire the
spectra data. All samples were analyzed in the 900—
400 nm range.

Scanning electron microscopy (SEM) on a Zeiss
EVO 50 variable pressure scanning electron micro-
scope with digital imaging and EDS (were the graft-
IPNs were sputter coated with an EMS 550X auto
sputter coating device with carbon coating attach-
ment) was used to study the fracture surfaces of the
1400 g'-mol™! PTMG based system.

In order to characterize the fracture toughness of the
graft-IPNs synthesized, in terms of the critical
stress intensity factor, KIC, quasi-static fracture tests
were performed. The cured graft-IPN sheets were
machined into rectangular coupons of dimensions
70 mmx>20 mm and 2.8 mm thickness in case of
650 g'mol™! PTMG methyl methacrylate based graft-
IPNs and 70 mmx15 mm and 2.8 mm thickness for
1400 g'mol™' PTMG methyl methacrylate based
graft-IPNs. An edge notch of 3 mm in length was cut
into the samples, and the notch tip was sharpened
using a razor blade. An Instron 4465 universal test-
ing machine was used for loading the specimen in
tension and in displacement control mode (crosshead
speed = 1 mm/min). The load-deflection data was
recorded up to crack initiation and during stable
crack growth, if any. The crack initiation toughness
or critical stress intensity factor, Kjc, was calculated
using the load (F) recorded at crack initiation. For
each graft-IPN category, at least three sets of exper-
iments were performed at laboratory conditions.
The mode-I stress intensity factor for a single edge
notched (SEN) tensile strip using linear elastic frac-
ture mechanics is given by Equation (2) [18]:

_F\/ﬁ a>

¢ Bw w

K; 2)

where f{a/w) is calculated from Equation (3):

where « is the edge crack length, w is the specimen
width, B is the specimen thickness and F is the peak
load.

To characterize the tensile properties of graft-IPNs
in terms of the elastic modulus, yield and ultimate
stresses, quasi-static tension tests were performed.
For quasi-static tension tests, the cured graft-IPN
sheets were machined into dumbbell shaped speci-
men, which was inspired by ASTM D638 test method
[19]. The size of the sheets that could be prepared
precluded a complete adherence to ASTM standards.
An Instron 4465 universal testing machine was used
for loading the specimen in tension and in displace-
ment control mode (crosshead speed = 1 mm/min).
An extensometer with 0.25" gauge length was used
to record the strain. The load vs strain data was
recorded up to 7% strain for 650 g'rmol™! PTMG
methyl methacrylate based graft-IPNs and up to 20%
strain for 1400 grmol”' PTMG methyl methacrylate
based graft-IPNs. Using the geometry of the speci-
men, stress was evaluated from load measurements
to obtain stress vs strain data. For each graft-IPN
category, at least three sets of experiments were per-
formed at laboratory conditions. The elastic modu-
lus was evaluated from the slope of the stress-strain
curve at less than 2% strain.

Scanning electron microscopy (SEM) on a Zeiss
EVO 50 variable pressure scanning electron micro-
scope with digital imaging and EDS (were the graft-
IPNs were sputter coated with an EMS 550X auto
sputter coating device with carbon coating attach-
ment) was used to study the fracture surfaces of the
1400 g'-mol™! PTMG based system.

3. Results and discussion

3.1. Analysis of FTIR measurements

In order to monitor the polymerization process of
the polyurethane network infrared spectra were
recorded. The analysis if based on the peak change of
the functional group isocyanate (NCO) and acrylic
double bond during the reaction time. The isocyanate
absorption band is assigned at approximately 2300—
2200 cm™! in the mid infrared spectrum and its decay
can be used to follow the conversion of the NCO

(3)=[re-om(3) r0al3) -2a(3) e 20e(5)] e
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group during the polymerization. For scaling the
decrease of the NCO absorbance, the C—H stretch
absorption (approx. 2960 cm™') was used as an inter-
nal standard as shown in Figure 2a, since its con-
centration does not change during the reaction. For
the analysis it was assumed that there are no side
reactions, and the isocyanate conversion was calcu-
lated as shown by Equation (4) [20]:

Axco

Ac,

4)

Isocyanate conversion p=1— TN
( NCO)
Acn,/ o
where Anco is the integrated absorbance for the iso-
cyanate group, Ac, is the integrated absorbance for
the CH, group and (Anco/ach2)o is the relative
absorbance extrapolated for time zero. All experi-
ments were carried out at temperatures and times use
for the synthesis of graft-IPNs. Figure 2b shows the

results from the FTIR experiments and the correspon-
ding NCO conversion curves. The samples analyzed

086 -
— 2 minutes
—— 142 minutes
—— 242 minutes
o 0.4-
(5]
c
(1]
£
o
wy
f=}
< 0.2
0.0
4000 3500 3000 2500 2000 1500 1000 500
a) Wave number [cm™']

by infrared spectroscopy were: 70:30 copolymer:PU
graft-IPN, pure PU, PU+BisGMA and DCH+Bis-
GMA. All samples were synthesized using the
650 g'-mol™' PTMG. From Figure 2b it can be seen
that the PU network and the graft-IPN reached very
similar conversion values after 3900 minutes of reac-
tion. One can also notice that the conversion value
for the NCO on the graft-IPN sample was close to
93%. For this sample in particular a NCO conversion
above 82% is an indication of the reaction of the
secondary hydroxyl groups present in the BisGMA
resin with free NCO groups in the PU network.
Since 18% of the total NCO present in the sample is
added with the sole purpose of generating grafts
between networks, this means that 62% of the total
possible grafts were generated during the reaction
time. Moreover, by analyzing these curves it seems
that the presence of the methyl methacrylate mono-
mer does not have a strong influence in the forma-
tion of the PU network in the graft-IPN system, since
their conversion curves are practically overlapping.

100 .rlf T t’
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Figure 2. a) FTIR of graft-IPNs at different times during the curing process, b) isocyanate conversion plot

Table 1. Storage modulus (£"), glass transition temperature (1), storage modulus at the rubbery plateau (£r) and M for the

different graft-IPNs synthesized

Copolymer content | E’ at 25°C T, E M,
Sample " e [Pa rci (Pal jgrmol-1
90 3.35-10° 120 1.20-107 890
80 3.02-10° 110 1.80-107 637
Graft-IPN with 650 g-mol~' PTMG 70 2.07-10° 98 1.57-107 910
60 1.40-10° 97 1.84-107 655
50 0.96:10° 83 - -
90 2.73-10° 120 1.04-107 1360
80 2.36:10° 107 1.36-107 907
Graft-IPN with 1400 g-'mol! PTMG 70 1.39-10° 97 9.77-10° 1265
60 0.95-10° 83 1.18-107 1030
50 0.41-10° 72 - -
90 5.28-10° 141 - -
. ] . 80 4.41-10° 121 - -
Graft-IPN with 650 grmol™ PTMG Tri-EDMA o 103.10° 113 173108 7
60 0.62:10° 116 - -
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Figure 2a also shows how similar the PU+BisGMA
and DCH+BisGMA conversion curves are. One
could speculate that the secondary hydroxyl groups
from the BisGMA resin are reacting throughout the
entire reaction time and not only when the primary
hydroxyl groups coming from the PTMG and TRIOL
are depleted. Regarding follow up of the copolymer
network formation, the conversion of the acrylic
double bonds absorption band in the 1630—
1650 cm™ was monitored. Although since the data
were gathered in the solid state rather than the lig-
uid stated, the data collected was not sufficiently
accurate to allow a proper determination of the final
double bond conversion of the copolymer network
present in the sample. The extent of reaction at the gel
point was determined experimentally and theoreti-
cally for the samples under analysis. The latter was
obtained using Flory and Stockmayer statistical
approach to gelation as describe elsewhere [21].
From Table 1 it can be seen that the extent of reac-
tion determined experimentally are really close to
the theoretical ones.

3.2. Thermo-mechanical characterization

The variables studied in the present work included
the ratio of copolymer to PU, the molecular weight
of poly (tetramethylene ether) glycol (PTMG) and the
acrylic monomer employed to synthesize the copoly-
mer phase. The ratio between the di- to tri-function-
alized monomers (PTMG:TRIOL) for the PU phase
was kept constant, since it is related to the crosslink
density of the PU network. The ratio between the
acrylic monomers to BisGMA resin was also kept
constant. The number of possible crosslinks between
networks is bounded by the reaction of secondary OH

= 50:50 Cop:PU
* 60:40 Cop:PU
a 70:30 Cop:PU
v B80:20 Cop:PU
+ 90

1094 110 Cop:PU

E'[Pa]
l"...“'

o
PR L
PAPPT R L A

10°-

gt

-
e
™
st ®

&

: T r T T T T T :
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a) Temperature [°C]

groups present in the BisGMA resin and the free
isocyanate groups present in the PU network. If the
acrylic monomer to BisGMA ratio were to be
changed, the moles of the latter resin would change,
thus, altering the number of secondary OH group
available for grafting.

All variables under study showed a major impact on
the storage modulus of the systems. However, only
the ratio of copolymer to PU and the acrylic mono-
mer used had a significant effect on the 7}, of the sys-
tems. Figure 3 shows the thermo-mechanical prop-
erties (storage modulus, £', and tand) of the graft-
IPNs synthesized using the 650 grmol™! PTMG as a
function of temperature. In addition, Table 2 sum-
marizes the results for all the different systems
studied.

For all systems under study, it was observed that as
the copolymer content increased, the samples exhib-
ited higher values for the storage modulus, £'; a
highly expected result since the copolymer phase pro-
vides the stiffness to the system. Samples consisting
of 90 wt% copolymer showed a storage modulus of
3.35,2.73 GPa at 25°C for the 650 and 1400 g-mol™
PTMG methyl methacrylate based graft-IPNs. While
for the TEGDMA based graft-IPNs a value of
5.28 GPa at 25°C was obtained using the
650 g'mol~! PTMG. Samples containing less than
70 wt% of copolymer showed inferior values for the
storage modulus, which can be attributed to the elas-
tomeric contribution of the PU phase. When compar-
ing the systems with different molecular weight
PTMGs, a substantial difference in the storage mod-
ulus was observed. As shown in Table 2, the storage
modulus values for the system using the 1400 g-mol™!
PTMG are inferior to those of the 650 g-mol~'. This

1.2
= 50:50 Cop:PU
[ 3 * 50:40 Cop:PU
1.04 & 70:30 Cop:PU
. v 80:20 Cop:PU
ot + 90:10 Cop:PU
0.8 3
*
*
2 064 ¢
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Figure 3. DMA results showing change in (a) £" and (b) tand for graft-IPNs with various ratio of MMA based copolymer to

650 g-mol™! PTMG based polyurethane
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Table 2. Results obtained for the fracture toughness tests performed on different graft-IPNs synthesized

Sample Copolymer content K. E Ultimate stress | Failure strain
p [Wt%] [MPa-m'?] |  [GPa] [MPa] [%]
90 1.17£0.03 3.320.05 61.79 3.05
80 1.16+0.14 3.620.03 47.97 2.155
ft-IPN with ‘mol™! PTM
Graft-IPN with 650 g mo G 70 2705009 |  2.2%0.02 35.78 >7
60 1.8420.06 1.340.04 18.06 >7
90 1.49+0.05 3.40.05 76.50 10.80
80 235:0.08 | 2.65+0.08 52.29 >20
ft-IPN with 1400 g'-mol~' PTM
Graft-IPN with 1400 g-mo G 70 295:0.12 | 2.5%0.11 3427 >20
60 1.7320.04 1.240.08 18.11 >20
Graft-IPN with 650 g-mol ' PTMG Tri-EDMA 70 0.770.02 - - -

reduction in the storage modulus may be explained
by the higher mobility that a longer macrodiol pro-
vides to the PU network [10]. When analyzing the
storage modulus of the TEGDMA-based samples
(see Table 2), it can be seen that the substitution of a
single double bond monomer (MMA) in the copoly-
mer for a monomer with two double bonds
(TEGDMA) had a major impact on the storage mod-
ulus. Samples containing this dimethacrylate mono-
mer had a tendency to present higher storage modu-
lus than those synthesized using MMA. As described
by Heatley et al. [22], BisGMA-TEGDMA copoly-
mers are characterized by presenting high degrees
of crosslinking, due to presence of two double bonds
in their chemical structures, which generated more
crosslink points within the copolymer network,
resulting in an increase in the crosslink density of
the network. This increase in the crosslink density
diminished to a certain extent the mobility of the net-
work chains, increasing the stiffness of the system,
thus, increasing the storage modulus of the samples.
To corroborate this statement, the M of the MMA
and TEGDMA graft-IPNs were experimentally esti-
mated by measuring the equilibrium storage modu-
lus in the rubbery state, using the Equation (1) from
the theory of rubber elasticity. The samples analyzed
were the 70% copolymer content using the
650 g'mol™' PTMG. The results showed Mc values
0f 910 and 72 g'mol™! for the MMA and TEGDMA
samples respectively. As expected the dimethacry-
late-based sample showed the lowest value for M,
which as stated earlier, provides an explanation for
the higher values of storage modulus obtained for
all TEGDMA-based samples over its MMA-based
counterparts.

Figure 3b, shows the plot of tan ¢ as a function of
temperature for the MMA based graft-IPNs synthe-
sized using the 650 g'-mol~! PTMG. In this graph, a
maximum peak of the loss factor showed the char-

acteristic relaxation associated with the glass transi-
tion temperature of the different systems under study.
It was observed that as the weight percentage of
copolymer increased in the samples, the maximum
peak of the loss factor gained prominence and moved
to higher temperatures. The narrow peak of the loss
factor in the sample with 80 and 90% copolymer con-
tent suggested a high degree of miscibility. For the
rest of the samples a broad transition with a shoul-
der related to the glass transition of the PU phase was
observed in the curves, which it is characteristic of
a partially miscible system. A similar peak in the loss
factor for the 90% copolymer content was also
observed for the composition using the 1400 g-mol™!
PTMG, as well as broader transitions for samples
containing <90 weight percentages of copolymer.
This suggests that several different relaxation mecha-
nisms are present in the produced network, and they
may be related to the nano-heterogeneity of the sys-
tem [10, 17].

In the case of the TEGDMA-based graft-IPNs, all
samples presented broad transitions, also suggesting
a high level of heterogeneity in the system. How-
ever, in the case of dimethacrylates, the heterogene-
ity formed, as explained by Podgorsky [23], results
from highly crosslinked structures in which a broad
distribution of micro-domains can be found. This
kind of polymer networks have shown both loosely
connectivity and highly crosslinked regions, as well
as regions were unreacted monomer is present. This
lack of homogeneity in the network structure has as
a result the manifestation of a broad distribution of
relaxation times due to the matrix mobility.

3.3. Network morphology

The network morphology of the graft-IPN was stud-
ied to corroborate the improvement achieved in the
interpenetration of the two polymer networks as a
result of the chemical crosslink between networks.
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Figure 4 shows TEM photos of sections cut from
stained methyl methacrylate copolymer based graft-
IPN samples containing 70% copolymer content
with different molecular weight PTMGs at different
stages of the curing process. Here, the dark zones cor-
respond to PU regions, since the PU phase is the one
that absorbed the dye, while the clear zones corre-
spond to the copolymer phase.

In general, the morphology presented by different
IPNs is rather complex, since different competing
processes may occur simultaneously during polymer-
ization. In sequential polymerization; as is the case
in this work, the formation of the first network has a
major impact on the formation of the second, limiting
the range of compositions and the material’s final
properties obtained by following this synthetic route.

—

c)

As shown in Figure 4c, it appears to be a slight for-
mation of PU domains for the 1400 g-mol™! PTMG
graft-IPNs at 60°C. As the curing process of the
samples was finalized after 24 h at 80°C, the PU
domains seemed to disappear (see Figure 4d). This
observation may be explained by further formation
of crosslink points between the two networks by
means of the reaction between the hydroxyl groups
present in the BisGMA resin with the isocyanate
groups present in the PU phase. These TEM pictures
are a corroboration of the decrease in size of these
domains by the formation of the aforementioned
crosslinking points, which improved the system’s
miscibility, thus minimizing the phase separation
between networks [10]. Furthermore, when com-
paring the two graft-IPNs with different molecular

—

d)

Figure 4. TEM photos of graft-IPNs with 70 wt% MMA based copolymer using the 650 g'mol~! PTMG at (a) 60°C,
(b) 80°C and 1400 g'mol~' PTMG (c) 60°C and (d) 80°C
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weight PTMGs, it can be seen from the TEM pic-
tures that both systems presented a fine dispersion
of both networks through the entire sample. This is
attributed to the successful interpenetration of the
two different networks at the molecular level [17].

3.4. Degree of transparency

Transparency of the MMA based copolymer using
650 g'mol~! PTMG samples synthesized was ana-
lyzed. The system presented a relative high degree of
transparency, showing values of transmittance
between 65 and 90%, as shown in Figure 5. The same
degree of transparency was also observed for the
1400 g'mol~! PTMG based system. These results are
also confirmation of the high degree of interpene-
tration achieved on both systems regardless of the
molecular weight of the PTMG. There is no visible
evidence of macroscopic phase separation in the
samples studied, supporting the results shown in the
plot of tand as a function of temperature.
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Figure 5. UV-vis spectrum of MMA based copolymer and
650 g'mol~! PTMG based PU graft-IPN
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3.5. Stiffness and fracture toughness

The stress vs strain plots obtained from the tension
tests in case of 650 and 1400 grmol™' PTMG are
shown in Figure 6a and 6b respectively. It can be seen
that the modulus and the peak stress drops progres-
sively with increase in PU resulting in no observed
failure within the window of imposed strains.

Table 3 shows results obtained for the quasi-static
crack initiation toughness, K¢ for the graft-IPNs stud-
ied. When both systems are compared, it can be seen
that the graft-IPNs synthesized with the 1400 g:mol™
PTMG have a slightly higher value for the quasi-
static crack initiation toughness than those synthe-
sized using the 650 g'mol~' PTMG. Furthermore, it
can be observed that both systems displayed the
highest value of fracture toughness in samples with
a 70% of copolymer content, suggesting that there
is an optimum copolymer to PU ratio.

3.6. Determination of average molecular
weight between crosslinks (M¢) and its
relation with fracture toughness

The average molecular weight between crosslinks

for the MMA based graft-IPNs was experimentally

obtained by measuring the storage modulus in the
rubbery plateau, ER, at 50 °C above the glass transi-
tion temperature according to the Equation (1) from

Table 3. Determination of extend of reaction at gel point

. Conversion at | Conversion at gel
Gel time . .
Sample [min] gel time time (Flory and
(Experimental)| Stockmayer)
Graft-IPN 242 87% 82 %
PU 222 69% 79%
PU+BisGMA 182 80% 82%
DCH+BisGMA - - -
90
— 60:40 Cop:PU
80+ — 70:30 Cop:PU
— 80:20 Cop:PU
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Figure 6. Stress vs. strain plots for MMA based copolymer samples using a) 650 g'mol~! PTMG and b) 1400 g-mol!

PTMG based polyurethane during tension test
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the theory of rubber elasticity. In previous studies
done by Karger-Kocsis and Gremmels [24], Liang
and Pearson [25], Liu et al. [26], a linear correlation
between the fracture toughness and M was found.
It was seen that as Mc increased in the system the
higher the K¢ value became. Sherman et al. [27]
attribute this to an increase in the free volume of the
materials, which allows more space resulting in an
increase of chain motions capable to accommodate
the applied load. Nevertheless, linear correlation
was not found for the system under study, the results
showed that the Kjc values did not increase as M¢
increased. This tendency holds true for both 650
and 1400 g-mol~! PTMG based graft-IPNss.

3.7. Surface morphology

In order to study the fracture mechanics of the graft-
IPN systems, SEM images were taken from samples
used for fracture testing. Figure 7 shows the fractured
surfaces of graft-IPNs samples with different copoly-
mer to polyurethane ratios for the graft-IPNs syn-
thesized using the 1400 g'mol~! PTMG.

From Figure 7 it can be seen that regardless of PU
content present in the samples, this factor does not
have a significant effect on the surface area created
were the fracture propagated through the material.
When compared to previous work done by Bird ef al.
[17], the authors were able to observe how an
increase in the PU content in the system resulted in
an increase on the surface area were the fracture
propagated through the material. They also observed
how the samples with a higher PU content had bet-
ter fracture toughness values, which led them to cor-
relate the surface area generated during fracture test-
ing with the fracture toughness properties of the
material. However, this correlation between an
increase of surface area and fracture toughness was
not observed on the graft-IPN systems. Although it
was possible to see how samples with a copolymer
content equal or superior to 80% show brittle frac-
tures while samples under 80% copolymer content
show did not show a brittle fracture. These results
suggest that a different fracture mechanism is respon-
sible for the improvement in the fracture toughness
values presented by the graft-IPN.

Figure 7. SEM photos of (a) 60 wt% copolymer, (b) 70 wt% copolymer, (c) 80 wt% copolymer and (d) 90 wt% copolymer
MMA-graft-IPN samples using the 1400 g'mol~! PTMG
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4. Conclusions

In this study, a series of graft interpenetrated poly-
mer networks consisting of a polyurethane and a
copolymer network were synthesized. Where, the
influence of the copolymer to PU ratio, molecular
weight of the PTMG and copolymer’s chemical com-
position on the thermo-mechanical and fracture
toughness properties, as well as both network and
surface morphology were systematically studied.
As expected, the findings suggest that the toughen-
ability of the graft-IPNs synthesized was highly
dependent on all three aforementioned variables. It
was found that samples comprising 70wt% MMA
based copolymer and 1400 g-mol~' PTMG based
polyurethane presented the best combination of high
E', T, and fracture toughness of all systems under
study. The network morphology studies showed that
there is no clear domains in any of the samples ana-
lyzed, what suggests that phase separation was suc-
cessfully minimized by the generation of crosslink
points between the copolymer and PU networks by
means of the BisGMA resin. The surface morphol-
ogy analysis suggests that a different fracture mech-
anism is accountable for the improvement in the
fracture toughness presented by the graft-IPN sys-
tems, since there is no clear correlation between an
increase on the fracture toughness and an increase in
surface area were the fracture propagated in the sam-
ples. Additional work is still needed for understand-
ing the fracture mechanism accountable for the high
crack initiation toughness showed by graft-IPNs.
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Abstract. Biodegradable poly(lactic-co-glycolic acid) copolymer, PLGA nanoparticles (NPs) with a surface layer of poly
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymers, Pluronics, are promising drug carrier
systems. With the aim to increase the potential of targeted drug delivery the end group derivative of Pluronics was synthe-
sized in a straightforward way to obtain Pluronic-amines. The formation of functional amine groups was confirmed by flu-
orescamine method and NMR analysis of their N-(tert-Butoxycarbonyl)-L-phenylalanine (Boc-Phe-OH) and N-(9-Fluo-
renylmethoxycarbonyl)-L-phenylalanine (Fmoc-Phe-OH) conjugates. Pluronic and Pluronic-amine stabilized PLGA NPs
prepared by nanoprecipitation were characterized by dynamic light scattering and zeta potential measurements. All of the
systems showed high colloidal stability checked by electrolyte induced aggregation, although the presence of Pluronic-
amine on the surface decreased the zeta potential in some extent. The introduction of reactive primary amine groups into the
surface layer of PLGA NPs while preserving the aggregation stability, provides a possibility for coupling of various ligands
allowing targeted delivery and also contributes to the improved membrane affinity of NPs.

Keywords: biocompatible polymers, Pluronic derivatization, PLGA nanoparticles, colloidal stability, polymeric drug delivery

1. Introduction

Extensive research went into the development of
drug delivery systems in the past decades to reduce
the side effects and enhance the therapeutic efficacy
of drugs [1]. Biodegradable polymeric nanoparticles
(NPs) offer the possibility for prolonged drug release
as well as targeted delivery. Poly(lactic-co-glycolic
acid) copolymers (PLGA) are preferred biomateri-
als because of their nontoxicity, biocompatibility
and biodegradability [2—6]. PLGA readily forms NPs
via the nanoprecipitation method as described by
Fessi et al. [7]. In most cases the drug is encapsulated

*Corresponding author, e-mail: kisseva@chem.elte.hu
© BME-PT

into the polymeric particle and released in a con-
trolled way by diffusion and erosion of the poly-
meric matrix [8—11]. It was found however, that the
hydrophobic character of the PLGA triggers the
nonspecific adsorption of plasma proteins leading to
the uptake of the particles by the mononuclear phago-
cyte system and hence their fast clearance from the
body [12—14]. This undesirable process can be pre-
vented by forming a poly(ethylene oxide), PEO
corona on the particle to improve its surface biocom-
patibility [15—18]. Among the various techniques
developed for surface immobilization of PEO the
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adsorption of poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) triblock copolymers,
the use of Pluronics is a versatile and convenient
method to obtain PEO-rich surface on PLGA NPs.
The hydrophobic PPO part of the molecule facili-
tates the anchorage of the surface modifier to the
PLGA while the PEO chains form an outer layer
introducing steric stability to the NPs [19-22]. In
addition to reduced protein adsorption and reason-
able colloidal stability the capability of NPs to cross
cell membranes and intracellular barriers is also a
requirement in drug carrier applications. Previous
studies demonstrated that the presence of certain
Pluronics on the surface of the PLGA NPs enhances
the nonspecific membrane affinity of the system [23].
The specific targeting needs the conjugation of appro-
priate biospecies to the surface of NPs. PLGA parti-
cles contain chain end carboxylic groups on their sur-
face but these are small in number and not easily
accessible because of the presence of the Pluronic
molecules on the surface. The surface Pluronic layer
on the other hand contains only hydroxyl groups at
the chain ends which have limited reactivity under
normal conditions. Introduction of reactive amino
groups onto the surface would provide a convenient
way for immobilization of the desired ligand.
Transformation of Pluronic end groups into amine
is the aim of our work and furthermore to reveal
whether this change influences the physico-chemi-
cal and drug carrier properties of the Pluronic stabi-
lized PLGA NPs.

Formation of amine end groups on PEO molecules
can be achieved by various methods which usually
involve two or more reaction steps. One of those is
the conversion of the hydroxyl groups to halide or
sulfonyl ester, followed by a reaction with excess
amount of ammonia [24, 25]. Another strategy for the
introduction of amine functionality is by activating
the hydroxyl groups followed by conjugation with
diamines and polyamines [26, 27]. A problem with
these reactions is the possibility for secondary amine
side product formation as well as the risk of cross-
linking [28]. Harris et al. [29] described a straightfor-
ward, two step reaction for the preparation of PEO-
amines that involved mild reaction conditions with
relatively safe reactants. Hydroxyl group is oxy-
dised to aldehyde followed by reaction with ammo-
nia in the presence of sodium cyanoborohydride.
We adapted the latest procedure to the preparation of
amine derivative of Pluronic block copolymers. The

advantage of these cationic derivatives in surface
modification can be twofold. The introduction of pri-
mary amine groups provides the possibility of fur-
ther coupling allowing e.g. the surface immobiliza-
tion of targeting ligands on the NP surface. In addi-
tion to that the presence of positively charged mole-
cules on a nanoparticle surface enhances their non-
specific membrane affinity [23, 30]. It is however,
an open question how these cationic derivatives
change the physico-chemical properties of PLGA
NPs compared to the systems stabilized with Pluron-
ics. The synthesis of Pluronic-amines and their appli-
cation in the preparation of surface modified PLGA
NPs relevant as drug carriers is described in the
present work. The nanoparticles were characterized
by their size, surface charge and colloidal stability.

2. Experimental

2.1. Materials

Poly(ethylene oxide)/poly(propylene oxide)/poly
(ethyleneoxide), PEO-PPO—-PEO triblock copoly-
mers, Pluronic F68 (M:8400), Pluronic F127
(M:12600) and Pluronic F108 (M:14600) (provided
by BASF Hungaria Kft.), were applied as received.
The composition of the polymers is characterized
by the average length of the PPO chain (27, 56 and
44 monomeric units for F68, F127, and F108, respec-
tively) and the length of the PEO chains (80, 101, and
141 monomeric units for F68, F127, and F108,
respectively).

Poly(D,L-lactic-co-glycolic acid), PLGA with 50% of
lactic and 50% of glycolic acid content (M:50 000—
75000) was obtained from Sigma-Aldrich. Acetic
anhydride, ammonium chloride, potassium hydroxide
and sodium cyanoborohydride used for the chemi-
cal modification of the Pluronics were purchased from
Reanal Ltd. (Budapest, Hungary). Fluorescamine,
hexylamine and pyrene used in the characterization
of Pluronics were acquired from Sigma-Aldrich.
N-(tert-butoxycarbonyl)-L-phenylalanine,9-fluorenyl-
methoxycarbonyl-L-phenylalanine, isobutyl-chlo-
roformate(Sigma-Aldrich Kft, Budapest, Hungary)
and N-methylmorpholine (Fluka,Buchs, Switzer-
land) were used for conjugation. Sodium chloride
(Riedel de Haén), calcium acetate (Reanal Ltd.) and
all solvents were of analytical grade.

2.2. Preparation of Pluronic-amines
Primary amine terminated Pluronic derivatives were
synthesized according to the method described by
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Harris et al. [29] for the modification of polyethyl-
ene oxides. First 0.4 mmol Pluronic was dissolved
in 15 mL freshly distilled DMSO. Following com-
plete dissolution 3.7 mmol acetic anhydride was
added and the reaction mixture was stirred for 30 h at
room temperature. During this step the hydroxyl end
groups of the Pluronic were oxidized into aldehyde
form [31]. The reaction was stopped by precipitating
the polymer in cold diethyl ether. After filtration the
polymer was re-dissolved in dichloromethane then
precipitated again in ether. The appearance of alde-
hyde groups was confirmed using Schiff reagent [32].
Pluronic sample was added to the reagent and the
development of a rose color indicated the presence of
aldehyde groups.

0.15 mmol Pluronic-aldehyde with 3 mmol ammo-
nium-chloride, and 0.02 g potassium hydroxide was
dissolved in 5 mL methanol. 3 mmol sodium cyano-
borohydride in 5 mL methanol was added to this solu-
tion slowly over 30 min. Then 0.1 g potassium
hydroxide was added to the reaction mixture which
was stirred for 24 h at room temperature. The reac-
tion was stopped by precipitating the product in cold
ether. After filtration the polymer was dissolved in
water and purified by dialysis against double dis-
tilled water. The purified product was acquired fol-
lowing the liophilization of the aqueous solution.
The Pluronic-amines were prepared in three inde-
pendent batches.

As a comparison the reactions were also carried out
using water as a solvent instead of methanol.

2.2.1. Fluorescamine assay

The transformation of hydroxyl groups of Pluronic
into amine groups was detected with the aid of the
fluorescamine assay, which is a sensitive method
for the surveying of primary amines [33—-35]. Sam-
ples were prepared in 0.1 M borate buffer at pH 9
with a polymer concentration of 0.2 g/L. 150 pL flu-
orescamine solution in acetone with a concentration
of 0.3 g/L was added to 3 mL of sample solution.
The solution was vortexed for 10 s at 1000 rpm.
Fluorescent spectra of the samples were recorded
with a Varian Cary Eclipse fluorescence spectro-
photometer (right-angle geometry, 1x1 cm? quartz
cell). Monochromator slits were set to 5 nm and the
excitation wavelength was 390 nm. Emission of the
fluorescamine derivative of the Pluronic-amine was
recorded at 486 nm. Degree of conversion of the end
groups to amine was estimated from measurements

using hexylamine as reference material. The meas-
urements were carried out in triplicates.

2.2.2. NMR assay

All NMR spectra were obtained using a BRUKER
AVANCE 1II 500 spectrometer operating at
500131 MHz for the observation of 'H nuclei in a
5 mm inverse probe. All spectra were recorded at
27°C in deuterated chloroform as the lock solvent. To
quantify the spectra a long repetition time of 8.3 s
and 30° pulse angle were used. 4096 transients were
accumulated in order to get excellent sensitivity.

2.2.3. Conjugation with amino acid

The N-(tert-butoxycarbonyl)-L-phenylalanine (Boc-
Phe-OH) and 9-fluorenylmethoxycarbonyl-L-pheny-
lalanine (Fmoc-Phe-OH) analogue of Pluronic F127-
amine were synthesized manually using mixed
anhydride method. The polymer was dissolved in ice
cold dimethylformamide (~20 wt%) and 500 equiv
of the N-terminus protected amino acid and
550 equiv isobutyl-chloroformate and 4-methyl-
morpholinein dimethylformamide were added. The
mixture was stirred for 2 h at room temperature then
left in refrigerator overnight at 4°C. The resulting
polymer-derivatives were purified by repeated dial-
ysis against doubly distilled water (Slide-A-Lyzer
G2 Dialysis Casette, MWCO: 10 kDa, ThermoSci-
entic, USA).

2.2.4. Determination of critical micelle
concentration

The critical micelle concentration (CMC) of Pluron-
ics and Pluronic-amines was determined by fluori-
metric method using pyrene as fluorescence probe.
Pyrene is a hydrophobic fluorescence dye which
shows different spectral pattern in micellar and non-
micellar solution due its sensitivity to the polarity
of the medium. 500 uL of pyrene solution in ace-
tone with a concentration of 1.2 mM was added to 1 L
of doubly distilled water and left overnight under
stirring. A series of Pluronic solutions with increas-
ing concentration were prepared using the filtered
pyrene solution as medium. The concentration range
was selected according to the CMC of the various
Pluronics reported previously (Table 1) [36]. Sam-
ples were allowed to equilibrate for 1 h. The meas-
urements were carried out with a Varian Cary Eclipse
fluorescence spectrophotometer (right-angle geom-
etry, 1x1 cm? quartz cell) at 25 and 37 °C. The exci-
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Table 1. Critical micelle concentration of Pluronics and
their amine derivatives

CcMC” CMC CMC
Sample (25°0) (25°0) (37°C)
[g/L] [g/L] [g/L]
Pluronic F68 190 >100 >100
Pluronic F68-amine - >100 >100
Pluronic F127 1-7 33 0.09
Pluronic F127-amine - 2.4 0.07
Pluronic F108 7-45 334 2.0
Pluronic F108-amine - 27.1 0.90

*from [36, 42, 43]

tation wavelength was 320 nm with a monochroma-
tor slit width of 5 nm while emission slit was set to
2 nm. Ratio of intensity of the first (/; at 373 nm) and
third peaks (/3 at 383 nm) is a sensitive parameter
characterizing the polarity of the probe’s environ-
ment. Strong emission at 383 nm with low /,//; value
indicates low polarity of the environment. Hence /,//5
is expected to decrease at the onset of the micelle
formation, reflecting a preferential solubilization of
pyrene into a less polar microenvironment [37, 38].

2.3. Preparation of Pluronic stabilized PLGA
NPs

PLGA NPs were prepared in triplicates by the nano-
precipitation method similar to that employed pre-
viously [23, 39]. Briefly PLGA was dissolved in ace-
tone at a concentration of 10 g/L. 6 mL of the organic
solution was added to 24 mL aqueous solution of
Pluronic or Pluronic-amine under magnetic stirring
(500 rpm). Pluronic concentration in the aqueous
phase was 2 g/L. NPs were formed and stirring was
continued overnight to achieve the complete evapo-
ration of acetone. The aqueous PLGA sol was cen-
trifuged at 3500 g for 10 min to remove the possible
polymer aggregates. The sol obtained as supernatant
was further purified by centrifugation at 12000 g for
15 min where the supernatant was removed and the
pellet containing the NPs was re-dispersed in doubly
distilled water. This procedure was repeated three
times in order to remove the dissolved Pluronic from
the aqueous medium.

2.3.1. Characterization of the size of NPs

Average hydrodynamic size and polydispersity of the
PLGA NPs were determined using a dynamic light
scattering (DLS) system (Brookhaven Instruments,
USA) consisting of a BI-200SM goniometer and a
BI-9000AT digital autocorrelator. As a light source a
Coherent Genesis MX488-1000STM laser-diode

system operating at 488 nm wavelength and emit-
ting vertically polarized light was used. Measure-
ments were carried out at a detection angle of 90°
and a temperature of 25 °C with nanoparticle sample
appropriately diluted with doubly distilled water.
The recorded autocorrelation functions were ana-
lyzed by the second order cumulant expansion
method.

2.3.2. Determination of zeta potential of NPs
The measurement of electrophoretic mobility of
nanoparticles was carried out by means of Malvern
Zetasizer Nano Z apparatus at 25 and 37 °C. Smolu-
chowski approximation was used to calculate zeta
potential from mobility values. Particles were sur-
veyed in aqueous salt solution with constant ionic
strength (2 mM NacCl).

2.3.3. Characterization of colloidal stability of NPs
The effect of ionic strength on the colloidal stability
of PLGA nanoparticles was investigated by adding
salt solutions with increasing concentration to the
sols. Sodium chloride and calcium acetate solutions
were used as coagulation media. Experiments were
carried out at 25 and 37 °C. Turbidity was measured
with a spectrophotometer at a wavelength of 400 nm
after incubation time of 15 min. The concentration of
electrolyte which resulted in three times higher
absorbance comparing to that of the original sol was
used to estimate the critical aggregation concentra-
tions (CAC). Higher CAC indicates the better col-
loidal stability of NP system. The electrolyte concen-
tration was increased in 0.1 M steps during the
experiments. No deviation was found in CAC during
measurements of three separated batches.

3. Results and discussion
3.1. Preparation and characterization of
Pluronic-amines

Amine end group derivatives of Pluronic F68, F127
and F108 were prepared via reductive amination of
the partially oxidized hydroxyl end groups (Figure 1).
Products were acquired with 60-80% yield follow-
ing the two step reaction. The exact determination of
the conversion of the end groups of Pluronics poses
a significant challenge. Mass spectrometry could
not be employed due to the similarity in the mass of
the amine and hydroxyl groups. Classical analytical
methods based on the determination of total nitrogen
content were also not feasible because of the low
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Figure 1. Two step conversion of Pluronics into Pluronic-
amines

nitrogen content (appr. 0.1 wt%) of the polymeric
compound.

Fluorescamine assay was employed as a selective
and sensitive technique to obtain the amine content
of the products. Fluorescamine, a nonfluorescent com-
pound, reacts with primary amines to form pyrroli-
nones. Upon excitation at 390 nm these compounds
exhibit strong fluorescence in the 450 to 550 nm
range. Addition of fluorescamine to the products
resulted in the formation of fluorescent species indi-
cating the presence of primary amines. For the quan-
titative determination a calibration curve was recorded
with hexylamine in the concentration range of 0—
60 umol/L while the Pluronic samples were meas-
ured at 0.2 g/L concentration (Figure 2). The fluores-
cent spectra of the fluorophores formed from the
Pluronics and hexylamine had similar shape. Only a
slight shift of around 3 nm was observed between the
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Figure 2. Fluorescence intensity calibration curve recorded
with the hexylamine fluorophore
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Figure 3. Fluorescent spectra of the hexylamine and Pluronic
F127-amine fluorophores

intensity maxima of the two amine functional mate-
rials (Figure 3). The method proved to be robust
enough for the determination of the amine content of
the samples as measured intensities were within 5%
error range for the triplicate measurements.

Taking into consideration the average molar masses
and structure of the Pluronics the obtained end group
amine conversions were 38, 41 and 22% for F68,
F127 and F108 respectively with a standard devia-
tion of 1-2%. The batch to batch reproducibility of
conversion was also within 5% error. Since the chem-
ical yield of the fluorophore is dependent to some
extent on the structure of the amine [40] the acquired
conversion values can be considered as approxi-
mates.

The transformation reaction to prepare amino-func-
tional Pluronic was repeated in aqueous medium
instead of methanol. Only 8 and 14% conversion was
determined for F68 and F127 and practically none
for F108. These findings indicate that the presence of
water reduces the proceeding of the reaction.

The presence and reactivity of functional amino
groups on Pluronic molecules were investigated by
conjugation with Boc- or Fmoc-L-phenylalanine. The
success of the conjugation reaction was checked by
ninhydrine test and TLC. 'H NMR spectra of the
Boc-Phe and Fmoc-Phe-coupled Pluronic-amines
clearly indicated the appearance of aromatic hydro-
gens in the range of 6.5-7.8 ppm. The "H NMR spec-
tra of the Pluronic F127-amine and its Fmoc-Phe
derivative is shown in Figure 4.

The strong singlet peak at 3.65 ppm belongs to the
CH; groups of the PEO blocks. The two complex
multiplets with 2:1 intensity ratio in the range of
3.3-3.6 ppm are the signals of -CH—CH,— protons of
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Figure 4. "H NMR spectra of the Pluronic F127-amine (a) and Pluronic F127-Phe-Fmoc (b)

the PPO block while the peak at 1.14 ppm belongs
to PPO methyl groups. The amine derived Pluronic
F127 exhibits a broad signal at 2.434 ppm, which
indicates the presence of terminal amine groups.
Pluronic F127-Phe-Fmoc shows very similar sig-
nals to the amine derived F127 in the spectrum
ranges given above. The major difference is the van-
ishing amine signal at 2.434 ppm and the new aro-
matic protons in the range of 7-8 ppm. There are new
weak proton signals in the 4.0-5.5 ppm and 2.5-
3.3 ppm regions which belong to the aliphatic pro-
tons of the terminal Phe-Fmoc groups.

The aromatic region contains the multiplets of the
ABCD spin systems of the two terminal fluorenyl
groups and a strongly overlapping signal of the
AA'BB'C system of the phenyl groups. The well sep-
arated doublet at 7.763 ppm belongs to the overlap-
ping aromatic protons in positions 4 and 5 of the
fluorenyl group.

As amphiphatic block copolymers Pluronics self-
associate in aqueous solution forming micellar type
aggregates. The concentration range where this asso-
ciation becomes dominant is a characteristic param-
eter depending on the composition of the molecule
and environmental conditions as well. The critical
micelle concentration (CMC) of Pluronic F68, F127
and F108 and their amine derivatives were deter-
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Figure 5. Pyrene /,/15 values as a function of Pluronic con-
centration at 37°C

mined in aqueous solution at two temperatures using
the pyrene fluorescent probe method. Increasing the
concentration of Pluronics a large decrease begins
in the /,/5 values after a given point indicating the
appearance of hydrophobic domains due to the for-
mation of micelles (Figure 5). At the end of this
transition concentration range the solubilization of
pyrene reaches the saturation which is represented
by steady low value of 1,/15.

To resolve a definite concentration value of CMC the
measured points were fitted with a decreasing Boltz-
mann type sigmoid, which is given by Equation (1):
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Al_AZ

Y= 1+ e()(—XO)/AX

+ 4, (1)
where the variable y corresponds to the /,//5 values,
while x is the total Pluronic concentration. 4; and 4,
are the upper and lower limiting values, x is the cen-
tre of the sigmoid and Ax is the width of the sigmoid.
According to Aguiar et al. [41] the CMC should be
given as x if the ratio xo/Ax < 10 and as (xo + 2Ax)
otherwise. Since the xy/A4 < 10 condition was valid
in all of our cases xy was selected as CMC. The
determined CMC values are shown in Table 1.
CMC values obtained for Pluronics F127 and F108 at
25°C are in accordance with the results of other stud-
ies being within the range reported previously [36,
42, 43]. That is valid for Pluronic F68 too, which did
not show association in the investigated concentra-
tion range up to 100 g/L.

Considering the Pluronic-amines the CMC of the
amine derivatives were found to be in the same con-
centration range as the corresponding starting mate-
rial signifying that the present chemical modification
of the end groups does not change the association
behavior of the Pluronics. Comparing the shapes of
1,/I; vs concentration curves for the Pluronics and
their amine derivatives however some differences
can be observed (Figure 5). The transition of the
pyrene probe from a hydrophilic to a hydrophobic
environment occurs over a relatively wide concen-
tration range especially for the amine derivatives
which could be related to the dispersity of the poly-
mer. This makes the determination of the CMC
defined as the centre of the fitted sigmoid somewhat
ambiguous. That might be the explanation for the
shift of CMC values given in Table 1.

As it is characteristic for PEO-containing surfactants
in general a decrease in the micellization concentra-
tion was observed at higher temperature. The
decrease of CMC is about one order of magnitude
in the 25-37 °C temperature range studied here.

3.2. Preparation and characterization
Pluronic stabilized nanoparticles
Pluronic and Pluronic-amine stabilized PLGA nano-
particles were prepared by nanoprecipitation. The
NPs obtained applying Pluronic F127 and Pluronic
F108 as well as their amine derivatives were char-
acterized by dynamic light scattering and zeta poten-
tial measurements. The average hydrodynamic

Table 2. Average hydrodynamic diameter (d), polydisper-
sity (PD) and zeta potential () of PLGA NPs"

d ¢
Stabilizer PD [mV]
[nm]
25°C 37°C
Pluronic F127 114 0.05 -11.3 -11.9
Pluronic F127-amine 116 0.08 -6.5 -5.7
Pluronic F108 115 0.06 -14.2 -13.4
Pluronic F108-amine 118 0.06 -10.2 -10.9

*Data were reproducible within 5% error between batches

diameter (d), polydispersity (PD) and zeta potential
({) of the particles are collected in Table 2.

Mean diameter of the particles was around 115 nm
regardless of the stabilizer used. All samples showed
a narrow size distribution with PD values below
0.1. The particles had a negative zeta potential due to
the carboxylic end groups of the PLGA chains
located on the particle surface and partly covered by
Pluronic layer. The usage of Pluronic-amine decreased
the potential which was valid for both Pluronics and
at both temperatures investigated. That decrease in
zeta potential is clearly due to the presence of pro-
tonated amine groups of Pluronic-amine.

Bare PLGA particles are stabilized in aqueous solu-
tion by electrostatic interactions due to their nega-
tive surface charge [44]. The stability of such systems
vanishes above a certain electrolyte concentration
due to the screening effect of ionic strength. Aggre-
gation in these systems happens at as low NaCl con-
centration as 0.03 M [23]. The role of Pluronic sta-
bilizer however, is to give steric stability of NPs,
making the colloidal system less sensitive to the vari-
ation of electrolyte concentration in the medium.
Colloidal stability of the Pluronic stabilized PLGA
NPs was tested by measuring the turbidity of sols at
different electrolyte concentrations in their aqueous
media. The determined CAC values are listed in
Table 3.

Table 3. Critical aggregation concentration (CAC) of PLGA
NP systems stabilized by Pluronics and Pluronic-
amines checked by NaCl and Ca-acetate at 25 and

37°C
CAC CAC
Stabilizer (M) M

NaCl electrolyte | Ca-acetate electrolyte

25°C 37°C 25°C 37°C
Pluronic F127 >2.5 >2.5 >1 0.9
Pluronic F127-amine | >2.5 >2.5 >1 1
Pluronic F108 2.0 1.8 0.6 0.6
Pluronic F108-amine 2.3 1.8 0.6 0.6
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All samples showed a highly increased colloidal
stability compared to the pure PLGA NP system. This
is due to the steric stabilization by the Pluronic adsorp-
tion layer on the NP surface. Particles stabilized by
Pluronic F127 and its amine derivative retained
their stability at all concentrations that were tested,
with NaCl up till 2.5 M regardless of temperature.
The particles stabilized with Pluronic F108 and
F108-amine showed a slightly reduced but still
remarkably high CAC values. These systems aggre-
gated only around 2 M NaCl. Destabilization occurred
earlier at 37 °C due to the fact that the hydrophobic
interactions become more prominent between PEO
chains with increasing temperature leading to a
decrease in the hydration of the Pluronic adsorption
layer [45, 46]. Ca-acetate was also used as elec-
trolyte to test the effect of divalent ions on the col-
loidal stability of the NPs. Due to its lower solubil-
ity the concentrations up till 1.0 M were tested. NP
systems stabilized by Pluronic F127 were stable, but
aggregation occurred in systems where Pluronic F108
was applied. The slightly less stability obtained for
all NP systems with Pluronic F108 or Pluronic F108-
amine comparing to the corresponding Pluronic F127
samples is probably due to the difference in chemi-
cal composition, the block ratio and hence in the
structure of adsorption layers. It is important to note,
however that practically no difference was observed
in the stabilization potential of Pluronics and their
amine derivatives, both forms were effective.

4. Conclusions

End group derivative of various Pluronics were syn-
thesized in a simple chemical procedure to obtain
Pluronic-amine. The formation of the product was
confirmed by the fluorescamine method and NMR
analysis of the Boc-Phe-OH and Fmoc-Phe-OH cou-
pled derivatives.

As verified by the CMC measurements the chemical
modification did not alter significantly the polarity
and association property of the molecules in aque-
ous environment.

The Pluronic-amines were applied as steric stabiliz-
ers for PLGA NPs prepared by the nanoprecipitation
technique. The particles formed were in the 110—
120 nm range making them ideal for drug delivery
applications. No significant changes were observed
in the size of the particles when the original Pluron-
ics and their amine derivatives were applied. The

presence of the positively charged end groups were
however detectable in electrophoretic mobility meas-
urements by a shift in the zeta potential. The col-
loidal stability of the PLGA NPs was sufficiently
high at 25 and 37 °C making them suitable for use in
biological environments with high ionic strengths.
The possibility for further chemical modifications of
the Pluronic-amines was also demonstrated through
the chemical binding of Boc-Phe-OH and Fmoc-
Phe-OH to the amine terminal. Such type of modifi-
cations open the way for convenient conjugation
with e.g. host cell specific peptides as selective tar-
geting moieties making achievable efficient drug
delivery.

Direct experimental data support the conclusion
that the membrane affinity of Pluronic derivatives
(i.e. Pluronic-polyamine) was improved when com-
pared to that of Pluronic [27, 47]. Based on these
data we may assume that this feature will be present
when Pluronic-amines are on the surface of PLGA
NPs. Therefore we may expect that NPs containing
Pluronic-amine surface layer show higher cellular
uptake rate. This assumption was supported by our
experimental data on drug loaded PLGA NPs [48].
When the carriers were functionalized by Pluronic
F127 and Pluronic-F127-amine highly increased in
vitro efficiency was achieved for an antituberculotic
drug candidate. The reason was shown to be the abil-
ity for the particles to enter the host cells of the bac-
teria. When the Pluronic-amine derivative was used
for the stabilization of the particles increased inter-
nalization and intracellular antibacterial effect was
obtained. The presence of cationic charges on the par-
ticle surface was shown to increase the non-specific
cell membrane affinity of the particles leading to
increased cellular uptake rate [48].

Acknowledgements

This work was supported by the National Science Foundation:
OTKA 104928, 104275, OTKA NK 105898 and TAMOP
4.2.4. A/2-11-1-2012-0001 ‘National Excellence Program’.

References
[1] Ganguly K., Chaturvedi K., More U. A., Nadagouda
M. N., Aminabhavi T. M.: Polysaccharide-based micro/
nanohydrogels for delivering macromolecular thera-
peutics. Journal of Controlled Release, 193, 162-173
(2014).
DOI: 10.1016/j.jconrel.2014.05.014

223


http://dx.doi.org/10.1016/j.jconrel.2014.05.014

Gyulai et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 216-226

[2] Mohanraj V. J., Chen Y.: Nanoparticles — A review. Trop-
ical Journal of Pharmaceutical Research, 5, 561-573
(2000).

DOI: 10.4314/tjpr.v5i1.14634

[3] Soppimath K. S., Aminabhavi T. M., Kulkarni A. R.,
Rudzinski W. E.: Biodegradable polymeric nanoparticles
as drug delivery devices. Journal of Controlled Release,
70, 1-20 (2001).

DOI: 10.1016/S0168-3659(00)00339-4

[4] Mu L., Seow P. H.: Application of TPGS in polymeric
nanoparticulate drug delivery system. Colloids and Sur-
faces B: Biointerfaces, 47, 90-97 (2006).

DOI: 10.1016/j.colsurfb.2005.08.016

[5] Karger-Kocsis J., Kéki S.: Biodegradable polyester-
based shape memory polymers: Concepts of (supra)
molecular architecturing. Express Polymer Letters, 8,
397-412 (2014).

DOI: 10.3144/expresspolymlett.2014.44

[6] Mundargi R. C., Babu V. R., Rangaswamy V., Patel P.,
Aminabhavi T. M.: Nano/micro technologies for deliv-
ering macromolecular therapeutics using poly(D,L-
lactide-co-glycolide) and its derivatives. Journal of
Controlled Release, 125, 193-209 (2008).

DOI: 10.1016/j.jconrel.2007.09.013

[7] Fessi H., Puisieux F., Devissaguet J. P., Ammoury N.,
Benita S.: Nanocapsule formation by interfacial poly-
mer deposition following solvent displacement. Interna-
tional Journal of Pharmaceutics, 55, R1-R4 (1989).
DOI: 10.1016/0378-5173(89)90281-0

[8] Pitt C. G., Gratzl M. M., Kimmel G. L., Surles J.,
Schindler A.: Aliphatic polyesters II. The degradation
of poly (DL-lactide), poly (epsilon-caprolactone), and
their copolymers in vivo. Biomaterials, 2, 215-220
(1981).

[9] Li S. M., Garreau H., Vert M.: Structure-property rela-
tionships in the case of the degradation of massive
poly(a-hydroxy acids) in aqueous media, Part 3 Influ-
ence of the morphology of poly(L-lactic acid). Journal
of Materials Science: Materials in Medicine, 1, 198—
206 (1990).

DOI: 10.1007/BF00701077

[10] Pistner H., Bendi D. R., Miihling J., Reuther J. F.: Poly
(L-lactide): A long-term degradation study in vivo: Part
III. Analytical characterization. Biomaterials, 14, 291—
298 (1993).
DOI: 10.1016/0142-9612(93)90121-H

[11] Czifrak K., Karger-Kocsis J., Daroczi L., Zsuga M.,
Kéki S.: Poly(e-caprolactone) and Pluronic diol-con-
taining segmented polyurethanes for shape memory
performance. Macromolecular Chemistry and Physics,
215, 1896-1907 (2014).
DOI: 10.1002/macp.201400237

[12] Storm G., Belliot S. O., Daemen T., Lasic D. D.: Sur-
face modification of nanoparticles to oppose uptake by
the mononuclear phagocyte system. Advanced Drug
Delivery Reviews, 17, 31-48 (1995).
DOI: 10.1016/0169-409X(95)00039-A

224

[13] Moghimi S. M.: Re-establishing the long circulatory
behaviour of poloxamine-coated particles after repeated
intravenous administration: Applications in cancer drug
delivery and imaging. Biochimica et Biophysica Acta
— General Subjects, 1472, 399-403 (1999).

DOI: 10.1016/S0304-4165(99)00157-9

[14] Gyulai G., Pénzes Cs. B., Mohai M., Lohner T., Petrik P.,
Kurunczi S., Kiss E.: Interfacial properties of hydro-
philized poly(lactic-co-glycolic acid) layers with vari-
ous thicknesses. Journal of Colloid and Interface Sci-
ence, 362, 600-606 (2011).

DOI: 10.1016/j.jcis.2011.06.055

[15] Kiss E., Golander C-G.: Static and dynamic wetting
behavior of poly(ethylene oxide) layer formed on mica
substrate. Colloids and Surfaces, 58, 263-270 (1991).
DOI: 10.1016/0166-6622(91)80226-E

[16] Kiss E., Dravetzky K., Hill K., Kutnyanszky E., Varga
A.: Protein interaction with a Pluronic-modified poly
(lactic acid) Langmuir monolayer. Journal of Colloid
and Interface Science, 325, 337-345 (2008).

DOI: 10.1016/j.jcis.2008.05.057

[17] Kiss E., Kutnyanszky E., Bertéti I.: Modification of
poly(lactic/glycolic acid) surface by chemical attach-
ment of poly(ethylene glycol). Langmuir, 26, 1440—
1444 (2010).

DOI: 10.1021/1a903373¢g

[18] Cheng J., Teply B. A., Sherifi I., Sung J., Luther G.,
Gu F. X., Levy-Nissenbaum E., Radovic-Moreno A.
F., Langer R., Farokhzad O. C.: Formulation of func-
tionalized PLGA-PEG nanoparticles for in vivo tar-
geted drug delivery. Biomaterials, 28, 869-876 (2007).
DOI: 10.1016/j.biomaterials.2006.09.047

[19] Moghimi S. M.: Prolonging the circulation time and
modifying the body distribution of intravenously
injected polystyrene nanospheres by prior intravenous
administration of poloxamine-908. A ‘hepatic-block-
ade’ event or manipulation of nanosphere surface in
vivo? Biochimica et Biophysica Acta — General Sub-
jects, 1336, 1-6 (1997).

DOI: 10.1016/S0304-4165(97)00060-3

[20] Redhead H. M., Davis S. S., Illum L.: Drug delivery in
poly(lactide-co-glycolide) nanoparticles surface modi-
fied with poloxamer 407 and poloxamine 908: In vitro
characterisation and in vivo evaluation. Journal of
Controlled Release, 70, 353-363 (2001).

DOI: 10.1016/S0168-3659(00)00367-9

[21] Kiss E., Varga A., Vargha-Butler E. 1.: Interfacial behav-
iour of poly(lactic acid) and Pluronic6400 mixed mono-
layers at the air—water interface. Physical Chemistry
Chemical Physics, 6, 1575-1579 (2004).

DOI: 10.1039/B312950K

[22] Kiss E., Takdcs M. G., Bertoti I, Vargha-Butler E. I.:
Surface properties of poly(lactic/glycolic acid)—
Pluronic® blend films. Polymers for Advanced Tech-
nologies, 14, 839-846 (2003).

DOI: 10.1002/pat.404



http://dx.doi.org/10.4314/tjpr.v5i1.14634
http://dx.doi.org/10.1016/S0168-3659(00)00339-4
http://dx.doi.org/10.1016/j.colsurfb.2005.08.016
http://dx.doi.org/10.3144/expresspolymlett.2014.44
http://dx.doi.org/10.1016/j.jconrel.2007.09.013
http://dx.doi.org/10.1016/0378-5173(89)90281-0
http://dx.doi.org/10.1007/BF00701077
http://dx.doi.org/10.1016/0142-9612(93)90121-H
http://dx.doi.org/10.1002/macp.201400237
http://dx.doi.org/10.1016/0169-409X(95)00039-A
http://dx.doi.org/10.1016/S0304-4165(99)00157-9
http://dx.doi.org/10.1016/j.jcis.2011.06.055
http://dx.doi.org/10.1016/0166-6622(91)80226-E
http://dx.doi.org/10.1016/j.jcis.2008.05.057
http://dx.doi.org/10.1021/la903373g
http://dx.doi.org/10.1016/j.biomaterials.2006.09.047
http://dx.doi.org/10.1016/S0304-4165(97)00060-3
http://dx.doi.org/10.1016/S0168-3659(00)00367-9
http://dx.doi.org/10.1039/B312950K
http://dx.doi.org/10.1002/pat.404

Gyulai et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 216-226

[23] Gyulai G., Pénzes Cs. B., Mohai M., Csempesz F., Kiss
E.: Influence of surface properties of polymeric nano-
particles on their membrane affinity. European Poly-
mer Journal, 49, 2495-2503 (2013).

DOI: 10.1016/j.eurpolymj.2013.02.024

[24] Neal J. C., Stolnik S., Garnett M. C., Davis S. S., [llum
L.: Modification of the copolymers Poloxamer 407
and Poloxamine 908 can affect the physical and bio-
logical properties of surface modified nanospheres.
Pharmaceutical Research, 15, 318-324 (1998).

DOI: 10.1023/A:1011987206722

[25] Yani¢ C., Bredenkamp M. W., Jacobs E. P., Spies H. S.
C., Swart P.: NMR spectroscopy as basis for character-
ization of Pluronic® F108 and its derivatives. Journal of
Applied Polymer Science, 78, 109—117 (2000).

DOI: 10.1002/1097-4628(20001003)78:1<109::AID-
APP140>3.0.CO;2-6

[26] Vinogradov S. V., Bronich T. K., Kabanov A. V.: Self-
assembly of polyamine—poly(ethylene glycol) copoly-
mers with phosphorothioate oligonucleotides. Biocon-
jugate Chemistry, 9, 805-812 (1998).

DOI: 10.1021/bc980048q

[27] Yi X., Batrakova E., Banks W. A., Vinogradov S.,
Kabanov A. V.: Protein conjugation with amphiphilic
block copolymers for enhanced cellular delivery. Bio-
conjugate Chemistry, 19, 1071-1077 (2008).

DOI: 10.1021/bc700443k

[28] Zalipsky S.: Functionalized poly(ethylene glycols) for
preparation of biologically relevant conjugates. Bio-
conjugate Chemistry, 6, 150-165 (1995).

DOI: 10.1021/bc00032a002

[29] Harris J. M., Struck E. C., Case M. G., Paley M. S.,
Yalpani M., Van Alstine J. M., Brooks D. E.: Synthesis
and characterization of poly(ethylene glycol) deriva-
tives. Journal of Polymer Science: Polymer Chemistry
Edition, 22, 341-352 (1984).

DOI: 10.1002/pol.1984.170220207

[30] Tatur S., Maccarini M., Barker R., Nelson A., Fragneto
G.: Effect of functionalized gold nanoparticles on float-
ing lipid bilayers. Langmuir, 29, 6606-6614 (2013).
DOI: 10.1021/1a401074y

[31] Kiss E., Bertoti L.: Preparation and characterization of
PEO grafted surfaces by wettability measurements.
Progress in Colloid and Polymer Science, 97, 21-26
(1994).

DOI: 10.1007/BFb0115129

[32] Lillie R. D.: Simplification of the manufacture of schiff
reagent for use in histochemical procedures. Biotech-
nic and Histochemistry, 26, 163—165 (1951).

DOI: 10.3109/10520295109113200

[33] Bohlen P, Stein S., Dairman W., Udenfriend S.: Fluoro-
metric assay of proteins in the nanogram range. Archives
of Biochemistry and Biophysics, 155, 213-220 (1973).
DOI: 10.1016/S0003-9861(73)80023-2

225

[34] Belal F., Abdine H., Al-Majed A., Khalil N. Y.: Spectro-
fluorimetric determination of vigabatrin and gabapentin
in urine and dosage forms through derivatization with
fluorescamine. Journal of Pharmaceutical and Bio-
medical Analysis, 27, 253-260 (2002).

DOI: 10.1016/S0731-7085(01)00503-9

[35] Adamou R., Coly A., Douabalé S. E., Saleck M. L. O. C.
0., Gaye-Seye M. D., Tine A.: Fluorimetric determina-
tion of histamine in fish using micellar media and flu-
orescamine as labelling reagent. Journal of Fluores-
cence, 15, 679—688 (2005).

DOI: 10.1007/s10895-005-2975-7

[36] Alexandridis P., Holzwarth J. F., Hatton T. A.: Micel-
lization of poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymers in aqueous
solutions: Thermodynamics of copolymer association.
Macromolecules, 27, 2414-2425 (1994).

DOI: 10.1021/ma00087a009

[37] Goddard E. D., Turro N. J., Kuo P. L., Ananthapad-
manabhan K. P.: Fluorescence probes for critical micelle
concentration determination. Langmuir, 1, 352-355
(1985).

DOI: 10.1021/1a00063a015

[38] Wang Y., Zhang M., Moers C., Chen S., Xu H., Wang Z.,
Zhang X., Li Z.: Block copolymer aggregates with
photo-responsive switches: Towards a controllable
supramolecular container. Polymer, 50, 4821-4828
(2009).

DOI: 10.1016/j.polymer.2009.08.005

[39] Kiss E., Schndller D., Pribranska K., Hill K., Pénzes Cs.
B., Horvati K., Bésze S.: Nanoencapsulation of antitu-
bercular drug isoniazid and its lipopeptide conjugate.
Journal of Dispersion Science and Technology, 32,
1728-1734 (2011).

DOI: 10.1080/01932691.2011.616128

[40] de Bernardo S., Weigele M., Toome V., Manhart K.,
Leimgruber W. B. P., Béhlen P, Stein S., Udenfriend S.:
Studies on the reaction of fluorescamine with primary
amines. Archives of Biochemistry and Biophysics, 163,
390-399 (1974).

DOI: 10.1016/0003-9861(74)90490-1

[41] Aguiar J., Carpena P., Molina-Bolivar J. A., Carnero
Ruiz C.: On the determination of the critical micelle con-
centration by the pyrene 1:3 ratio method. Journal of
Colloid and Interface Science, 258, 116-122 (2003).
DOI: 10.1016/S0021-9797(02)00082-6

[42] Chu B., Zhou Z.: Physical chemistry of polyoxyalky-
lene block copolymer surfactants. in “Nonionic surfac-
tants: Polyoxyalkylene block copolymers’ (ed.: Nace
V. M.) Marcel Dekker, New York 78—80 (1996).

[43] Lopes J. R., Loh W.: Investigation of self-assembly and
micelle polarity for a wide range of ethylene oxide—
propylene oxide—ethylene oxide block copolymers in
water. Langmuir, 14, 750-756 (1998).

DOI: 10.1021/1a9709655



http://dx.doi.org/10.1016/j.eurpolymj.2013.02.024
http://dx.doi.org/10.1023/A:1011987206722
http://dx.doi.org/10.1002/1097-4628(20001003)78:1<109::AID-APP140>3.0.CO;2-6
http://dx.doi.org/10.1021/bc980048q
http://dx.doi.org/10.1021/bc700443k
http://dx.doi.org/10.1021/bc00032a002
http://dx.doi.org/10.1002/pol.1984.170220207
http://dx.doi.org/10.1021/la401074y
http://dx.doi.org/10.1007/BFb0115129
http://dx.doi.org/10.3109/10520295109113200
http://dx.doi.org/10.1016/S0003-9861(73)80023-2
http://dx.doi.org/10.1016/S0731-7085(01)00503-9
http://dx.doi.org/10.1007/s10895-005-2975-7
http://dx.doi.org/10.1021/ma00087a009
http://dx.doi.org/10.1021/la00063a015
http://dx.doi.org/10.1016/j.polymer.2009.08.005
http://dx.doi.org/10.1080/01932691.2011.616128
http://dx.doi.org/10.1016/0003-9861(74)90490-1
http://dx.doi.org/10.1016/S0021-9797(02)00082-6
http://dx.doi.org/10.1021/la9709655

Gyulai et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 216-226

[44] Santander-Ortega M. J., Jodar-Reyes A. B., Csaba N.,
Bastos-Gonzalez D., Ortega-Vinuesa J. L.: Colloidal
stability of Pluronic F68-coated PLGA nanoparticles:
A variety of stabilisation mechanisms. Journal of Col-
loid and Interface Science, 302, 522529 (2006).
DOI: 10.1016/j.jcis.2006.07.031

[45] Claesson P. M., Kjellander R., Stenius P., Christenson
H. K.: Direct measurement of temperature-dependent
interactions between non-ionic surfactant layers. Jour-
nal of the Chemical Society, Faraday Transactions 1:
Physical Chemistry in Condensed Phases, 82, 2735-
2746 (1986).

DOI: 10.1039/F19868202735

[46] Kiss E.: Temperature dependence of bovine serum
albumin adsorption onto a poly(ethylene oxide)-grafted
surface. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 76, 135-140 (1993).

DOI: 10.1016/0927-7757(93)80071-L

226

[47] Fan W., Wu X., Ding B., Gao J., Cai Z., Zhang W., Yin

D., Wang X., Zhu Q., Liu J., Ding X., Gao S.: Degrad-
able gene delivery systems based on Pluronics-modi-
fied low-molecular-weight polyethylenimine: Prepara-
tion, characterization, intracellular trafficking, and cel-
lular distribution. International Journal of Nanomedi-
cine, 7, 1127-1138 (2012).

DOLI: 10.2147/1IN.S27117

[48] Kiss E., Gyulai G., Pénzes Cs. B., Idei M., Horvati K.,

Bacsa B., Bosze S.: Tuneable surface modification of
PLGA nanoparticles carrying new antitubercular drug
candidate. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 458, 178—186 (2014).

DOI: 10.1016/j.colsurfa.2014.05.048



http://dx.doi.org/10.1016/j.jcis.2006.07.031
http://dx.doi.org/10.1039/F19868202735
http://dx.doi.org/10.1016/0927-7757(93)80071-L
http://dx.doi.org/10.2147/IJN.S27117
http://dx.doi.org/10.1016/j.colsurfa.2014.05.048

eXPRESS Polymer Letters Vol.10, No.3 (2016) 227-236
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2016.21

Jboi ymecr Letters

Barium ferrite/epoxy resin nanocomposite system:
Fabrication, dielectric, magnetic and hydration studies

A. Kanapitsasl, C. Tsonos!, G. C. Psarras*”", S. Kripotou3

"Electronics Engineering Department, Technological Educational Institute of Sterea Ellada, 35100 Lamia, Greece
*Department of Materials Science, School of Natural Sciences, University of Patras, 26504 Patras, Greece

3Department of Physics, School of Applied Mathematical and Physical Sciences, National Technical University of Athens,
Zografou 15780, Athens, Greece

Received 23 July 2015; accepted in revised form 5 October 2015

Abstract. Composite systems of epoxy resin and barium ferrite nanoparticles have been prepared, and studied varying the
content of the inclusions. Morphology of prepared samples has been examined via scanning electron microscopy and X-ray
diffraction spectra, while electrical and magnetic properties were investigated by means of broadband dielectric spectroscopy,
and magnetization tests respectively. Finally, water vapor sorption measurements were conducted in order to study the
water sorption dynamics of the system. Electron microscopy images revealed the successful fabrication of nanocomposites.
Dielectric permittivity increases with filler content, while three relaxation processes were detected in the relative spectra.
These processes are attributed to interfacial polarization, glass to rubber transition of the matrix, and re-orientation of polar
side groups of the polymer’s chain. Magnetization and magnetic saturation increase with magnetic nano-powder content.
Nanocomposites absorb a small amount of water, not exceeding 1.7 wt%, regardless filler content, indicating their

hydrophobic character.

Keywords: nanocomposites, barium ferrite, dielectric properties, magnetic properties, hydration

1. Introduction

M-type barium ferrite with hexagonal structure
(BaFe;019) is a well-known high-performance per-
manent magnetic material, owing to its high mag-
netocrystalline anisotropy, high Curie temperature,
relatively large magnetization, excellent chemical
stability and corrosion resistance. M-type hexafer-
rites have continuously made inroads in applica-
tions such as plastoferrites, injection-molded pieces,
microwave devices, and magnetic recording media.
With proper design and substitutions, passive ele-
ments including mm-wave circulators can be con-
structed from hexaferrites. Ba-hexaferrites with
composition of BaFe;;019, are the most widely
used among the various hexaferrite compounds.
The most significant property is the very high mag-

*Corresponding author, e-mail: G.C.Psarras@upatras.gr
© BME-PT

netocrystalline anisotropy field (1.7 T), which results
in a high coercivity, remanence and a ferromagnetic
resonance at around 50 GHz, [1]. Recently increased
attention is given to ferrites, ferrite based complex
ceramics, and to magnetic semiconductors [2—8].
The majority of these works refers to the variation
of magnetic permeability, dielectric permittivity at
GHz, and absorption properties, with the composi-
tion and the preparation procedure of ceramic com-
pounds. On the other hand studies concerning the
magnetic behaviour of polymer based composites
are still scarce [9—-13].

Polymers exhibit a number of advantages, which
include ease processing and forming, thermome-
chanical stability, high dielectric breakdown strength
and low cost. Conductivity, dielectric and magnetic
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properties of polymers can be substantially altered by
embedding suitable reinforcing inclusions. Dielec-
tric and magnetic response can be tuned by control-
ling the amount and the type of the employed ceramic
inclusions [14—17]. Epoxy resins are extensively used
for the production of high tech composites in the
fields of automotive, aerospace and electronic indus-
tries, mostly due to their high stiffness and good adhe-
sion with the inclusions [18-21]. However, a possi-
ble drawback in micro or nano epoxy composites’
performance could be related to the effect of envi-
ronmental attack and the resulting degradation.
Water uptake due to the exposure in humid environ-
ments is a major factor influencing performance
and service life of composites.

In this work nanocomposites constituted of an epoxy
resin matrix and barium ferrite nanoparticles as the
reinforcing phase, have been prepared and studied,
at various filler content. It is a first attempt to fabri-
cate a single-filler nanocomposite system with tun-
able magneto-electric response, suitable for outdoors
applications. Specimens’ morphology was assessed
via scanning electron microscopy (SEM) and X-ray
diffraction (XRD) spectra, while dielectric and mag-
netic response were studied by means of broadband
dielectric spectroscopy (BDS) and magnetization
measurements, respectively. Finally, hydration stud-
ies were performed by water vapor sorption meas-
urements.

2. Experimental
2.1. Materials and nanocomposites
manufacturing

Nanocomposite specimens were prepared by employ-
ing commercially available materials. In particular
a low viscosity epoxy resin (ER) (Epoxol 2004A) was
used as a prepolymer, while Epoxol 2004B (operat-
ing at a slow rate) was used as curing agent. Both

reactants were supplied by Neotex S.A., Athens,
Greece. Barium ferrite (BaFe) particles were pur-
chased by Sigma-Aldrich. The mean particle diam-
eter was less than 100 nm. The preparation proce-
dure involved mixing of the resin with the curing
agent in a 2:1 (w/w) ratio and then adding, while the
polymer system was still in the liquid state, various
amounts of the filler. Stirring at a low rate, degassing
the mixtures in a vacuum-oven, and ultrasonication
were also included in the preparation procedure [21,
22]. The content of barium ferrite in the produced
specimens was 0, 3, 10, 20, 30, and 50 parts per
hundred resin [phr]. Filler’s content and respective
volume fractions are listed in Table 1. The initial
curing took place at ambient for a week, followed by
post-curing at 100°C for 4 hours. The specimens’
morphology, as well as, the achieved quality of the
filler dispersion within the polymer matrix was
examined via Scanning Electron Microscopy (SEM)
(EVO MA 10, ZEISS). X-ray diffraction analyses
were made by Siemens diffractometer model Z500,
by using Cu-Ka (1 = 1.54056 A, 40 kV, 30 mA) in
wide range of Braggs angles 20-90°.

2.2. Dielectric and magnetic measurements

Dielectric measurements were conducted by means
of broadband dielectric spectroscopy (BDS) using
an Alpha-N Frequency Response Analyser, sup-
plied by Novocontrol Technologies (Hundsagen,
Germany). The applied Vrms was kept constant at
1000 mV, while field’s frequency was varied between
107" to 10® Hz. Isothermal scans were carried out in
the temperature range from ambient to 150 °C, in
steps of 5°C. Temperature was controlled via the
Novotherm system within £0.1°C (Novocontrol
Technologies). The employed dielectric test cell was
the BDS-1200, parallel-plate capacitor with two
gold-plated electrodes system, supplied also by

Table 1 Barium ferrite content in phr and volume fraction in the examined specimens, magnetic saturation and remanence
magnetization of nanocompsoites and neat barium ferrite

. Volume fraction Magnetic saturation: M; Remanence magnetization
Specimen
[%] [emu/g] [emu/gr]

Epoxy resin 0 - -

Epoxy resin + 3 phr BaFe 2,09 0.60 0.25 0.08
Epoxy resin + 10 phr BaFe ;09 1.98 0.50 0.15
Epoxy resin + 20 phr BaFe ;09 3.79 1.59 0.50
Epoxy resin + 30 phr BaFe ;09 5.69 1.85 0.56
Epoxy resin + 50 phr BaFe ;09 8.80 3.16 0.95
BaFe ;019 100 14.00 4.09
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Novocontrol Technologies. The dielectric cell was
electrically shielded and data acquisition was fully
automated and conducted via suitable software.
The magnetization measurements were performed
using a Quantum Design superconducting quantum
interference device (SQUID), with maximum field
at 5 Tesla. The hysteresis loops were measured up
to 5 T. The zero-field-cooled (ZFC) and field cooled
(FC) processes were recorded at low magnetic
fields in temperature range from 5 to 300 K (—268.2
to 26.8 °C). Before each run, samples were demag-
netized at 300 K (26.8°C) by applying an oscilla-
tory magnetic field, and then cooled down in zero
fields to 5 K (-268.2°C). At 5 K (-268.2°C), a small
magnetic field of the order of 100 or 1000 Oe in the
powder was applied, and the magnetization was
measured as we heated the sample to 300 K
(26.8°C). This procedure was denoted as the ZFC
measurement. At 300 K, the small-applied magnetic
field was kept as it is and then samples were cooled
again to 2 K (-271.2°C), with a subsequent record-
ing of the magnetization as we heated the sample to
300 K (26.8 °C). Such measurement was denoted as
FC measurement.

2.3. Hydration studies

Water vapor sorption measurements were performed
using VTI SA+ vapor sorption analyzer supplied by
TA Instruments. The sample mass was continuously
recorded as a function of time, until equilibrium
was reached, at different levels of relative humidity
between 10 and 95% both while increasing (sorp-
tion) and decreasing (desorption). All the measure-
ments were done at a constant temperature of 25°C.

1um EHT = 1380 kv
T WO= 75mm

Date :19 Feb 2015
EVOMA 10

3. Results and discussion

Figure 1 depicts representative SEM images of the
fracture surface of the nanocomposites with 3 (Fig-
ure la) and 5 phr (Figure 1b) in barium ferrite con-
tent. In all examined cases nanodispersions were
detected in tandem with small clusters, denoting the
successful manufacturing of the BaFe O ¢/epoxy
resin nanocomposites. In the literature there are
many studies [23-27], especially for BaTiO; rein-
forced polymer nanocomposites, where surface mod-
ifications of filler’s particles result in better distri-
bution of nanoinclusions. Although, this is the general
trend and surface modification is considered as ben-
eficial to both nanodispersions and physical proper-
ties, filler’s modification should not be considered
as a panacea. Surface modification could add a type
of coating to nanoinclusions with different electri-
cal properties, being detrimental sometimes to the
desired electrical behaviour of the nanocomposites
[24, 28, 29].

XRD spectra of barium ferrite nanopowder and the
nanocomposite with 3 phr magnetic powder are
shown in Figure 2a and 2b, respectively. XRD data
revealed the presence of Fe,O5; within the magnetic
powder. Moreover, grain diameters calculated using
the Sherrer formula of 28 nm for BaFe;,0;9 and
26 nm for Fe,03, were found. An analogous picture
is obtained for the 3 phr BaFe ;O 9/epoxy resin
nanocomposite.

Dielectric spectra of the ER/20 phr BaFe ;0,9 are
shown in the 3D graphs of Figure 3. Variation of the
real part of dielectric permittivity (&) as a function
of frequency and temperature is presented in Fig-
ure 3a. Permittivity increases with diminishing of
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—
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Figure 1. SEM images from the specimens with (a) 3 and (b) 5 phr barium ferrite content
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Figure 2. XRD spectra of (a) barium ferrite nanopowder, and (b) the composite with 3 phr barium ferrite

frequency, since dipoles attain sufficient time to ori-
ent themselves in the direction of the alternating
field. Temperature facilitates this process by supply-
ing thermal agitation to dipoles, and thus &' acquires
high values in the low frequency and high tempera-
ture ranges. Two step-like transitions, recorded in
the permittivity’s spectra, indicate the presence of
dielectric relaxation processes. Relaxation processes
became evident in the loss tangent versus frequency
and temperature spectra of Figure 3b, by the forma-
tion of loss peaks. Three distinct processes can be
observed in Figure 3b. The slower process, recorded
in the low frequency and high temperature region,
characterized by the longer relaxation time, is
attributed to Interfacial Polarization (IP). IP occurs
in heterogeneous systems, because of the accumu-
lation of unbounded charges at the interface of the
constituents [22, 30, 31]. These charges form dipoles
at the system’s interface, which are forced to follow
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the alternation of the applied field. Their inertia to
be aligned parallel to the field is responsible for the
relaxation process, and enhanced polarization is
achieved only at a low alternation rate of the field
and when adequate amount of thermal energy is
provided. In the intermediate zone of Figure 3b,
another relaxation mechanism is present. Its physi-
cal origin is related to the simultaneous segmental
motion of large parts of the macromolecular chains,
due to the glass to rubber transition of the amor-
phous polymer matrix. This process, denoted as a-
relaxation, corresponds to a shorter relaxation time
compared to IP. It should be noted that glass transi-
tion temperature (7;) of the employed epoxy resin,
as determined via differential scanning calorimetry
(DSC) studies in a previous work of ours [22], is
very close to 60°C. Above Ty, besides the synergetic
motion of macromolecules, the difference of the
coefficients of thermal expansion between matrix
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Figure 3. (a) Real part of dielectric permittivity, and (b) loss tangent as a function of frequency and temperature, for the

composite with 20 phr barium ferrite
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Figure 4. (a) Real part of dielectric permittivity, and (b) loss tangent vs frequency for all tested systems at 30 and 160°C

respectively

and filler could affect the dielectric response of the
nanocomposites by the possible disruption of the
particle/polymer contacts. The third process, occur-
ring in the low temperature and high frequency
region, is a relative weak mechanism ascribed to the
re-orientation of polar side groups of the main poly-
mer chains (B-relaxation) [22].

Figure 4a displays comparative plots of the real part
of dielectric permittivity (¢'), as a function of fre-
quency, for all the examined specimens, at 30°C.
As expected, ¢’ increases with filler content in the
whole frequency range, since barium ferrite nano-
particles exhibit higher values of permittivity than
the polymer matrix. This increase is more pro-
nounced in the low frequency region, because sys-
tem’s heterogeneity increases with barium ferrite
content, leading thus to enhanced IP effect. Com-
parative plots of the loss tangent (tand), as a func-
tion of frequency, for all the examined specimens, at
160°C, are shown in Figure 4b. The previously men-
tioned relaxations are present in these loss spectra.
Interestingly, IP is observed in the neat epoxy spec-
trum, and loss index attains high values. IP has been
detected in loss spectra of many polymers due to the
presence of additives, impurities and plasticizers
[32—35]. On the other hand, increased values of loss
tangent should be related to high values of the dielec-
tric loss (¢"), since tand is defined as the ratio of the
imaginary to the real part of dielectric permittivity.
High values of ¢” in the low frequency region and at
high temperatures are related to: (i) enhanced con-
ductivity, (ii) IP, (iii) electrode polarization, or to
any combination of these three effects. The low con-
ductivity and low heterogeneity of the employed ther-
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mosetting resin implies electrode polarization, as
the main reason for the high values of &”, and thus
of tand. Considering that the type of electrodes/
specimens contact in all cases is the same, it is rea-
sonable to suggest that the contribution of electrode
polarization in the recorded values of dielectric loss
remains constant. Under this point of view, and
recalling the low values of conductivity for the
examined systems, variations of dielectric loss and
tand with filler content should be related to interfa-
cial polarization phenomena. Thus, in the case of
nanocomposites, values of tand appear to diminish
with barium ferrite content, reflecting the increase
of &' due to the enhanced heterogeneity, and denot-
ing IP as the dominating effect.

Magnetization hysteresis curves for barium ferrite
nanopowder and BaFe|,0¢/epoxy nanocomposites
are depicted in Figure 5a and 5b, respectively. Neat
barium ferrite exhibits the highest values of magne-
tization and coercivity, Figure 5a. Additional nano-
composites’ magnetization and coercivity increase
systematically with filler content, as expected, Fig-
ure 5b.

Figures 5a and 5b show the magnetic hysteresis
loops (M-H) of BaFe;,0;9 nanopowder and nano-
composites, respectively. Neat barium ferrite exhibits
the highest values of magnetization. M-H curve of
pure BaFe ;019 nanopowder shows a ferromagnetic
hysteresis loop with magnetic saturation (M)
14 emu/g, magnetic remanence (M;) 4.09 emu/g and
coercive field (H.) 1.3 kOe. The coercive field is sig-
nificantly lower from the nominal value of BaFe ;0.
The reason is that the BaFe ,0,9 nanoparticles, inter-
acts with oxygen and a new phase Fe,;Oj3 is formed
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Figure 5. Magnetic hysteresis loops of (a) barium ferrite nanopowder, and (b) nanocomposites with different content of bar-

ium ferrite

and coexists with BaFe,0;9 phase. The coercive
field as an intrinsic property of the BaFe ;09 nano-
particles remains constant at nanocomposites with
the same value of 1.3 kOe.

Increasing the magnetic nanoparticles’ content,
results in enhanced values of saturation and rema-
nence magnetization in the nanocomposites. Obtained
values of magnetic saturation and remanence mag-
netization are listed in Table 1. Barium ferrite nano-
particles induce magnetic properties to polymer
matrix, and thus is quite reasonable the increase of
magnetization, magnetic saturation and remanence
magnetization of nanocomposites with magnetic
phase content.

Figure 6 shows the water vapor sorption measure-
ment for the nanocomposite with10 phr BaFe,O19,
as a typical example. From the equilibrium mass at
each relative humidity the sorption isotherm (equi-
librium water content calculated in dry mass basis
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Figure 6. Typical water vapor sorption measurement. Mass
as a function of time at 25 °C at different levels of

relative humidity during sorption and desorption
for the nanocomposite with 10 phr BaFe ;0.

as a function of water activity (relative humid-
ity/100)) can be constructed. The sorption isotherm
for the nanocomposite with10 phr BaFe ;019 is
shown in Figure 7. Data obtained during desorption
are also included in the graph. The sorption iso-
therm is of Type Il in the Brunauer classification
[36], which describes adsorption on macroporous
adsorbents with strong adsorbate-adsorbent interac-
tions. The percentage of water content at the highest
water activity was found close to 1.7 wt% indicating
the hydrophobic character of the sample, while no
significant hysteresis was found indicating that the
adsorbed water do not cause permanent changes in
the sample.

Experimental data were fitted by Guggenheim—
Anderson—de Boer (GAB) equation (Equation (1)):

T~ 1 - 1~ 1 1T 71

T T T T T
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Figure 7. Sorption isotherm for the nanocomposite with
10 phr BaFe ;09 at 25 °C. Data during desorption
(open symbols) are also included. The line is the
best fit of GAB equation to the experimental data.
The values of GAB parameters are indicated on
the plot.
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cfa,

(1 = fay)[1 + (¢ — 1)fa,]
where /4 is the percentage of water content calcu-
lated in dry mass basis /1 = [(mequil — Mdry)/Mary]-100%,
ay 1s the water activity (relative humidity/100), /i,
is the percentage of water content directly bound to
the hydrophilic sites, ¢ is the ratio of the binding
constants of water molecule directly bound to the
sorption site in the first layer and of that bonded
indirectly in the succeeding liquid-like layers, and f
is the ratio of the standard chemical potential of the
indirectly bound water molecule and that of the
molecule in the bulk liquid state. The greater the
value of ¢ is, the stronger the bond between the
water molecule and the hydrophilic site, while low
values of f are indicative of hydrophobic character
of polymer [37].
The values of the GAB equation parameters (shown
on the graph of Figure 7) indicate the hydrophobic
character of the sample (value of f) and the strong
interaction of water molecules with its sorption
sites (value of ¢). The values for the parameters of
GAB equation are in accordance with those pub-
lished in literature for epoxy resins [37]. No depend-
ence of water sorption on sample composition was
found as can be seen in Figure 8, where the sorption
isotherms for all the systems studied are shown.
Kinetics of water vapor adsorption was studied and
diffusion coefficient was calculated for different
water contents from the measurements of the sam-
ple mass as a function of time at different levels of
relative humidity. Experimental data for all the
samples studied, independent of their composition,
were well described by the one dimensional case of
Fick’s second law. The analysis was done as fol-
lows:
(i) By fitting the experimental data of mass as a

function of time by the Equation (2):

h(ay,) = hy’ (1)

my=m_o+ (m_, — m_g)

[1-enf -7s()]

where m; is the sample mass at each time ¢, / is the
thickness of the sample and m—y and m., are the
initial and the equilibrium mass, respectively and D
is the diffusion coefficient [37].

2)
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Figure 8. Water content as a function of water activity dur-
ing adsorption (full symbols) and desorption
(open symbols), for the nanocomposites indicated
on the plot. The line is the best fit of GAB equa-
tion to the experimental data of the 10 phr
BaFe,0,¢/epoxy nanocomposite.

(i1) By plotting the data of (m — m—¢)/ (M= — M=g)
as a function of V¢ and calculated diffusion coef-
ficient from Equation (3):

2
T

16 )

D= slopez'

where slope is the initial slope (for y values up to
0.6) and / is the thickness of the sample [37].

Similar values for the diffusion coefficient were
calculated by both ways of fitting described above.
The values of diffusion coefficient obtained from
the experimental data of sorption as well as of des-
orption are presented in Figure 9 for all the samples
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Figure 9. Diffusion coefficient values calculated from
experimental data taken during adsorption (full
symbols) and desorption (open symbols) as a

function of water activity for the nanocomposites
indicated on the plot
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under investigation. During adsorption a scattering
of the data around the value of 2-10~° cm?/s inde-
pendent of the sample composition and water activ-
ity (water content) was found, while during desorp-
tion diffusion coefficient values decrease with
decreasing water activity (water content).

The hydrophobic character of the studied materials
could be proved beneficial in their service life,
especially in outdoors applications and in environ-
mental conditions with high humidity. The unaf-
fected, by water adsorption, polymer matrix will act
as a protective shield for the reinforcing inclusions
and thus their magneto-electric performance will
not be disturbed.

4. Conclusions

In the present study composite systems of epoxy
resin and barium ferrite nanoparticles have been
prepared, and studied varying the content of the
inclusions. The recorded dielectric relaxations are
related to both the polymer matrix and the presence
of the reinforcing phase. Dielectric permittivity and
loss are increasing with filler and temperature.
Effect of temperature is more pronounced in the
low frequency range. Permittivity values diminish
rapidly with frequency, reflecting the polarization
vanishing, since permanent and induced dipoles fail
to follow the alternation of the applied electric field.
From the magnetization curves the coercive field
decreases to 1.3 kOe due to the presence of Fe,O;
in the powder. The saturation magnetization of nano-
composites decreases with decreasing of magnetic
powder content.

Independent on their composition the nanocompos-
ites absorb a small amount of water (percentage of
water content at the highest water activity equal to
1.7 wt%), indicating their hydrophobic character,
while the adsorbed water do not cause permanent
changes in the sample, which both are of great
importance for their service life.
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Abstract. Micronic and submicronic mineral fillers recently appeared as efficient reinforcing agents for polyolefins in
addition to the benefit of bypassing the exfoliation/dispersion problem encountered in the case of incorporation of
nanoscopic fillers such as clay. Submicronic-talc, designated as p-talc, belongs to this kind of new fillers. This work was
aimed at searching to optimize the crystallinity ratio of isotactic polypropylene in the presence of p-talc in relation to the
filler ratio of the composites and the cooling rate from the melt. In order to highlight the efficiency of the p-talc on the crys-
tallization of polypropylene comparison has been made with PP composites containing conventional talc particles. The
study has been carried out on samples having p-talc weight fractions covering the range 3—30%. In the context of optimiz-
ing the crystallinity ratio of the polypropylene matrix in the composites, calorimetric experiments have been planned using
a full factorial design. The results were statistically processed by analysis of the variance via mathematical models for pre-
dicting the crystallinity ratio in relation to the cooling rate and the filler ratio. Contour graphs have been plotted to deter-
mine the effect of each parameter on crystallinity. The cooling rate proved to have a significantly stronger influence on

crystallinity than the type and content of filler.

Keywords: polymer composites, polypropylene composite, micro-talc, crystallinity, ANOVA method

1. Introduction

Isotactic polypropylene (iPP) filled with mineral par-
ticles such as calcium carbonate (CaCO3) or with
short glass fibers has been the subject of a lot of
research [1-8]. The role of fillers in polymer based
composites is multiple: it helps reducing the compos-
ite cost as it is generally less expensive than the poly-
mer, but it also contributes to improving the mechan-
ical performances and the physical properties if
properly dispersed in the polymer matrix.

Isotactic polypropylene (iPP) is one of the most
widely used semi-crystalline polymer for structural
applications in the automotive industry, household
appliances, construction, packaging, ropes, etc.

*Corresponding author, e-mail: sathahamid@yahoo.fr
© BME-PT

Mineral fillers proved to provide a toughening effect
on iPP bulk pieces due to the ability to initiate ele-
mentary plasticity processes at the particle-matrix
interface [3-8].

Since the early 80’s, profuse studies have been
devoted to the mechanical reinforcement of iPP by
nanofillers such as clay [9—11]. Such kinds of nano-
fillers were shown to noticeably improve the fire-
resistance of thermoplastic polymers [12] in addition
to the mechanical performances. In the case of poly-
mer matrices such as iPP having poor if any interac-
tion with the nanofillers, surface treatment tech-
niques of the nanoparticles were required as well as
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specific preparation methods involving the use of
compatibilizing agents.

Among mineral fillers, talc proved to have a good
potential of development for iPP-based composites,
noticeably in the automotive industry [13—17]. It
appeared very soon that talc displayed a strong nucle-
ating effect for iPP [14, 19-23] due to specific
physico-chemical interactions between the filler and
the polymer matrix that promote epitaxial crystalliza-
tion [14, 24-27]. This effect was significantly more
pronounced than for other common fillers such as
CaCOs or kaolin and therefore give rise to better
improvement of mechanical properties [14, 18]. This
property makes talc able to be easily incorporated in
iPP matrix without the use of a chemical surface treat-
ment [14, 17, 22], though the use of such treatment
was reported to be efficient for dispersion of very fine
particles at high loading [28-34].

It is worth noticing that talc reduces the efficiency
of heat-stabilizing agents in iPP-based composites
and by the way the fire-resistance of these compos-
ites [35, 36]. However, a significant advantage of talc
compared to CaCOj or kaolin from a practical view-
point is that it is much less abrasive for the extruder
during the compounding and injection-molding
stages.

Works regarding the mechanical reinforcement of
iPP with talc have been orientated towards sub-
micronic powders, i.e. intermediate size between con-
ventional and nanometric fillers [15—17]. Using such
filler particles with sub-micronic size enables to
increase the specific area of the filler with respect to
the former kind of fillers and to overcome the quite
common problem of exfoliation and dispersion of the
second kind of fillers. Besides, unlike CaCOs5 and
kaolin, p-talc has been developed as a lamellar-like
filler thanks to a specific delamination technique
from the producer that provides better reinforcing
capacities at equivalent volume fraction [17, 37],
owing to a very good dispersion that prevents the
detrimental formation of aggregates [38]. It was
shown in a previous study that the combination of
the nucleating effect and the lamellar-like shape of
p-talc particles generates a rigid percolating net-
work of polymer crystallites and filler particles that
contributes to the enhancement of the composite
stiffness [36]. However, a possible drawback of the
nucleation ability of talc on iPP is a reduced tough-
ness due to the increase of crystallinity [39].

Therefore, it appears that the structure-property
relationships of p-talc-reinforced iPP deserved fur-
ther studies. The aim the present work was to inves-
tigate the effect of incorporation of p-talc on the
crystallization potential of an iPP matrix in compar-
ison with conventional PP composites with standard
talc particles having a 3-times lower specific surface
area. The cooling rate from the melt is also under
concern in this study since it is well known to signif-
icantly influence the crystallization capabilities of
semi-crystalline polymers, especially polypropy-
lene [40—42]. A numerical analysis of the data has
been used to optimize the composite crystallinity in
relation to the filler ratio and the cooling rate.

2. Experimental

2.1. Materials

The polymer under investigation in this work is an
isotactic polypropylene (iPP) from Solvay (Brussels,
Belgium) with an isotacticity index of 96% accord-
ing to the manufacturer. The weight-average molar
mass was M, = 380000 g/mol and the polydisper-
sity index /P = 12, as determined by size exclusion
chromatography. The sub-micronic size talc (p-talc)
without any surface treatment was supplied by Imerys
Talc (Luzenac, France) under trade name HAR®Talc
(High Aspect Ratio Talc). This new kind of filler was
produced by delamination milling instead of grid-
ding or micronizing. Standard talc (S-talc) was also
used for the sake of comparison. The specific area
of the present p-talc is 17 m%/g as compared to 6 m?%/g
for S-talc, using the Brunauer-Emmett-Teller method,
according to the manufacturer. The average aspect
ratio of the platelets, 5.5 and 1.3 for p-talc and S-talc
respectively, was determined by scanning electron
microscopy. All the composites were compounded
by Multibase/Dow Corning (Saint Laurent du Pont,
France) without compatibilizing agent using a Clex-
tral BC21 twin screw extruder (Firminy, France) of
length 1200 mm and diameter 25 mm, the tempera-
ture being 180-210°C between feeder and die. The
composites were finally injection-molded into 2 mm
thick sheets.

The actual filler ratio of the various composites was
precisely determined after compounding by means
of thermogravimetry [37]. The actual ratio was very
close to the nominal value adjusted at the stage of
compounding, the standard deviation not exceeding
1%, so that the nominal values were taken into
account in this study.
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2.2. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed
on a Shimadzu DTG60 apparatus (Kyoto, Japan)
under nitrogen gas flow. The heating rate was
10°C/min over the temperature range 25-650°C.
The sample weight was about 10 mg.

2.3. Differential scanning calorimetry
Differential scanning calorimetry (DSC) was car-
ried out on a SETARAM apparatus (Lyon, France),
model LABSYS evo. The temperature and heat flow
scales were calibrated using high purity indium at a
heat rate of 10 °C/min. The samples of about 10 mg
were heated up from 25 to 210 °C and held at 210°C
for 5 min in order to erase surviving iPP nuclei and
thermal history due to processing. This methodology
enabled determining the actual nucleating effect of
p-talc. The samples were then cooled down to 25°C
at various cooling rates in the range 2—40°C/min.
Subsequent heating was performed at 10 °C/min in
order to record the melting endotherm and deter-
mine the melting enthalpy. The crystal weight frac-
tion was then computed from Equation (1):
A[—If
Xc - A Hfo

(1)

where AHy is the melting enthalpy of the polymer and
AHy =207 J/g is the melting enthalpy of perfectly
crystalline PP in the a-crystal form [43]. In the case
of composites, the actual weight fraction of the
matrix polymer was taken into account.

2.4. Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) experiments
were carried out at room temperature in transmis-
sion mode on a laboratory bench equipped with a
Rigaku rotating Cu-anode (Tokyo, Japan) operated at
100 kV and 40 mA. The X-ray beam was collimated
with Gobel mirrors from Xenocs (Grenoble, France)
that provided a monochromatic Cu-Ka radiation
(wavelength = 0.154 nm) and parallel point focus-
ing thanks to two pairs of anti-scattering slits. The
2D-WAXS patterns were recorded on a SCX2D-CCD
camera from Princeton Instruments (Trenton NJ,
USA). Data corrections were performed for transmis-
sion coefficient and background scattering. Azimuthal
integration of the 2D patterns was performed using
FitD2 software in order to get intensity profiles as a
function of the scattering angle. This enabled to char-
acterize the crystalline texturing of the samples
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Figure 1. Schematic of the injection-moulded sheet and
characteristic directions

induced by the injection-molding process in addi-
tion to the identification of their crystalline form.
The samples were punched out from the sheets as
shown in Figure 1. All samples were analyzed with
the X-ray beam parallel to each of the 3 main direc-
tions, i.e. injection, transverse and thickness direc-
tions.

2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) experiments
were performed on a JOEL JSM 840A apparatus
(Tokyo, Japan) in topographic mode at an accelera-
tion voltage of 20 kV. Observations were made from
the metal-coated surface of samples broken in lig-
uid nitrogen. The microscope was equipped with an
energy-dispersive X-ray (EDX) device that enabled
identifying the elements from the talc platelets.

2.6. Design and planning of experiments

A design of experiments (DOE) approach was adopted
for optimizing the crystallinity ratio, the two vari-
ables being the filler ratio and the cooling rate. The
aim of this analysis was to identify the statistical rel-
evance of the factors under investigation and their
interactions and consequences on the response [44—
47]. The ANOVA variance analysis was used to deter-
mine the mathematical law. The 3D response sur-
faces (RS) were constructed by using the Design-
Expert-8 statistics software.

Using the RS method enables 1) to model the
response Y under consideration as a function of the
independent variables X, X3, ..., Xj, ... and 2) to
determine the interaction of these variables and their
respective influence on the response Y. The second
order regression used for the modelling is given by
Equation (2):
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k k k
Y=aq,+ EaiXi + EaiiXiz + Eainin 2)
i=1 i=1 i<
where k is the number of independent variable param-
eters. In the present study, the response Y is featur-
ing the crystallinity ratio while the independent vari-
ables X| and X; hold for the cooling rate, Cgr, and
the filler ratio, FR.

The strategy of planning of the experiments aims at
carrying out the experiments in an optimal way for
the modelling. The number of trials, A, is related to
the number of variables, k, and the level of variation
of these variables, ¢, via Equation (3):

N=g* 3)

In the present study, k= 2 and ¢ = 7 according to
Table 1 data, so that N =49. The variable values for
the trials are listed in Table 1.

Table 1. Data of the planning of experiments

G F
Level [°C/:1in] [0/‘1:]
1 2 0

2 5 3

3 10 5

4 15 7

5 20 10

6 30 20

7 40 30

3. Experimental results

In the previous study it was clearly shown that iPP/
u-talc composites exhibit significantly enhanced
mechanical properties as compared to iPP/S-talc
composites, at equivalent filler loading [36]. Only the
thermal and structural behavior of the iPP/p-talc com-
posites will be addressed here, in comparison with
the iPP/S-talc relatives.

3.1. Thermogravimetric analysis

Figure 2 shows the loss of mass plotted versus tem-
perature. The residual mass of the samples after heat-
ing beyond 550°C is very close to that expected from
the weight fraction of filler introduced at the pro-
cessing stage, for all composites. Another observation
from Figure 2 is that the curves gradually shift to
higher temperature with increasing talc content indi-
cating an improved resistance to thermal decompo-
sition. Moreover, the shift of the curves for the p-talc
composites is more notable than those for the indus-
trial talc composites at the same filler loading. This

100 - : - . :
~ iPP pure m | | |
801 — iPP 3% microtalc — 4™ 1
- iPP 3% Stalc | Yy
80 iPP 5% microtalc
iPP 7% microtalc
701 — iPP 10% microtalc
= — iPP 20% microtalc
= 60— iPP20% S talc
8 ) iPP 30% microtalc
5
g 40
30
20
10 o
0 | |
25 125 225 325 425 525 625

Temperature [°C]

Figure 2. Weight loss of the iPP/p-talc composites as a
function of temperature

emphasizes the benefiting effect of p-talc compared
to conventional talc from the viewpoint of fire-
resistance owing to its higher specific surface area
that enhances the intumescence activity [26].

3.2. Structural characterization

Figure 3 reports the DSC cooling traces of iPP and
iPP/p-talc composites containing 10 and 30% of
p-tale. The gradual shift to higher temperature of the
crystallization exotherm with increasing pi-talc con-
tent clearly reveals the nucleating effect of the talc
particles that promotes an early initial crystallization
of the PP matrix. Regarding the peak of the exotherm
that is more relevant to the global crystallization
rate including nucleation and growth, the very slight
difference between the 10 and 30% p-talc compos-
ites (Figure 3) suggests that a hindrance to the global
crystallization occurs at high p-talc loading. Such a
phenomenon has been reported to occur in nanocom-

-
-
e L AU SR S |

Heat flow [mW] exoldown

| [ ; iPP pure
=30 : = iPP 10% u talc |
4 | |« iPP 30% p talc
| |
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Figure 3. DSC crystallization curves of pure iPP and the com-
posites iPP/10% p-talc and iPP/30% p-talc upon
cooling at 10 °C/min from 210°C
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posites as well as conventional composites based on
various semi-crystalline polymer matrices [48—54].
The current explanation is that at high loads the
filler particles generate a physical barrier to the
crystal lamella growth and thus limit the crystalliza-
tion efficiency. This point will be further discussed
regarding the effect of p-talc content on the crys-
tallinity ratio.

The nucleating effect of p-talc is compared in Fig-
ure 4 to that of S-talc through the DSC cooling
traces of the composites for the same filler loading
value Fr= 20% and same cooling rate Cg=
10°C/min. The shift to high temperature of the crys-
tallization exotherm is slightly greater for p-talc,
indicating better nucleating effect of the latter one
due to its 3-fold higher specific surface area com-
pared to S-talc.

The WAXS intensity profiles along 3 directions of the
parallelepipedic samples of iPP and the iPP/7% p-talc
composite are reported in Figures 5 and 6. Only the
main reflections of the monoclinic a-form of iPP are
observed for both the pure sample and the composite.
This is consistent with previous reports that talc is an
a-nucleating agent for iPP [19-27]. The 3 intensity
profiles of the pure iPP display a great similarity rele-
vant of a structural isotropy (Figure 5). In contrast the
strongly different profiles along for the iPP matrix in
the iPP/7% p-talc composite are indicative of a strong
crystalline texturing due to both the injection-mold-
ing and nucleating effect (Figure 6). Particularly, the
very weak intensity of the (040) reflection of iPP in
the WAXS profile through the thickness is a clear
indication that the iPP chains are lying in the sample
plane [23-27]. Moreover, the total absence of the

c a4/ AR
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Q - 1Y)
o !1 ;:: 14
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Figure 4. DSC crystallization curves of pure iPP and the

composites iPP/20% p-talc and iPP/20% S-talc
upon cooling at 10°C/min from 210°C
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Figure 5. WAXS intensity profiles of pure iPP (injection-
molding)

(002) reflection of talc on the WAXS profile through
the sample thickness (Figure 6) reveals that the talc
platelets are also lying within the sample plane.
Indeed, the (002) planes characteristic of the silicate
sheets of talc stand along the larger dimensions of the
talc platelets. The combination of this crystallo-
graphic characteristic of the talc platelets and their
nucleating effect results in an orientation of the iPP
crystals nearly normal to the talc platelets [23-27].
This concomitance of orientation of the chains and
the talc platelets is a common feature of injection-
molded composites reinforced with filler of high
aspect ratio which tend to align along the flow direc-
tion [27, 33, 55-57]. In the case of composites with
lamellar fillers, this phenomenon is enhanced by to
the so-called shear-amplification effect [58].

The shear-induced nucleation can compete with
filler-induced nucleation [59] and may even prevail
on it [33]. In the present study, the thermal treatment
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T *Thickness direction
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Figure 6. WAXS intensity profiles of the iPP/7% p-talc
composite (injection-molding)
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of the samples at 7= 210°C for 5 min prior to the
DSC crystallization experiments was carried out in
order to erase any shear-induced chain orientation due
to processing. Therefore, the sensitivity of the crys-
tallization kinetics of the iPP/p-talc composites to the
filler content can be assigned to the p-talc surface
nucleation due to favorable surface free energy [26].

Scanning electron ricroscopy was also used for fur-
ther structural characterization of the composites.
Figure 7 shows a SEM image from the facture surface

Injection

c)

Figure 7. SEM image (a) from the center of a cross-section
of an injection-molded iPP/30% p-talc and corre-
sponding EDX images of the Si (b) and Mg (¢)
atomic distributions in the talc platelets

of an iPP/30% p-talc composite. The talc platelets
appear to be fairly well dispersed and aligned along
the injection direction. Better identification of the
talc platelets and confirmation of both their disper-
sion and orientation is provided by the correspon-
ding EDX images showing the distributions of the
Si and Mg elements from talc.

3.3. Crystallinity versus talc loading and
cooling rate
Crystallinity has been determined for the 49 samples
of the series, i.e. pure iPP together with 6 compos-
ites of different p-talc loadings crystallized at 7 dif-
ferent cooling rates. All the XC data are reported in
Table 2. An examination of these data reveals that X
decreases with increasing Cy for a given Fr. Less
time is afforded to the iPP matrix for crystallizing in
its optimal temperature range (110 < 7, < 130°C,
see Figure 3) when Cy is high. Conversely, Xc
increases with F at a given Cy since higher F pro-
vides more particle surface for iPP nucleation. How-
ever, it can be seen in Table 2 that the X¢ evolution
is different if considering the sensitivity to Cg of the
various materials. At low cooling rate, i.e. Cg =
2 °C/min, the rather high X¢ data increase quickly in
a first step with increasing Fy then tend to level off
for Fr > 7%. In contrast, at high Cg, i.e. Cr =
40 °C/min, the significantly lower X¢ values display
aroughly linear increase with Fr without leveling off.
As proposed in the previous subsection, and bor-
rowing from several reports regarding polymer-clay
nanocomposites, this finding may be attributed to a
physical barrier effect or steric hindrance of the p-talc
platelets to the growth of iPP crystal lamellae at
high Fr and low Cr when crystallinity is high. The
barrier effect of the p-talc platelets would be less
effective at high Cg due to less steric hindrance to the
crystal growth when crystallinity is low.
For the sake of comparison, crystallinity data for S-
talc composites are reported in Table 2 as a function
of Cg, for two Fy values 3 and 20%. Though differ-
ences are not dramatic between the two kinds of
composites, the X data are systematically higher for
the p-talc composites, irrespective of Cr and Fy,
which confirms the better nucleating effect of p-talc
due to higher specific area.

3.4. Statistical analysis and modeling
The statistical analysis of the response to any kind of
experiment is a useful tool for probing the incidence
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of the various experimental or entry parameters on
the response. A numerical relation can be established
between the response and the entry parameters [16,
43-45]. The numerical values of the response can be

Table 2. Crystallinity data from experimental plan (n and S
superscripts hold for p-talc and S-talc composites)

C F X X5
Run [°C/r]:1in] [*)/f] [°/C.,] [ﬂ/i]
1 2 0 53.8 -
2 2 3 543 54.0
3 2 5 55.0 -
4 2 7 59.2 -
5 2 10 59.6 -
6 2 20 612 582
7 2 30 622 -
3 5 0 514 -
9 5 3 53.7 527
10 5 54.2 -
11 5 7 56.7 -
12 5 10 594 -
13 5 20 61.0 (58.5)
14 5 30 61.9 -
15 10 492 -
16 10 3 515 50.5
17 10 5 532 -
18 10 534 -
19 10 10 535 -
20 10 20 54.9 535
21 10 30 58.8 -
22 15 0 445 -
23 15 3 474 46.1
24 15 5 49.8 -
25 15 7 502 -
26 15 10 53.0 -
27 15 20 535 528
28 15 30 57.2 -
29 20 439 -
30 20 3 44.0 436
31 20 5 451 -
32 20 469 -
33 20 10 484 -
34 20 20 522 482
35 20 30 55.9 -
36 30 0 352 -
37 30 3 37.3 36.4
38 30 385 -
39 30 7 424 -
40 30 10 426 -
41 30 20 439 421
42 30 30 48.8 -
43 40 345 -
44 40 3 36.6 35.7
45 40 5 37.0 -
46 40 37.6 -
47 40 10 37.9 -
48 40 20 393 37.8
49 40 30 434 -

then compared to the experimental data. The Design
Expert 8 software was used in this study in combi-
nation with the ANOVA variance analysis.

The numerical expression for the crystallinity as a
function of the experimental parameters derived
from Equation (2) is given by Equation (4):

Xc =+ 53.77850 — 0.42080-Cr + 1.02231-Fg +
+3.89570-1073-Cr-Fr — 0.015739-Cr2—
—0.047613-Fg? — 3.31598-104Cy? Fy +
+3.35287-104Cr-F2 + 3.52478-104Cg® +
+7.63055-10 4 Fg? (4)

with a regression coefficient R* = 98.5.

The residuals reported in Figure 8 for the 49 exper-
iments or runs do not exceed 2.5% of the X value
and are randomly distributed about the X value of
every run. Moreover, Figure 9 shows that the residues
fairly obey a normal law distribution.

On Figure 10 is shown the 2D mapping of the pre-
dicted crystallinity as a function of Cr and Fr
together with the experimental data. The blue to red
color range accounts for the full crystallinity range
of the present study 34.5% < X¢ < 62.2%. The iso-
color domains stand for the Cr/Fgr coupling that
results in iso-crystallinity.

Figure 11 is a 3D diagram of X¢ versus Cr and Fr.
This figure shows that, in the experimentally acces-
sible ranges of Cr and Fg, Xc is much more sensi-
tive to Cg than to Fr. Indeed, in the high X¢ domain,
the red zone extends more along the Fy range than
along the Cy range. Similarly, in the low X domain,

Residuals [%)]

1 7 13 19 25 31 37 43 49
Run number

Figure 8. Residuals for the crystallinity ratio from the sta-
tistical analysis (same Run N° as in Table 2; sym-
bol color holds for the crystallinity ratio)
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Figure 9. Residual distribution of the crystallinity ratio
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Figure 10. 2D mapping of the predicted crystallinity ratio ver-
sus Cr and Fg (the full lines stand for iso-crys-

tallinity curves; symbols hold for experimental
data)

the blue zone extends more along the Fy range than
along the Cy range.

Figure 11 also reveals that at high talc loading, i.e.
Fr > 20%, Xc tends to saturate at its maximum
value for Cr < 5°C/min as judged from the nearly
zero slope of the predicted X¢ variation versus Fg.
Therefore, one cannot expect X¢ > 62.2% even with
p-talc loadings Fr >> 30%. Similarly, the very low
slope of the predicted X¢ variation with Cy at low Cg
values suggests that one may hardly expect X¢ >
62.2% even if using Cr << 2 °C/min.

X [%]

Figure 11. 3D surface plot of X¢ versus Cg and Fr

4. Conclusions

The thermal, microscopic and crystallographic study
of iPP/p-talc composites showed that p-talc is actu-
ally a nucleating agent of the iPP matrix, irrespec-
tive of potential shear-induced effects due to process-
ing. This nucleating effect is somewhat more pro-
nounced than for standard talc having a surface area
about 3 times lower than that of p-talc. The combi-
nation of this nucleating effect with the injection-
driven orientation of the platelets generates a strong
texturing of the samples.

The use of ANOVA analysis of a set of experimen-
tal data of crystallinity (X¢) for various values of the
cooling rate (Cr) and various values of the filler con-
tent (Fr) allowed to draw a numerical 3D surface
Xc = A(CR, Fy) for predicting the crystallinity of the
composites for any cooling rate and filler content with
a confidence level greater than of 95%. This 3D sur-
face clearly shows the greater X¢ sensitivity to Cg
compared to Fy. It also clearly showed the X satu-
ration at low cooling rates (Cr < 5 °C/min) and high
talc loading (Fr > 20%). Moreover, it appears that
the strong sensitivity of iPP matrix to Fr does not
shortcut the intrinsic sensitivity of iPP to Cg, the two
effects being clearly additive.
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Abstract. Various superabsorbent polymers (SAPs) were synthesized by free radical copolymerization at 70°C using
acrylic acid (AA), potassium acrylate (KA), N-isopropyl acrylamide (NIPAM) and sulfopropyl methacrylate potassium salt
(SPM) as monomers, bis[2-(methacryloyloxy)ethyl] phosphate (BMEP) as crosslinker and potassium persulfate (KPS) as
initiator. The optimization of the synthesis led to the preparation of a SAP with very high water absorption ability, with a
maximum swelling of 2618 g water/g dry hydrogel. The most promising SAP was fully characterized and the absorption
capacities were studied at different pH and ionic strengths. When this SAP was mixed with soil, the mixture was able to lose
water more slowly. Also, this material revealed high loading capacity and showed good releasing profiles using urea as

model fertilizer. Due to these advantageous properties, the synthesized SAP can be used in agricultural applications.

Keywords: polymer gels, superabsorbent, bis[2-(methacryloyloxy)ethyl] phosphate, agriculture

1. Introduction

Superabsorbent polymers (SAPs) are a class of
hydrogel like materials with increasing interest in
agriculture or in polluted lands [1]. These 3D struc-
tures can absorb large amounts of water or aqueous
fluids in relatively short periods of time, as compared
to conventional hydrogels, and generally absorb an
amount of water that can reach 1000 times (or more)
their dry weight material [2, 3]. Hydrogels can be
applied in a wide range of products and areas (e.g.,
hygiene, biomedical, pharmaceutical, agriculture)
due to their unique properties such as hydrophilicity,
biocompatibility and especially high absorption
capacity and swelling/de-swelling behaviour [3-5].
Particularly, SAPs appear as materials with promis-
ing characteristics to improve the use of water in
soils. These materials can maximize water avail-
ability and increase crop production without adverse

*Corresponding author, e-mail: aserra@eq.uc.pt
© BME-PT

consequences for the natural resources and environ-
ment. It is known that the largest consumers of fresh
water are the agricultural activities, specifically
intensively irrigated agriculture, which currently con-
sumes over 85% of the available water. The impor-
tance of this comes from the fact that a very high frac-
tion of produced food comes from irrigated lands
[6, 7]. Also, the increased water demand in several
sectors like industry and domestic, among others,
associated to the irregular distribution due to cli-
matic and environmental changes and the practice
of some inefficient methods, demands an urgent
development of effective technologies to rationalize
the use of water. Another important feature that can
be explored in SAPs is their capacity to release agro-
chemicals in a controlled way. This characteristic
proves to be quite useful and advantageous for a pre-
cise supply of nutrients to plants. Among other
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aspects, it allows the correction of environmental
deficiencies, avoiding additional costs due to exces-
sive fertilization and agrochemical wastes [§],
reducing water runoff and erosion, enabling the
recovery of desertified and slightly fertile areas and
others [7, 9].

The present work involved the synthesis of hydro-
gels with extremely high swelling properties and a
promising potential for use in agricultural applica-
tions, either as water reservoirs or as agrochemical
release systems. The synthesis of these SAPs was
carried out using a combination of monomers, such
as AA, KA, NIPAM and SPM. To the best of our
knowledge, BMEP has never been used as a cross-
linker for the synthesis of hydrogels. The swelling
properties of all SAPs were evaluated. For the most
promising SAP, the ability to incorporate and release
urea (used as fertilizer model compound) and the
improvements in water retention capacity by soil
were studied.

2. Experimental section

2.1. Materials

Acrylic acid (AA) (99%), 3-sulfopropyl methacry-
late potassium salt (98%) (SPM), bis[2-(methacry-
loyloxy)ethyl] phosphate (99.9%) (BMEP), potas-
sium hydroxide (KOH) (90%), hydrochloric acid
(HCI) (37%) were purchased from Sigma-Aldrich
(St Louis, USA); N-isopropyl acrylamide (98%)
(NIPAM) was purchased from TCI Europe (Zwijnd-
recht, Belgium); potassium persulfate (KPS) (99%)
was acquired from Riedel-de-Haén (Seelze, Ger-
many). Sodium hydroxide (NaOH) (97%) was
obtained from Panreac Quimica (Barcelona, Spain).
Urea was acquired from VWR International, Ltd
(Carnaxide, Portugal). Potassium acrylate (KA) was
prepared by neutralization of acrylic acid with the cor-
responding amount of base (KOH). All the reagents,
solvents and other materials were used as received
without further purification.

2.2. SAP synthesis

The synthesis of the SAPs was performed ina 150 mL
glass reactor, equipped with a Liebig condenser and
a mechanical stirrer. The reagents, AA, KA, SPM,
NIPAM, BMEP and KPS were added to the reactor
with 40 mL of distilled water. The mixture was
heated at 70 °C until the gelification of the mixture
occurred (generally between 60 and 75 minutes).
After the polymerization, the SAP samples were

washed with cold methanol to remove unreacted
monomers, cut into small pieces and dried at 50°C
for 24 h. Next, the dry SAPs were purified by Soxh-
let extraction using acetone-methanol (1:1 v/v), at
50°C for 24 h, powdered, dried until constant weight
and stored. For all reactions, the conversion was
calculated gravimetrically and was close to 95%.

2.3. Instrumentation

The Fourier Transform Infrared (FTIR) spectra were
recorded on a FTIR-spectrophotometer (Jasco) with
4 cm! resolution. Attenuated Total Reflection (ATR)
mode was used. Scanning electron microscope
(SEM) (MEV)/EDS, JEOL, model JSM-5310, at an
accelerating voltage of 10 kV was used for SEM
analysis. In this especific case, for the analysis of
porosity, the SAP samples were first immersed in
distilled water until reaching equilibrium swelling,
placed in liquid nitrogen, then freeze dried and
analysed by SEM. TGA was perfomed in a SDT
Q600 equipment (TA instruments), at a heating rate
of 10°C/min, for temperatures ranging from 30 to
600 °C, under a constant nitrogen flow.

2.4. Molecular weight between crosslinks (M)
The average molecular weight between crosslinks
(M,) of the hydrogels was calculated from the vol-
ume fraction of polymer in the swollen polymer. The
polymer volume fraction (v) of the swollen polymer
was determined taking into account the swelling
capacity of the hydrogels in distilled water and the
density of the polymer determined in a pycnometer
using heptane, according to Equation (1) [10, 11]:
WO'pw

v =

Wp — Wylp — py)
where W is weight of swollen polymer, W is the
initial weight of the sample and p,, and p are the den-
sity of water and the density of the dry hydrogel.

The average molecular weight between crosslinks
(M.) can be estimated using Equation (2) developed

(1)

by Flory and Rehner [12]:
1/3
pViv
M= - ; 2)
Kv

2+In(1 —v»)+w
where V7, is the molar volume of water
(18.062 cm’/mol) and K = 2-X-V/(R-T) [12] is the
polymer-solvent interaction parameter and indicates
the change of interaction energy when solvent and
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polymer are mixed together. The value of y was cal-
culated using Equation (3):

14
= + -
X=5+3 G

2.5. Determination of crosslinking density (q)
The determination of the crosslinking density was
done through Equation (4) [13]:

.= O

where M,, the pondered molar mass of the repeating
unit was determined through the Equation (5) [13],
where Myipam, Mra, Mspm, Maa are the molar
masses and mnpaam, MKa, Mspm and maa are the
amount of the used monomers.

paper and the bag was weighted [3]. This process
was repeated several times until the swelling equilib-
rium was reached (approximately 24 hours), i.e.
until the bag presented a constant weight. The
swelling profiles and the absorption capacity (AC)
of the hydrogel in units of amount [g] of water
absorbed per gram of SAP, can be defined using
Equation (7):
ac=s W ™
Wa
where Wy and Wy are the weights of the swollen
hydrogel and the dry sample, respectively. The final
absorption capacity was calculated by taking an
average of three independent measurements.

Mp p Mg AT Myrpant Mntpam My M atMspy Mspum

M, =

maa + mypam T Mga T Mgpy

2.6. Gel content

To determine the gel content of the SAPs, hydrogel
samples were cut and dried at 50°C for 24 h. The
dried hydrogels were then extracted in a Soxhlet
using acetone-methanol (1:1 v/v) at 50°C for 24 h.
The portion of the hydrogel remaining after extrac-
tion, corresponding to the insoluble and crosslinked
part, was dried and weighed. The gel content was cal-
culated according to Equation (6) [14]:

W
Gel content [%] = — 100 (6)
Wo
where W is the weight of the insoluble part of the
sample (after the extracion) and W is the weight of
dried hydrogel before extraction.

2.7. Swelling Properties

The absorption capacity of the synthesized SAPs was
measured both in distilled water and in saline solu-
tions (0.3, 0.6, 0.9 and 1.5 wt% of NaCl), at various
pHs (3,5, 7,9, 11) using the tea bag method [3].
For the tea bag method, an accurately weighed pow-
dered SAP sample (0.005 and 0.01 g) was placed into
a tea-bag (acrylic/polyester gauze with fine meshes)
and the bag was immersed in an excess amount of
water or of another solution (approximately 1 liter)
at room temperature. After a certain period of time,
the bag was removed from the solution, the excess
of water was removed superficially with tissue

)

2.8. Water retention capacity of the soil with SAP
To study the water retention capacity of the soil
treated with the SAP, different amounts of hydrogel
(0.5, 1 and 2 wt% relative to the soil weight) were
mixed with 40 g of sandy soil. Subsequently, the mix-
tures were uniformly irrigated with a certain amount
of distilled water (20 g) and exposed to air at a room
temperature. For each mixture, three experiments
were performed. A control experiment was also per-
formed using soil without addition of hydrogel [15,
16]. These mixtures were weighed at certain inter-
vals of time and the weight loss by water evapora-
tion was registered. To determine the water reten-
tion (WR) percentage of the soil with or without the
hydrogel, Equation (8) was used [15].
Wo

— W’[
—0__"t900 (8)

WR[%] = ——
0

where Wy and W, are the initial mixture weight, and
the mixture weight at a certain time, respectively.

2.9. Urea loading and release

To perform the urea loading tests, samples of dry
hydrogel (0.005 g) were immersed in urea solutions
with different concentrations (5, 10, 15 and 20 g/L)
for approximately 24 hours (until reaching the max-
imum swelling) [11, 15]. Subsequently, the swollen
and loaded hydrogels were oven dried at 50 °C to
constant weight. Knowing the weights of unloaded

250



Gongalves et al. — eXPRESS Polymer Letters Vol.10, No.3 (2016) 248-258

(My) and loaded dry hydrogels (M) it was possible

to calculate the percentage of loading of urea using

Equation (9) [14]:

M, — M,
M,

Loading [%] = 100 )
For each concentration of urea three experiments
were performed and an average of these values was
used to carried out the calculations.

To investigate the ability of the SAPs to release urea,
three samples of urea loaded hydrogels (obtained
from the immersion in a urea solution with a con-
centration of 20 g/L) with weights between 0.120
and 0.170 grams were placed in 500 mL of distilled
water at room temperature. At various times, 20 mL
of'this solution was collected for a glass container and
the content was freeze dried. The amount of urea was
determined gravimetrically, comparing the weight
of the container before and after this process and
taking into account a blank experiment with only
20 mL of water. The percentage of urea released was
calculated using the Equation (10) [11]:

% of urea released =

500—(2—1)-20

_oaw “Law),
- ( )n 20

! 21 Wu)

1=

(10)

where (AW); is the weight of urea released from the
20 mL sample, W, is the amount of urea loaded in
SAP, n indicates the number of urea release measure-
ments at various time intervals in a single experi-
ment, (AW), is the weight of urea released in the
measurement 7.

3. Results and discussion

3.1. Synthesis and characterization of the SAPs
The present work describes the synthesis of super-
absorbant hydrogels from SPM, AA, NIPAM and KA
monomers, which are the common monomers used
in the preparation of SAPs, but introducing BMEP,
a generally used flame retardant monomer [17], as the
difunctional crosslinker. The presence of phosphate
groups could bring to the gel higher biocompatibil-
ity and biodegradability. SPM was used to increase
the osmotic pressure between the interior and the
exterior of the hydrogel (due to the difference in the
concentration of the K™ counterion), as a mean to
improve the water absorption capacity of the ionic
hydrogel [18].The use of this crosslinker in combi-
nation with the above refered monomers has never
been reported in hydrogel synthesis. NIPAM is
known to increase the rate of decomposition of per-
sulfates, and because of that it was used in all the
hydrogels prepared in this work [11, 19, 20]. The
different reaction conditions for SAP synthesis
(SAP1 to SAP10) and the physical properties of the
obtained products are presented in Table 1.

3.2. Mechanism of polymerization

The synthesis of SAPs occurred through free radical
polymerization as shown in Figure 1. The initiator
decomposed thermally to produce sulphate radicals
that add to monomers, propagating a chain reaction
that produces the crosslinked polymer (SAP) [21].

3.3. Swelling properties
The results for the water absorption capacity of the
different synthesized SAPs (Table 1) shows that these

Table 1. Monomer feed composition, average molecular weight between crosslinks (M,), crosslinking density (¢), gel con-
tent and absorption capacity (AC) of synthesized SAPs

SAP [AA] [KA] [SPM] [BMEP] M, . Gel content AC
M] M] M] M] [g/mol] [Yo] [Zwater/Edry hydrogell

SAP1 0.635 0.715 0.635 0.00118 14093 600 78997 86 1387
SAP2 1.270 0.358 0.358 0.00118 31511864 | 212717 92 1715
SAP3 - 0.715 1.270 0.00118 | 26630539 122481 93 1521
SAP4 0.953 0.715 0318 0.00118 11928455 82386 87 1175
SAP5 1.270 - 0.715 0.00118 | 24793604 | 133867 88 2618
SAP6 1.270 0.538 0.178 0.00118 | 23575791 192227 85 1469
SAP7 - - 1.985 0.00118 14036977 57341 92 1587
SAPS 1.270 - 0.715 0.00155 | 25217194 | 139719 91 1696
SAPY 1.270 - 0.715 0.00195 | 25877562 136154 93 1484
SAP10 1.270 - 0.715 0.00233 | 26093318 140884 90 1376

Constant amounts of NIPAM (0,05 M) and KPS (0,009 M) were used in all experiments for a polymerization volume of 40 mL; AA
(acrylic acid); KA (potassium acrylate); SPM (3-sulfopropyl methacrylate potassium salt.); BMEP (bis[2-(methacryloyloxy)ethyl] phos-

phate). AC corresponds to the absorption capacity in distilled water.
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Figure 1. Reaction scheme to originate SAP polymers

materials have, in general, excellent swelling prop-
erties with very high water absorption capacities
between 1175 and 2618 g water/g dry hydrogel. This
fact is explained by the high charge density of the
material, and it is particularly relevant in the case of
SAPS. From Table 1, it is possible to observe that the
gel contents are between 80—90%, suggesting that
during the reaction there was an efficient formation of
an insoluble copolymer network and that the syn-
thesized hydrogels have a highly crosslinked struc-
ture.

The approximate molecular weight between cross-
links, obtained from Equation (2), showed high val-
ues for the different SAPs, between 11.928 and
31.511 Mg/mol. Also, the polymers showed a high
crosslinking density (60788 to 221063). Unfortu-
nately, no direct correlation between values of M,

and ¢ with polymer swelling capacity can be made.
The same was observed in the work of Venkatacha-
lam et al. [11]. In the case of SAPS, which showed
the highest swelling capacity value, the molecular
weight between crosslinkings was approximately
24.793 millions with a g value of 140 724. Compar-
ing with related hydrogels [11] using trimethylol-
propane as crosslinking agent, the use of BMEP for
the same purpose and SPM as a major monomer
greatly improved the swelling properties of the mate-
rials.

The water absorption capacity of the SAPs is influ-
enced by the nature and relative amounts of mono-
mers used in the synthesis. The maximum water
absorption capacity of SAPs with different amounts
of monomers (SAP1-SAP7) are represented in Fig-
ure 2.
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Figure 2. Water absorption capacity for the different SAP

The results shown in Figure 2 indicate that the water
absorption capacity is higher for the hydrogels con-
taining higher amounts of two monomers, AA and
SPM (SAPS5). When the amount of SPM decreases
and KA is used as co-monomer (0.358 KA and
0.358 SPM on SAP2 or 0.178 SPM and 0.538 KA for
SAP6), hydrogels with lower absorption capacities
are obtained. The presence of AA is essential to
afford high swelling properties. Hydrogels prepared
in the absence of this monomer (SAP7 and SAP3)
originate materials with lower swelling values. It is
assumed that the presence of the highly polar sul-
fonate group in the structure of the SPM has a key
role in the absorption capacity of the SAPs [22, 23].
The amount of crosslinker is also determinant for the
swelling behaviour of hydrogels [4, 24]. The most
promising result was obtained for SAPS, where AA
and SPM were used as monomers, and with a BMEP
concentration of 0,00118 M. The ratio of charged
monomers to BMEP is very low (approximately
1.100) as well as its concentration (0.0018 M). These
two parameters contribute to low crosslink density
in the gel structure which favours swelling proper-
ties. Attempts were made to synthesize SAPs with
crosslinker concentrations lower than 0,00118 M,
but the obtained material dissolved in water when
swelling studies were carried out. At low concentra-
tion of crosslinking agent, there is not enough cross-
linking density and the formed network is too loose
and does not have enough strength to hold water
molecules inside the structure [4, 25]. The concentra-
tion initially used seems to provide an interesting
compromise between the crosslinking level and a
stable gel structure. Increasing the amount of BMEP
decreases the water absorption capacities (Figure 3).

At crosslinker concentrations higher than 0,00118 M,
hydrogels with higher crosslinking densities were
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Figure 3. Effect of crosslinker amount (BMEP) on water
absorption capacity of SAPs

obtained, leading to lower water absorption capaci-
ties. In these conditions, a tighter network structure,
with a high number of crosslinking points is expected,
which results in a reduction in the absorption capac-
ity of the hydrogel [9].

The swelling profiles in distilled water (Figure 3)
also shows that all SAPs present a fast water absorp-
tion capacity. SAPS, with higher swelling capacity,
presents almost the same initial water absorption
capacity as the other SAPs but mantains this initial
absorption rate for a longer time (7 h) unlike the oth-
ers, that at this time, presents a much lower water
absorption value. Interestingly the time to achieved
almost the maximum swelling values is the same
for all the SAPs (7 h).

Due to the excellent results obtained for SAPS, in
terms of water swelling and also in terms of repro-
ducibility (two synthesis carried out at different times
led to SAPs with swelling abilities of 2437 and
2618 Zyater/Ldry hydrogel)> it Was decided to fully char-
acterize only this SAP in terms of chemical structure,
morphology, and thermal stability. Its swelling capac-
ity in solutions with different ionic strengths, and dif-
ferent pHs was also studied. Finally, this SAP was
tested as a release system using urea as model com-
pound.

3.4. SAPS characterization

The FTIR spectra of SAP5, AA and SPM are pre-
sented in Figure 4.

From Figure 4a, it is possible to observe the disap-
pearance of the bands corresponding to the double
bonds (v—C=C—at ca. 1636 cm™! and 6—C=C- at ca.
815 cm™) in the spectrum of SAP5. In Figure 4b
only the spectrum of SAPS5 is represented. It is pos-
sible to identify a band at ca. 1720 cm™! that has con-
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Figure 5. Thermoanalytical curve of SAPS

tributions from both the vibrations of the carbonyl
group of ester linkages and from the carbonyl group
of the carboxylic acid groups involved in hydrogen
bonds. At 1139 and 1038 cm™! the bands correspon-
ding to the stretching vibrations of the —S=0O groups
appear. The bands corresponding to the stretching

a) 50 pm

vibrations of the —P=0 group, that typically appear
at 1350-1250 cm™! are overlapped with those corre-
sponding to the —S=0O groups [26]. Taking into
account the results obtained by the FTIR analysis it
is possible to say that the crosslinking reaction was
successful.

The thermal stability of SAP5 was evaluated by
TGA, from 30 to 600 °C, under a nitrogen flow. Fig-
ure 5 gives a global view of the thermal behaviour
of SAPS.

It can be observed from Figure 4 that SAP5 under-
goes a small initial mass loss of 5% (close to 100°C),
probably due to the existence of residual water in
the sample. Around 250 °C, the polymer shows the
first relevant and sharp mass loss. This event is due
to a degradation of the PAA fractions of the poly-
mer corresponding to the anhydride formation, fol-
lowed by its decomposition [27]. Finally, the greatest
weight loss (approximately 40% of the total mass)

5.36 um

\lu m

b) 50 um

Figure 6. Micrograph of the SAP5 cross-section obtained by SEM: magnification of 750x (a), and magnification of

1000x (b)
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from 360 to is close to 450°C is due to main chain
degradation events [28].

In order to get information about the internal mor-
phology of SAPS5, a previously swolen sample was
freeze dried and SEM images were taken. Figure 6
presents the images of the SAP5 cross-section
obtained by the SEM analysis.

From Figure 6 it is possible to see that SAPS has a
honeycomb like morphology and a high porosity.
The highly porous structure presented by SAPS
with pore sizes between 6 and 21 um and with a pre-
dominance of large pores allows an easy access of
water, which contributes to the good swelling prop-
erties of the hydrogel, particularly to the fast kinetics
of absorption (Figure 2). Additionally, the great num-
ber of pores creates a considerable number of reser-
voirs for water.

3.4.1. SAPS swelling studies in different
conditions

The swelling behaviour of this kind of hydrogels is
highly dependent on the ionic strength of the solu-
tions [29]. The effect of the concentration of salt solu-
tions on the swelling behaviour of SAPS5 is shown
in Figure 7.

As observed in Figure 7, the maximum swelling val-
ues for SAPS in different saline solutions are much
lower than those obtained in distilled water, with a
reduction of two orders of magnitude, from 2600 to
around 60 gyater/Edry hydrogel (1.5 Wt% NaCl). This
result is expected, taking into account the mecha-
nism of swelling of this charged hydrogel and sug-
gests that the developed SAP can be very respon-
sive to salt concentration. As the ionic strength
increases, the osmotic pressure, that is the main the
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Figure 7. Maximum water absorption capacity of SAP5 in
distilled water and in NaCl solutions with differ-
ent concentrations, after 24 hours

driving force of swelling, is reduced due to a less
difference in concentrations of mobile ions between
the charged polymer network in the gel and environ-
ment solution [30, 31]. Also, as the solution presents
high ionic strength, electrostatic repulsion between
charged polymer chains is decreased due to shielding
effect thus reducing volume availability.

In order to investigate the SAPS sensibility to the pH,
swelling equilibrium experiments were performed
to study water absorption at different pHs (3, 5, 7, 9
and 11). The results are presented in Figure 8.
From Figure 8 it is possible to observe that SAPS
exhibits different water absorption values, depending
on the pH of the water solution. The highest water
absorption capacity (ca. 2600 gyater/Edry hydrogel) Was
achieved in neutral medium. It is possible to see that
at pH values lower or higher than 7, the absorption
capacity of the SAPS is significantly reduced. When
SAPS is in an acidic pH there is an increase in the
degree of protonation of the carboxylate (first) and
then of the sulfonic groups. With these conditions, the
electrostatic repulsion between the negatively charged
groups is diminished, causing a contraction of the
polymer network [32-34]. The results revealed that
for neutral conditions (pH = 7), a maximum number
of ionized carboxylate and sulfonate groups are
achieved and the electrostatic repulsive force between
them is at its highest value, contributing to the great
water absorption capacity shown by the SAP sam-
ple. At pH higher than 7, the increase in the concen-
tration of the sodium cations exerts a screening effect
over the anions and the amount of ions inside the
network also increases. These effects prevent the
repulsive forces between the polymeric charged
chains and increases the ionic strength of the solution
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Figure 8. Water absorption capacity of SAPS at different
pHs, after 24 hours
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near polymer surfaces, reducing the total swelling
capacity [28].

3.4.2. Water retention in mixture soil/SAP5

For agricultural use it is important to evaluate the
ability of the hydrogel to retain water in the soil, as
well as the benefits of this material for the improve-
ments in soil water absorption capacity. Figure 9
shows the percentage of water retained by the soil
for several days after an initial irrigation of a soil
sample (50% of water relatively to initial soil mass)
with different amounts of SAP5 [15]. The value of
100% corresponds to the initial weight of water/
soil/polymer mixtures.

From Figure 9, it can be seen that the amount of water
in the control soil (without SAP) reaches zero after
11 days. In the soil with 0.5 wt% SAP the amount
of water only reaches 0% between 12 and 14 days.
In soils with 1 and 2 wt% of SAP, there is still water
present in the soil even after 15 days. These results
show the clear role of SAP 5 in the improvement of
soil humidity which results in a gain of 50% of time
to reach soil dryness. During the first 2 days of the
test the curves have a similar profile, which indicates
that the water being lost corresponds to water bonded
to the soil. Near day 3, the slope of the curves
diverges according to the amount of SAP present in
the mixture. This observation indicates that, beyond
this time, the water loss corresponds to water bonded
to the hydrogel [15, 16].

3.4.3. SAP S urea release ability
In addition to the water absorption properties, super-
absorbent hydrogels could also be useful in the con-
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Figure 9. Water retention in soil and in mixtures soil/SAPS5.
Control soil without any SAP (blank) and soils
with increasing amount of SAP (0.5, 1 and 2 wt%).

trolled release of fertilizers and particularly urea,
one of the most frequently used compounds [35].
First, the hydrogel’s capacity to load urea was stud-
ied using urea solutions with different concentrations.
After promoting the swelling of SAPS in these solu-
tions, the hydrogels were freeze dried and, by meas-
uring their weights, it was possible to calculate the
amount of loaded urea (Figure 10).

As expected, the loading capacity increases for
higher amounts of urea available in the solution, due
to a higher diffusion to the hydrogel structure. SAP5
shows a urea loading capacity that reaches the max-
imum value of 30 gof urea/Zpolymer (corresponding to
3000%) when in contact with a urea solution with
20 g/L of concentration. This value of loading capac-
ity is significantly higher than those presented in lit-
erature for agricultural hydrogels [14], and is a
direct consequence of the high absorption capacity
of SAPS.

Also important is the ability of the hydrogel to release
the urea. The dry hydrogel obtained in the experi-
ment with the urea solution of 20 g/L was placed in
distilled water and the amount of urea released with
time was monitored gravimetrically. The results are
shown in Figure 11.

In terms of urea release, it can be seen from Figure 11
that the process is quite slow, especially when com-
pared with other works reported [14]. After 8 hours,
only 50% of the absorbed urea was released, and only
after 48 hours did the release achieve a plateau, cor-
responding to the release of 91% of urea originally
present in the SAP. Taking into account the fast
kinetics of water absorption (see Figure 3), a faster
release of the urea from the SAP was expected.
However, it is known that urea can interact with
carboxylic acid groups by hydrogen bonding [36,
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Figure 11. Urea release profile of urea loaded SAPS

37], a fact that might contribute to a slower urea
release.

4. Conclusions

A set of novel SAPs based on AA, KA, SPM and
NIPAM monomers, and BMEP bifunctional cross-
linker, were prepared by free radical polymeriza-
tion, using KPS as initiator. Several formulations were
tested and the best results were obtained for a SAP
(SAP5) made from AA (1,270 M), SPM (0,715 M),
with a concentration of BMEP of 0,00118 M. SAP5
presents excellent water absorption capacity
(2618 gwater/Zdry hydrogel) When compared to the com-
monly reported hydrogels. It has a highly porous
structure and good thermal stability. Moreover, when
mixed with the soil it allows improvements in water
retention. This hydrogel has the capacity of being
loaded with high amounts of urea (30 g/gdry hydrogel)
and presents a slow urea release when placed in
water. To sum up, the results obtained in this work
indicate that, by its characteristics, SAP5 can be a
potential candidate for agricultural applications.
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Abstract. Intrinsically or extrinsically conducting polymers are considered good candidates for replacement of metals in
specific applications. In order to further expand their applications, it seems necessary to examine the influence of confine-
ment effects on the electric properties of nanostructured conducting polymers in comparison to the bulk. The present study
reports a novel way to fabricate and characterize high quality and controllable one-dimensional (1D) polymer nanostruc-
tures with promising electrical properties, with the aid of two examples polyaniline (PANI) and poly(vinylidene fluoride)
with multiwall carbon nanotubes (PVDF-MWCNT) as representative of intrinsically and extrinsically conducting poly-
mers, respectively. In this work, porous anodic aluminum oxide (AAO) templates have been used both as a nanoreactor to
synthesize 1D PANI nanostructures by polymerization of the ANI monomer and as a nanomold to prepare 1D PVDF-
MWCNT nanorods by melt infiltration of the precursor PVDF-MWCNT film. The obtained polymer nanostructures were
morphologically and chemically characterized by SEM and Confocal Raman Spectroscopy, respectively, and the electrical
properties determined by Broadband Dielectric Spectroscopy (BDS) in a non-destructive way. SEM study allowed to estab-
lish the final nanostructure of PANI and PVDF-MWCNT and confirmed, in both cases, the well-aligned and uniform rod-
like polymer nanostructures. Confocal Raman Microscopy has been performed to study the formation of the conducting
emeraldine salt of PANI through all the length of AAO nanocavities. Finally, the electrical conductivity of both types of
polymer nanostructures was easily evaluated by means of Dielectric Spectroscopy.

Keywords: nanocomposites, conducting polymers, Broadband dielectric spectroscopy, AAO template

1. Introduction

Conducting polymers are considered good candi-
dates to replace traditional metals in specific appli-
cations. Indeed, this new generation combines advan-
tages of polymers (lighter weight, mechanical flexi-
bility, easy-processing, biocompatibility, chemical
stability) and conducting materials (electrical prop-
erties). Among polymers, conduction can be achieved
by the intrinsically conducting polymers (ICP), i.e.,
polymers with alternating double bonds in their
chemical structure or by the extrinsically conducting
polymers (ECP), i.e., polymers with added conduc-
tive nanofillers to the matrix.

*Corresponding author, e-mail: cmijangos@ictp.csic.es
© BME-PT

In order to further improve the properties of these
materials, as well as expand their applications, the
study of the polymer nanostructures could have some
advantages, like in case of one-dimensional poly-
mer nanostructures (1D). In fact, it was reported that
nanofibrils exhibit higher electronic conductivities
compared to conventional forms of the same poly-
mer material [1]. It has been also reported potential
applications of nanostructured conducting polymers
that include electromagnetic [2, 3] and radio fre-
quency interference shielding for electronic devices,
electrostatic charge dissipation [4] and conductive
paints [5], organic light emitting diodes (OLED) [6],
bio- [7] and chemical sensors [8, 9], photovoltaics
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[10, 11], electrochromic devices [12], energy storage
[13, 14], corrosion protection [15], plastic digital
memory [16], bio-engineering [17] efc.

One of the routes to synthesize one-dimensional con-
ducting polymer nanostructures is the use of anodized
aluminum (AAO) hard templates since dimension,
aspect ratio and electrical properties of the resulting
polymer nanostructures can be tailored and there-
fore it can provide new opportunities for confinement
studies and/or for technological challenges. In this
sense, a few years ago, Martin and coworkers [18,
19], reported that the polymerization of ANI into the
pores of polycarbonate filters improved the conduct-
ing properties of the polymer in comparison to bulk.
He suggested that the improvement in electronic
conductivity results from enhancement in the super-
molecular order within the template-synthesized
fibers. Authors used four-point conductivity measure-
ment which requires the preparation of thin films.
Some years later, Marquez and coworkers [20, 21],
presented a different approach to this topic. The
author synthesized patterned polymeric nanostruc-
tures by template assisted admicellar polymeriza-
tion (TAAP) and studied AC impedance measure-
ments (via a current-sensing AFM apparatus). The
results revealed a dependence of electrical conduc-
tivity values of PANI honeycombs not only on poly-
merization conditions and doping but on the tem-
plate size too (biggest spheres, biggest conductivity).
Recently, Wu et al. [22] investigated the conductivity
of doped with different acids PANI nanoarrays pre-
pared through a soft template method. The thermo-
conductivity measurements showed an organic semi-
conductor characteristic, so that, the electrical con-
ductivity increase with the rise of temperature.
Another way of preparing PANI nanostructures was
presented by Khdary ef al. [23]. Authors produced
high surface area mesoporous polyaniline on the sur-
face of glassy carbon electrodes by the electrochemi-
cal polymerization from a composite obtaining high
value of capacitance.

To our best knowledge, although Broadband dielec-
tric spectroscopy (BDS) is a sensitive technique to
evaluate dielectric response of polymer nanostruc-
ture [24—28] and to measure polymer conductivity as
a function of frequency and temperature, it has never
been employed to study the electrical response of
confined conducting polymers in AAO templates,
even if this type of measurement have been currently
done in bulk and thin films [29]. In addition, it is

possible to use the template without additional prepa-
ration. The aim of this work is to evaluate the elec-
tric conducting properties of two kind of conduct-
ing polymer confined in the nanocavities of AAO
templates. Polyaniline (PANI) has been chosen as
representative of an intrinsically conducting poly-
mer (ICP) and PVDF-MWCNT composite, made of
poly(vinylidene fluoride) (PVDF) and multiwall
carbon nanotubes (MWCNT), as representative of the
extrinsically conducting polymer (ECP). Labora-
tory-made anodized aluminium oxide templates
with controlled pore sizes have been employed for
polymer nanostructures preparation. Polyaniline
nanostructures have been obtained by ‘in situ’ poly-
merization of ANI in the AAO nanopores while
PVDF-MWCNTs nanorods, by melt infiltration of a
PVDF-MWCNTs film in the AAO nanopores. Their
posterior morphological, chemical and electrical
characterization has been carried out by SEM,
Raman and BD spectroscopy.

2. Experimental

2.1. Materials

Aluminium foils of 99.999% were purchased from
Goodfellow Cambridge Ltd. (Huntingdon, United
Kingdom); Anilyne (>99.5%) and PVDF (M, =
180000) supplied by Sigma-Aldrich (Madrid, Spain);
Anhydrous N,N-dimethylformamide (DMF) pro-
vided by Carlo Erba Reagents (Sabadell, Spain)
(purity ~99.9%); and MWCNTs synthesized by the
M.A. Lopez Manchado (Instituto de Ciencia y Tec-
nologia de Polimeros, CSIC, Madrid, Spain) (nomi-
nal inner diameter d; ~ 12.5 nm, outer diameter dy ~
44 nm and length 1~160 um).

2.2. AAO template synthesis

Two types of ordered AAO templates have been pre-
pared by a two-step electrochemical anodization
process of aluminum foils. Firstly, ultrapure alu-
minum foils were cleaned and degreased by sonica-
tion in solvents of different polarity (acetone, iso-
propanol, deionized water and ethanol). Then, they
were electropolished during 4 min in a solution of
perchloric acid/ethanol (1/3) under a constant volt-
age of 20 V with a maximum current of 1.5 A. After
that, in order to prepare templates with 35 nm diam-
eter of pores, the first anodization was achieved using
oxalic acid as electrolyte at 40 V and 35 °C for 24 h
in a subsequent step, the anodic layer was removed
into chromic and phosphoric acid solution. This was
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followed by a second anodization process also in
oxalic acid under the same conditions but during
65 h. After this stage, templates are characterized
by an anodic aluminum oxide top layer with pores
of 35 nm in diameter arranged into a hexagonal lat-
tice of 100 nm, and by a non-oxidized Al layer sub-
strate at its bottom. With the aim of preparation of
templates with 140 nm diameter of pores, the first
anodization was carried out in a solution of phos-
phoric acid (2%) and aluminum oxalate (0.02 M) at
195V and temperature of 2—-3 °C during 6 h. After
removing the anodic layer, a second anodization
process was carried out during 4 h. Under these
conditions, the top layer exhibits pores of 140 nm in
diameter and length of 20 um.

The resulting 35 and 140 nm AAO templates were
further treated in phosphoric acid to widen the pores
up to 45 and 300 nm of diameter, respectively.

2.3. ‘In situ’ polymerization of ANI inside the
AAO template

Before carrying out the polymerization, the liquid
aniline monomer was dropped little by little on top
of the AAO template until formation of a uniform
layer and left for infiltration into the nanocavities at
room temperature. The infiltration process was car-
ried during 45 min for templates of 45 nm of diam-
eter and during 8 h for the templates of 300 nm. Then,
the excess of monomer from the aluminum was
removed with sharp blades. Finally, infiltrated AAO
template was quickly immersed in the 1 M oxidant
agent, ammonium peroxidedisulfate (APS) and the
doping acid, hydrochloric acid (HCI 1 M) solution
and the reaction medium stirred mechanically and
kept at 0°C with the help of a refrigerating ethanol
bath. The aniline monomer was polymerized with an
APS concentration 1.4 times larger than ANI molar
concentration, to ensure a complete reaction. Polymer-
ization started after introduction of the template and
was carried out during 2 h 30 min.

2.4. Infiltration of PVDF-MWCNTs films in
AAO template

In order to prepare PVDF-MWCNTs composite film,
firstly, MWCNTs were separately dispersed in
dimethylformamide (DMF) at a desired concentra-
tion in two steps, by magnetic stirring and ultrason-
ication. The temperature of the process was con-
trolled to avoid overheating. The MWCNTs disper-
sion was then immediately added to the PVDF in
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DMF solution while ultrasonicated continuously.
Meanwhile sonication was still on, distilled water
was added little by little to precipitate the solution.
Afterwards, the solution was agitated to favor fur-
ther precipitation. To remove the remaining DMF sol-
vent, the polymer composite was washed with dis-
tilled water and centrifuged. The final product was
dried using a lyophilization process with Telstar®
Lyophilization Freeze Dry model L6-50. At the end
the PVDF-MWCNTs composite presents a foamy
appearance with uniform distribution of the
MWCTNSs and to achieve flat bulk films, all compo-
sitions were compressed using a Collins hydraulic
hot press mold at a pressure of 50 Pa and at 210°C
for 10 min (0.3 mm thick film). Infiltration of PVDF-
MWCNT composite was carried out in an oven
under vacuum at controlled temperature by placing
a PVDF-MWCNT film on the top of the AAO tem-
plate. The temperature of the oven was maintained
at 150°C during 30 min to evaporate any moisture
from the AAO template. Then, in order to infiltrate
PVDF-MWCNTs in the nanocavities, the tempera-
ture was increased and maintained at 240°C during
4 h. For infiltration of PVDF, pristine PVDF pellets
were placed on the templates at 200°C during 1 h.
The infiltration was favored by application of
mechanical force.

2.5. Characterization by scanning electron
microscopy (SEM)

The AAO templates and the infiltrated samples were
morphologically characterized by SEM/TEM (Philips
XL-30ESEM and FESEM Hitachi model SU8000
with TE Detector). In order to perform the analysis
of free polymer nanofibers, first, the aluminum sub-
strate was eliminated by treatment with a mixture of
HCI, CuCl, and H,O, and then, the alumina was
dissolved in 10 wt% H3POy. Previously, in order to
support the free nanostructures, a polymer coating
was placed on the top of the template.

2.6. Raman spectroscopy

Bulk polymers and their polymer nanostructures
inside the AAO nanocavities were characterized by
Raman spectroscopy. A Renishaw In Via Raman
Microscope (Renishaw plc, Wottonunder-Edge, UK)
was used fitted with a grating spectrometer of
1200 lines/mm and a Peltier-cooled charge-coupled
device (CCD) detector, coupled to a confocal micro-
scope. All spectra were processed using Renishaw
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WiRE 3.3 software. For polymer nanostructures, the
measurements were carried out for the filled tem-
plates, following the methodology described by Maiz
et al. [30]. Briefly, the Raman scattering was excited
with a 785 nm near-infrared diode laser of 320 mW
maximum input power. A 100x, NA090 microscope
objective lens was used to focus the laser beam with
a power of 0.1 W on the sample, giving a laser spot
diameter of +1 pm. With this objective the sampling
depth is estimated to be around 4-5 um (half-width
of the confocal depth profile for a silicon wafer) and
the lateral resolution is estimated to be about 1 um
with the system operated in the confocal mode. Depth
profiles were obtained by focusing the microscope
stepwise, at 10 um intervals through the length of
AAO templates of 45 nm of diameterx 100 pm length
and at 5 pm intervals through AAO templates of
300 nm diametersx20 um length.

2.7. Broadband dielectric spectroscopy (BDS)
A Broadband dielectric spectrometer, Novocontrol
GmbH Concept alpha-S analyzer, was used to meas-
ure the complex dielectric function of the bulk poly-
mers and their nanostructures inside the AAO nano-
cavities, in the frequency range of 102107 Hz in
coupling with a nitrogen-jet stream quarto cryosys-
tem to control the temperature in the range 100—
600 K. The samples were placed between two gold-
plated electrodes for AC conductivity measurements.
To ensure good electrical contact with the gold-
plated electrodes, the PANI bulk sample was com-
pressed (10 ttmm™2, 10 min) into a thin circular film
of 500 um thickness and 15 mm diameter.

For the polymer infiltrated AAO templates, the bot-
tom part of aluminum layer was kept in contact with
electrode, acting as a conducting electrode as well.

3. Results and discussion

3.1. AAO templates

The morphological study by SEM microscopy allows
examining AAO templates. Figure 1 illustrates SEM
micrographs of both kinds of synthesized alumina
templates. Figures 1a and 1b correspond to the lateral
and top view of AAO templates obtained by anodiza-
tion in oxalic acid. The dimensions of the nanocav-
ities are: 43.7 nm of diameter, 98.3 nm of interpore
distance and, although no shown here, around 100 um
of length. Figure 1c presents the surface view of an
AAO template obtained by anodization in phosphoric
acid. The dimensions of the nanocavities are:
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Figure 1. SEM micrographs of AAO template with 45 nm
diameter pores, lateral view (a), and top view of
45 nm diameter pores (b) and 300 nm pores (c)

295 nm of diameter and 465 nm of interpore dis-
tance and, although no shown here, around 20 pm of
length. From the above images, the main character-
istic of the templates can be summarized: high qual-
ity order pores, regularity in the size of the pores and
invariance of the diameter throw the length of tem-
plate
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Figure 2. Chemical oxidative polymerization of aniline in a
solution of APS/HCI to yield PANI-ES

3.2. PANI system

The oxidative polymerization of ANI, illustrated in
Figure 2, is an exothermic process being the acid a
by-product of the reaction, therefore, the course of
reaction can be continuously monitored by record-
ing the temperature and pH change of the solution
medium. Although low temperature results in a poly-
mer of higher molecular weight, less defects and
undesirable branching, nevertheless, the polymeriza-
tion time required is longer, consequently, a temper-
ature of around 0°C was chosen as a right compro-
mise. This procedure was followed for polymeriza-
tion in bulk and in AAO templates.

3.3. SEM micrographs

SEM micrographs of the one-dimensional PANI
nanostructures obtained after the ‘in situ” polymer-
ization in AAO templates, once extracted from the
templates, are collected in Figure 3. Figure 3a cor-
responds to PANI nanostructures obtained in AAO
templates of 45 nm of diameterx100 pm of length
and Figure 3b and 3c to those obtained in AAO of
300 nm*20 pm. In both cases and up to several tens
of microns, it is observed that diameter and length
size of nanofibers pattern the dimensions and sym-
metry of AAO. Nevertheless, some differences
between them are found. For PANI nanostructures
obtained in AAO nanocavities of dimensions 300 nm
x20 pum (Figure 3b and 3c) it can be clearly observed
free-standing arrays of nanopillars. The determining
factor for achieving such free-standing nanostruc-
tures is the low aspect ratio of nanostructure (about
60), although other factors such as rigidity, surface
chemistry and electrostatic interactions could be
also taken into consideration. For PANI nanostruc-
tures obtained in AAO nanocavities of dimension
45 nmx100 pm (Figure 3a) it is clearly noticed that
PANI nanofibers tend to collapse. The collapse is cer-
tainly due to their high aspect ratio (order of magni-

L) i
1.00 pm

1 10.0 um

124 1.00 um

c)

Figure 3. Different magnifications of PANI into 45 nm
AAO pores (a), and 300 nm AAO pore (b and c)

tude 2300). Moreover, it results in an increase in the
diameter of nanofibers (to around 70 nm) in com-
parison to that of template (45 nm). This fact can be
explained by the agglomeration of two separated
fibers as a consequence of the surface tension and
the interaction between individual nanopillars.

Be as it may, PANI nanostructures obtained by poly-
merization pattern the dimensions of AAO templates,
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so their final dimensions can be adjusted as a func-
tion of the size of AAO nanocavities.

3.4. Raman spectroscopy

Raman spectroscopy was used to determine if PANI
was polymerized correctly in the pores of the tem-
plate and to check if the conductive (emeraldine salt,
ES) form was obtained. First, the Raman spectrum of
PANI bulk was analysed to serve as a reference,
Figure 4a). The analysis of main regions of PANI-ES
and their assignments are supported by data from
other works [31-34]. The zone of most interest is the
region 1000-1700 cm™'. There are two dominating
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Figure 4. Raman spectrum of PANI bulk (a), PANI poly-
merized in AAO templates of 300 nm (b) and
idem in 45 nm (¢)

bands in the spectra, one corresponds to v(C=C)q
vibration of quinoid ring localized at 15951597 cm™
and the other corresponds to the 6(C—H)q bending
in-plane vibration of quinoid ring localized at 1167—
1169 cm™'.

The confocal Raman spectra of PANI polymerized in
AAO nanocavities of 300 and 45 nm, were recorded
every 5 and 10 um and plotted in Figure 4b and 4c,
respectively.

The multiple scans every 5 and 10 um in depth for
PANI obtained into AAO of 300 and 45 nm, respec-
tively, prove that the polymerization has been suc-
cessful down to 20 um (the length of AAO tem-
plate) or 50 um (the limit of confocal detection),
respectively. The main difference between the spec-
tra of these samples lies in the relative intensity of the
main bands corresponding to (C-H)q (1167 cm™)
and (C=C)q (1592 cm™!). For PANI polymerized in
AAO templates of 300 nm, the relationship between
them is <1 and close to PANI bulk, but, on the con-
trary, for PANI polymerized in AAO of 45 nm the
intensity of band (C—H)q is much higher than the
intensity of (C=C)q. This difference can be explained
in terms of the orientation of the polymer chains
and confinement effects. Confinement effects would
bring about a change in the intensity of the orienta-
tion of the chains. Indeed, orientation affects the
intensity of the Raman scattered-light for a given
polarization of the incident light [35]. Owing to the
smaller pore diameter, uniaxial symmetry is more
pronounced for polyaniline obtained in AAO of 45
nm than of 300 nm, so the polymer chains tend to
have a preferred orientation (parallel to the AAO
walls) [36] thus increasing the intensity of the band
at 1167 cm™', as observed.

To summarize, the spectra of PANI obtained in pores
of 300 nm diameter present the same tendency than
that of PANI bulk while spectra of PANI obtained in
pores of 45 nm illustrate a confinement effect which
is not seen in 300 nm. Moreover, from the quantita-
tive analysis of spectra it can be inferred that ANI
polymerization takes place quantitatively along the
length of nanocavities, in agreement with SEM
results.

3.5. PVDF-MWCNTs system

The preparation of PVDF-MWCNTs composites and
the chemical characterization by Raman spectroscopy
is described in experimental part. The morphological
characterization by SEM spectroscopy of PVDF-
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MWCNT (3%) nanofibers, once extracted from the
templates, is shown in Figure 5. Figure 5a corre-
sponds to PVDF-MWCNT nanostructures obtained
in AAO templates of 45 nm and Figure 5b and 5c to
nanostructures from templates of 300 nm. As in PANI
case, Figure 5b and 5c¢ shows a compact array of
numerous PVDF-MWCNTs nanopillars with a per-
fectly defined geometry and big diameter. Once more,
for nanocavities of 300 nm diameter and 20 pm
length, the determining factor for achieving such free-
standing nanostructure is due to the low aspect ratio
of nanorod (about 60) and also the rigidity of the
polymer. On the contrary and similar to PANI case,
for AAO nanocavities of high aspect ratio (45 nm
diameter and 100 um length), Figure 5a shows an
agglomeration of non-ordered PVDF-MWCNTSs
nanofibers. Here again, although the composite poly-
mer is rigid, the high aspect ratio of nanofiber (around
2300) makes the nanofiber cannot stand up and col-
lapse. In this case, is not observed a tendency of
nanopillars to agglomerate like in the case of PANI.

<)

Moreover, on Figure 5d we can easily observe nano-
fibers of PVDF with fragmented carbon nanotubes.
It is worth mentioning that some of fibers are with-
out MWCNTs due to the small diameter of nano-
fiber (45 nm) and quite variety in diameter of car-
bon nanotubes (20-60 nm).

Therefore, PVDF-MWCNTs and PANI nanostruc-
tures with modulated morphologies, i.e. long nano-
fibers, short nanopillars, etc., can be easily achieved
from anodized aluminum oxide (AAO) templates
assisted methods. Moreover, the fact that PVDF-
MWCNTs and PANI can be adjusted to nanoscopic
dimensions, allow the study of size-conducting prop-
erties dependency in the nanoscale.

3.6. Broadband dielectric spectroscopy

BDS was the tool used to analyze the conductivity
of the PANI and PVDF-MWCNTs samples in bulk
and confined in AAO templates. The parameter of
interest for this study is the DC conductivity ¢'(w)
which can be extrapolated from AC conductivity at

Figure 5. PVDF-MWCNTs 3% inside 45 nm (a) and 300 nm (b and ¢) AAO pores. TEM micrographs of PVDF-MWCNTs

nanofibers with diameter of 45 nm (d).
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low frequencies (opc = ¢'(w — 0)). Consequently,
only a small part of the dielectric data is of practical
use.

3.6.1. PANI system

Figure 6a plots the conductivity of bulk PANI as a
function of the frequency at a few key temperatures.
The results clearly prove that doping has been
effective because, at room temperature, conductivi-
ties achieved values of the order of 1072 S-cm™. It
also indicates that strongly doped samples behave
like a metal and the real component of conductivity
is frequency-independent in the whole range. More-
over, no contributions from interfacial polarization
can be seen. The thermal behavior of conductivity is
shown on Figure 6b and corresponds to the typical of
a semiconductor. As observed in the figure, conduc-
tivity increases exponentially with temperature as
hopping of carriers and diffusion of ions is favored.
The arrows indicate that at first, the temperature
was progressively increased during the measure-
ment to a maximum of 120 °C and then decreased.
Differences between two equivalent points can be
explained by influence of atmosphere. Water is eas-
ily absorbed from the atmosphere and always pres-
ents in PANI samples so, in consequence, influences
on ion transport and enhances conductivity. From this
fact, it is reasonable to conclude that the conduction
mechanism in doped PANI system is both electronic
and ionic in nature. This procedure of temperature
increase was applied for all the following measure-
ments, therefore, it can assured that the conduction
values are not influenced by the amount of absorbed
water. To support this analysis, similar results were
found in the literature in the study of the influence
of water molecules over EB [37]. In that work, a
positive temperature coefficient, 0o/0T > 0, also for
high doping levels, was evidenced.

The variation of temperature in the PANI electrical
transport data, in the range (223-393 K), is analyzed
with the Mott VRH equation (Equation (1)) [38]:

o(T) = aoexp[ - (?ﬂ (1)

where oy, a prefactor, T), a characteristic tempera-
ture including details of the system (density of
states at Fermi level, number of nearest neighbor
hopping site) and y = 1/(d + 1), where d is the effec-
tive dimensionality of the system. Hence d =3 for a
3D system, d =2 in 2D and d =1 in 1D. When con-
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Figure 6. Conductivity of PANI bulk film versus frequency
for different temperatures (a) and versus tempera-
ture at 0.1 Hertz (b). logo vs T-%% with linear fit-
ting for the PANI bulk film at 0.1 Hertz (c).

fronted to a one-dimensional nanostructure, the
dimensionality is affected by its diameter. Below a
certain diameter, 1D-conduction occurs owing to
the large proportion of ordered material. In our case
(bulk PANI), the Mott VRH equation (Equation (1))
was best fitted with y = 0.25 for a 3D system as can
be seen in Figure 6¢. This result clearly demon-
strates a thermally-activated process. Moreover,
Zhang et al. [39] reported that for slightly doped
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PANI salt films with different dopants (HCI, CSA
and DBSA), the increase of conductivity follows the
increase of doping level, reaching a threshold for
o> 1072 at 107" M acid concentration (transition
insulator-metal). These results also show conduc-
tivity independence of the frequency as in our study.
Nevertheless, these authors [39] presented a negative
real permittivity ¢" over the whole range while we
only observed it at low frequencies.

PANI nanofibers inside the AAO templates were
also studied by BDS. Figures 7a and 7b plot the con-
ductivity of PANI polymerized in AAO nanocavi-
ties of 45 nm as a function of frequency and temper-
ature, respectively and (Figures 7c and 7d), the same
plots for PANI polymerized in nanocavities of
300 nm. In both Figures, the red continuous line cor-
responds to an empty AAO template, being a refer-
ence line to evaluate the conduction response. This
line clearly increases with frequency as can be
expected from alumina, an insulator. The blue points

are the experimental data and are situated above the
reference line. From the comparison of both lines, an
increment of conductivity is observed although prob-
ably lower to the real one, since the barrier layer
present at the bottom of the AAO pores could act as
a thin insulating that would impede electrons to
fully go through. Both type of PANI filled templates
exhibits higher conductivity by 2 orders of magni-
tude in comparison with empty template. Moreover,
there is very little difference between the conductiv-
ity value for PANI in AAO pores of 45 and for PANI
in 300 nm, being 8-107'? and 6:107'% S-cm™, respec-
tively. In agreement with Martin and coworkers [18,
19], who observed 3 times higher conductivity for
nanostructured PANI, one would expect that PANI
nanofibers in AAO templates of 45 nm were more
conductive than PANI nanofibers in AAO templates
of 300 nm. Nevertheless, in agreement to our results,
Wu et al. [22] found that for PANI nanowires and
nanorods the electrical conductivity values were
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Figure 7. Conductivity of AAO template filled with PANI as a function of frequency, at room temperature for template of
45 nm (a) and for 300 nm (c¢) and as a function of temperature at 0.1 Hertz for template of 45 nm (b) and
300 nm (d). Empty AAO template is used as a reference (red line).

267



Blaszczyk-Lezak et al. — eXPRESS Polymer Letters Vol. 10, No.3 (2016) 259-272

similar, 1.25 and 2.06 S-cm™!, respectively, so the dif-
ference found in both types of structures is similar to
that found by us. In our case, the rather higher con-
ductivity value obtained for PANI in nanopores of
45 nm could be due to the thinner barrier layer of
AAO template of 45 nm compared to that of 300 nm.

3.6.2. PVDF-MWCNTs system
Figure 8 displays the conductivity variation of bulk
PVDF-MWCNT films with different weight per-
centages of MWCNT, 0; 1; 3 and 5 %. It is obvious
that a small addition of CNTs increases the conduc-
tion by more than 10 orders of magnitude compared
to pure PVDF. At room temperature, bulk PVDF has
a conductivity of 107'* S-cm™!' while for PVDF-
MWCNT (1%) is 3-1073 S-cm™!, similar to that
obtained for polyaniline. For higher MWCNT con-
tent, higher conductivity, but the increase is quite
small compared to the change in concentration.
Tripling the quantity of MWCNT (from 1 to 3 wt%),
the conductivity increases only 2 orders of magni-
tude, thus indicating that a percolation threshold has
already been reached at 1 wt%. Nevertheless, stud-
ies do not agree on the percolation threshold [40—
44] since there is no unique value, as it depends on
the process conditions, the possible preferred orien-
tation of the CNTs in the matrix, the CNTs type and
their characteristics (i.e. AR, surface modification
[45-48]). In the case of a 5 wt% of MWCNT, the con-
ductivity still increases although flexibility and
processability of the polymer is lost as reported by
Lonjon et al. [49] in the case of P(VDF-TrFE) and
nickel nanowires. For these two opposing reasons,
only PVDF-MWCNT (3%) in bulk and infiltrated in
AAO templates will be deeply studied by BDS.
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Figure 8. AC conductivity of PVDF-MWCNTs films at dif-
ferent weight percentages of MWCNT at room
temperature

Figure 9 presents the isochrones of PVDF-MWCNT
(3% films at the lowest measured frequency (0.1 Hz).
The conductivity evolution of the nanocomposite in
function of temperature is composed of two differ-
ent regimes. Below 100 °C the evolution is charac-
teristic of a semiconductor with the conductivity
increasing with temperature (6o/07 > 0). Over 100°C,
there is a switch and conductivity behaves like a
metal, decreasing with increasing temperature
(0a/0T < 0). In our case (T < Tp,), we are faced with
a static and immobilized conductive network of
MWCNTSs in the polymer matrix since we are in the
percolation region and at low temperatures. To
explain the results we presume that, at first, the tun-
neling of the electrons between adjacent carbon
nanotubes is favored by the increase of temperature.
The electrons gain thermal energy which helps them
to overcome the potential barrier more easily, as sup-
ported by the FIT model. However, at a temperature
limit of 100 °C, for this PVDF-MWCNT (3%) com-
posite the thermal expansion of the polymer matrix
compensates the thermally-induced tunneling of
MWCNT. This can be explained by the fact that
increasing the average distance between nanotubes,
the amount of insulating polymer becomes signifi-
cant and makes a wider barrier that electrons strug-
gle overpass, hence a reduction in the conductivity
with further increase of temperature would be
observed. Moreover, in semicrystalline polymers,
the volume expansion of the polymer matrix which
separates the fillers is also attributed to the transfor-
mation of the crystalline phase to the amorphous
phase. These results agree with others reported in the
literature [50]. For instance Tao et al. [51] also
reported a decrease in conductivity with tempera-
ture for a composite of MWCNTs and polyethylene
at higher temperatures (7> T},,) and was related to the
phenomena of crystallization of polyethylene which
would disconnect the conductive paths [51]. Other
authors [40, 52] also observed a continuous increase
of conductivity with temperature below Ty, (posi-
tive temperature coefficient effect of the resistivity).
Moreover, an effect similar was reported by Li et al.
[50] below a transition temperature of 80°C. This
effect was explained by the fact that at higher tem-
peratures (7 > Ty,,), Brownian motion of the carbon
nanotubes make them mobile within the melting
matrix and they tend to coagulate which results in
an decrease of the electrical conductivity of the
composite with temperature.
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Figure 9. Conductivity versus temperature of PVDF-MWC-
NTs films at 0.1 Hz for a 3% CNT content

Figure 10 presents the conductivity of two AAO
templates filled with the nanocomposite of PVDF-
MWCNT 3%, at room temperature. Figure 10a
accounts for the template of 45 nm of diameter; the
template filled with PVDF and with PVDF-MWCNT
3%. It is observed that infiltrated conducting nano-
composite in AAO exhibits higher conductivity than
the PVDF infiltrated alone and evidences the rather
surprising fact that carbon nanotubes with an average
diameter of 40 nm could penetrate the small pores.
Figure 10b accounts for the templates of 300 nm of
diameter and as observed do not show a significant
improvement of conductivity. The above mentioned
effect of the insulating barrier layer could explain the
low response.

Comparing the conductivity values of polymer nano-
structures of PVDF-MWCNT 3% and of PANI, in
AAO templates of 45 and 300 nm diameters, the dif-
ference is the same as that found between the two
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bulk polymers. So, the same conductivity is obtained
for a nanostructured ECP (PVDF with a 3% of
MWCNT) than for a nanostructured ICP (PANI).
Therefore, the above results evidence that BDS is an
easy and non-destructive method to determine elec-
trical conductivity of PANI and PVDF-MWCNT
polymer nanostructures confined in AAO templates.
Moreover, this example could be extended to other
nanoscopic conducting polymer systems

4. Conclusions

The core of this work was the synthesis of one-
dimensional polymer nanostructures of PANI and
PVDF-MWCNT within AAO templates to combine
performance and conductivity down to nanoscale
and we present an accurate way of increasing and
modeling the conductivity of two different kinds’
polymeric materials by nanostructuration that opens
huge possibilities in the technologies of the future.
Conductivity of bulk materials was increased sub-
stantially by several orders of magnitude compared
to a classic insulating polymer either by doping the
intrinsic conducting polymer, polyaniline, or by
incorporating conductive nanofillers into poly (vinyli-
dene fluoride). It was demonstrated that by using
AAO template it was possible to prepare different
kinds of high quality conductive nanomaterials with
variable diameters of nanoarray (45-300 nm). The
nanostructures were obtained successfully inside the
templates either by a simple chemical method of
polymerization of aniline or by melt infiltration of
the PVDF-MWCNT nanocomposite. Polymerization
and infiltration parameters were found to be critical
and needed to be well-controlled to achieve the
desired morphology. Raman spectroscopy used in
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Figure 10. Conductivity of filled AAO template with PVDF-MWCNTSs 3% at room temperature for 45 nm pore

diameter (a) and for 300 nm (b)
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confocal mode detected that the emeraldine salt of
PANI was obtained correctly along the length of the
nanopores of the AAO template.

For the first time, to our knowledge, dielectric spec-
troscopy was used to determine in a non-destructive
way the conductivity of nanostructures present within
the AAO templates. Thus, control over the concen-
tration of dopant for PANI as well as of the filler con-
centration for PVDF-MWCNT makes possible the
tuning of the level of conduction.

In summary, infiltration of a conducting polymer in
a lab-made anodized aluminum oxide template is an
effective method to produce well-defined one-dimen-
sional nanostructures with regular spatial arrange-
ment and remarkably low polydispersity. Besides, the
possibility of precise control of aspect ratio allows
adjusting to the application needs. Once free of the
template, this kind of compact conducting nanoarray
is of great interest for sensing or field emission dis-
play as they could be addressed individually. This
new approach for rapid evaluation of conductivity
of nanomaterials, however, does not give objective
value due to the insulating properties of templates.
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