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Editorial corner — a personal view
‘Waking sleeping beauty’: Regeneration of vulcanized rubber by

triggering dynamicity of the inherent sulfur network

M. Q. Zhang"

Materials Science Institute, Sun Yat-sen (Zhongshan) University, 510275 Guangzhou, P. R. China

Vulcanized rubber has been widely applied in modern
society, which causes severe impact on environment
in the meantime. This is because there are no proper
disposals of the scraps, which are full of infusible and
insoluble crosslinked networks. So far, methods have
been developed to convert waste rubbers into small
molecular weight fragments with commercial value,
or granules as fillers of thermoplastics and asphalt. In
some cases, the used rubber products are simply
burned and buried. The bad resource management
leads to significant pollution accordingly (DOI:
10.3144/expresspolymlett.2016.17).

When reviewing vulcanized rubber, we can find that
the key technique of fabrication, i.e. vulcanization,
remains nearly unchanged since the invention of
Goodyear about two hundred years ago. The cross-
linked networks contain tremendous disulfide and
polysulfide bonds. Recent investigation indicates that
metathesis of disulfide enables self-healing of poly-
mers. In this context, so long as disulfide metathesis
among different disulfide and polysulfide bonds can
be triggered in sulfur crosslinked networks, the vul-
canized rubber would acquire self-healability and re-
cyclability.

In a patented invention, tiny amount of catalysts
(CuCl, and copper(Il) methacrylate) are incorporated
into polybutadiene and chloroprene rubber, which are
then compounded with the usual fillers and curatives
following industrial formulation. The preliminary re-
sults (DOI: 10.1039/¢5gc00754b and DOI: 10.1021/
acssuschemeng.6b00224) show that the catalysts can
effectively initiate metathesis of disulfide bonds, so
that the inherent sulfur crosslinks of the vulcanized
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rubbers are allowed to be dynamically rearranged and
reshuffled at 110~120°C. It means that the sulfur
crosslinks are as stable as the version excluding the
catalysts under conventional circumstances without
fear of loosing stability during service at lower tem-
perature (typically below 110°C). More importantly,
by taking advantage of the activated crosslinked net-
works, the vulcanized rubbers can be repeatedly self-
healed, reshaped, and recycled in solid phase at
110~120°C without environmentally unfriendly de-
crosslinking. Additionally, mechanical properties of
the healed and recycled materials approach to those
of the original version. The catalysts do not react with
the other additives in the matrix and do not accelerate
aging of the rubbers.

The availability of self-healing, reshaping and repro-
cessing of vulcanized rubber offers new possibilities
of cyclic utilization. Different circulation loops can
be selected by various combinations of the smart
functionalities according to actual demand. Life cycle
of rubbers would thus be extended, while waste of re-
sources is reduced.

There maybe other ‘sleeping beauties’ like the above
in everyday life, which are waiting for being waked.

Prof. Dr. Ming Qiu Zhang
Member of International Advisory Board
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Abstract. In this work we present the drug release properties and morphological studies of fibers formed by mixing different
ratios of poly(lactic acid) (PLA) and poly(3-thiophene methyl acetate) (P3TMA) loaded with four drugs (ciprofloxacin,
chlorhexidine dihydrochloride, triclosan and ibuprofen sodium salt). Thus, the main aim of this study is to prove that the ex-
cellent cellular response of PLA-P3TMA biocompatible scaffolds can be successfully combined with essential applications
as drug carrier and delivery systems. Atomic force microscopic (AFM) and scanning electron microscopic (SEM) micro-
graphs of PLA-P3TMA fibers indicate that the presence of the conducting polymer inside the PLA matrix affects the surface
morphology, resulting in a significant increment of the bulk conductivity with respect to PLA fibers. Electrospun hybrid fibers
of PLA and P3TMA successfully load both hydrophilic and hydrophobic drugs, the release profiles depending on the release
environment (i.e. the release rate increases with the hydrophobicity of the medium). Finally, our results prove that the anti-
bacterial activity of the drugs is not affected by their interactions with the PLA-P3TMA matrix.

Keywords: biopolymers, biocomposites, conducting polymers, nanotechnology, atomic force microscopy (AFM), drug de-
livery systems

1. Introduction thermore, due to its good mechanical integrity, bio-
Research based on the use of bioplastics and biosol-  degradability and biocompatibility, PLA and its
vents for the development of advanced materials has  copolymers are widely used in biomedical fields.
increased considerably in the last decade. Poly(lactic ~ Thus, these materials have been employed for the
acid) (PLA), a 100% biodegradable biopolymer, has  fabrication of drug loading and release devices, sur-
been extensively investigated and used in different gical sutures, and scaffolds for tissue and nerve re-
commercial and industrial applications, such as au-  generation [1-7].

tomotive parts, clothing and carpet fibers, food pack-  On the other hand, electroactive conducting poly-
aging, among others. PLA can be synthesized by poly-  mers (CPs) represent another important family of or-
condensation from lactic acid, which is a renewable  ganic materials with proved biocompatibility [5, 8—
resource derived from the starch of either corn of sugar ~ 14]. More specifically, CPs have attracted the atten-
beets that is fermented to form glucose and, conse-  tion of biomedical engineers because cells respond to
quently, converted to lactic acid. Accordingly, PLAcan  external electrical and/or electrochemical stimuli in
be considered as active player in green chemistry as  vitro and in vivo when in contact with CPs [12—14].
it reduces significantly the carbon footprint when  Thus, application of external potentials has been
compared to other oil based traditional plastics. Fur-  found to promote cellular adhesion, proliferation,
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growth and differentiation. For example, Schmidt and
co-workers proved that neurite length of PC-12 cells
cultured on polypyrrole (PPy) films increase upon
the application of electrical stimuli [15]. These obser-
vations suggested that rationally designed conduct-
ing and electroactive nanoconstructs (e.g. nanomem-
branes and nanofibers) could act simultaneously as
scaffolds for tissue engineering [14, 15] and efficient
systems for drug targeting and delivery [16—18]. In-
deed, CPs are attractive for a number of biomedical
applications as was reviewed by Schmidt and co-
workers [19].

One of the major drawbacks in the use of CPs for
biomedical applications is the lack of mechanical in-
tegrity and restricted processability of many of these
materials, combined with their non-degradability [5].
Limitations of CPs are frequently overcome by blend-
ing these materials with biodegradable polymers [5—
20]. Albertsson and co-workers have vastly studied
the combination of biodegradable polymers with CPs
for bioengineering applications [20]. For example,
such group studied the degradability and cytotoxicity
of blends made of caprolactone and hyperbranched
degradable CPs as good candidates for neural tissue
engineering application [21]. More recently, free-
standing nanomembranes for tissue regeneration were
prepared by spin-coating mixtures of polyester [22,
23] or thermoplastic polyurethane [24] with a soluble
polythiophene derivative, poly(3-thiophene methyl
acetate) (P3TMA). The same approach has also been
used to fabricate electroactive biodegradable 3D
scaffolds. For example, regular microfibers were re-
cently obtained by electrospinning a mixture of
P3TMA and biodegradable poly(ester urea) [25].
Overall the results obtained in this field proved the
synergy associated with the combination of bio-
degradable polymers and CPs, their mixtures show-
ing biodegradability and both electrochemical and
electrical activities.

In the last years some studies based on nanofibers
made of PLA—CP blends have been reported. How-
ever, the preparation of such nanoconstructs has
been essentially restricted to the combination of bio-
degradable polymer with small electroactive oligo-
mers (e.g. oligothiophenes [26] and oligoanilines
[27, 28], polyaniline (PAni) or PPy derivatives [20,
29-31]. On the other hand, antecedents on drug de-
livery systems fabricated with nanofibers based on
biodegradable polymers—CP blends are very scarce.
Martin and co-workers developed electrospun poly

(lactide-co-glycolide)—poly(3,4-ethylenedioxythio-
phene) conductive core-sheath nanofibers (PLGA—
PEDOT) able to modulate the release of dexametha-
sone, an anti-inflammatory drug for the central nerv-
ous system [32]. More recently, we designed and
synthesized series of linear micro/nanofibers for tis-
sue engineering applications using PLA-P3TMA
blends with different compositions [33]. Scaffolds
containing P3TMA exhibited enhanced cellular pro-
liferation and adhesion in comparison to those made
of pristine PLA. Such improvement was attributed
to the electrochemical properties (i.e. ability to ex-
change ions) and wettability properties provided by
the CP.

The objective of the present work is to show the multi-
functionality of scaffolds made of PLA-P3TMA
fibers, which is based on the combination of the al-
ready known cellular response [33] with their high
activity as drug carrier and delivery systems. In order
to prove this duality, the encapsulation and delivery
of different drugs in PLA-P3TMA systems have
been investigated by controlling both the fiber mor-
phology and the composition of the blend. Four drugs
have been considered for this purpose: ciprofloxacin
(CIP), chlorhexidine dihydrochloride (CHX), tri-
closan (TCS), and ibuprofen sodium salt (IBU). The
selection of these compounds was based on the fact
they are typically considered as model antibiotics
(CIP), biocides (CHX and TCS) and anti-inflamma-
tories (IBU).

2. Experimental section

2.1. Materials

3-Thiophene acetic acid (3TAA) (98.0%) was pur-
chased from Fluka (Sigma-Aldrich). Iron chloride
anhydrous (97.0%), dry methanol (99.5%) and chlo-
roform (99.9%) were purchased from Panreac Quim-
ica S.A.U. (Spain) and used as received without fur-
ther purification. PLA, a product of Natureworks
(polymer 2002D), was kindly supplied by Nupik In-
ternational (Polinya, Spain). According to the man-
ufacturer, this PLA has a D-lactide content of 4.25%,
a residual monomer content of 0.3%, a density of
1.24 g/cc, a glass transition temperature (7}) of 58 °C,
a melting point of 153 °C and molecular weights of
M, =59300 g-mol" and M,, = 117500 g-mol™'. CIP
(>98% HPLC), CHX (>98%), TCS (irgasan, >97%
HPLC), and IBU (>98% GC) were purchased from
Sigma-Aldrich. Escherichia coli CECT 101 and Stap-
hylococcus epidermidis CECT 231 bacterial strains
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were obtained from the Spanish Collection of Type
Culture (Valencia, Spain), and culture media were
purchased from Difco (Detroit, MI, USA).

2.2. Synthesis of poly(3-thiophene methyl
acetate)

P3TMA was synthesized by chemical oxidative cou-
pling polymerization in dry chloroform following
the procedure described by Kim et al. [34], which was
successfully used in previous works [22—25]. Anhy-
drous ferric chloride (FeCls) was used as both oxi-
dant and dopant. The monomer 3-thiophene methyl
acetate (3TMA) was obtained with a 74% yield by
refluxing 3TAA in dry methanol for 24 hours at a
temperature of 90 °C. P3TMA was subsequently pre-
pared by a chemical oxidative coupling polymeriza-
tion in dry chloroform and using anhydrous ferric
chloride (FeCls) as oxidant and dopant. The polymer-
ization yield was ca. 61% after removing the residual
oxidant oligomers. Molecular weights were estimated
by size exclusion chromatography (SEC) using
1,1,1,3,3,3-hexafluoroisopropanol as eluent. The num-
ber and weight average molecular weights found
were M, = 10700 g-mol™" and M,, = 22500 g-mol!
for P3TMA. '"H-NMR (400 MHz, CDCl3) & = 7.28—
7.07 (m, 1H, Ar-H), 3.68(s, 2H, —CH»-), 3.63 (s, 3H,
O-CH3); *C-NMR (100 MHz, CDCl3) § = 170.8
(C=0), 136-124 (Ar—C), 52.1 (O—CH3), 34.3 (CH,);
FTIR-ATR (cm™): 3095--3010 (=C—H B, thiophene
ring), 2998 (C—H aliphatic), 1735 (C=0, ester), 1436
(-CHy—), 1375 (-O-CHj, ester), 1255-1160
(C—O—CHzs, ester), 840 (C—H B, thiophene ring).

2.3. Preparation of PLA-P3TMA fibers

For the nanofiber preparation, mixtures of PLA and
P3TMA were electrospun from chloroform/acetone
(2:1 v/v) at polymer concentrations of 5 w/v% and
0-5 w/v% for PLA and P3TMA, respectively. Sam-
ples will be identified indicating the PLA and P3TMA
ratio. According to our previous optimization of the
processing conditions [33], PLA electrospun fibers
were collected on a target with a deposition distance
of 12 c¢m, applying a voltage of 20 kV with a portable
High Voltage Source (model ES30-5W, Gamma High
Voltage Research, Ormond Beach (FL), USA) and a
flow rate of 4 mL-h™!. The voltage and flow-rate
used to prepare PLA-P3TMA fibers was 25 kV and
4 mL-h!, respectively. Polymer solutions were de-
livered via a KDS100 infusion syringe pump (code
KDS100, KD Scientific Inc., Holliston (MA), USA)
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to control the mass-flow rate, and the tip used had
an inside diameter of 0.84 mm (syringe needle 18G).
All electrospinning experiments were carried out at
room temperature. The diameter of the fibers pre-
pared under such conditions ranged from 600 to
800 nm.

2.4. PLA-P3TMA (2:1 ratio) fibers
drug-loading

PLA (0.5 g) was dissolved in 5 mL of chloroform-ace-
tone mixture (2:1 v/v) and P3TMA (0.25 g) in4 mL
of the same solvent mixture. Then, 1 mL of dimethyl-
sulfoxide (DMSO) containing the drug (0.1 g) was
added, and the mixture was homogenized by vortex-
ing to obtain an electrospinnable solution of 5 w/v%
PLA, 2.5 w/v% P3TMA and 1 w/v% drug. The elec-
trospinning process was conducted at room temper-
ature, fibers being collected at a distance of 12 cm
from the needle (18G, inside diameter of 0.84 mm).
The applied voltage and the flow rate was of 25 kV
and 4 mL-h™!, respectively.

2.5. Characterization

"H-NMR and *C-NMR spectra were acquired with
a Bruker AMX-300 spectrometer (Bruker Corpora-
tion, Billerica (MA), USA) operating at 300.1 MHz.
Chemical shifts were calibrated using tetramethylsi-
lane as an internal standard. Deuterated chloroform
was used as the solvent.

Infrared absorption spectra were recorded with a
Fourier Transform FTIR 4100 Jasco spectrometer
(Jasco Analytical Instruments, Easton, (MD), USA) in
the 4000-600 cm™! range. An attenuated total reflec-
tion (ATR) system with a heated Diamond ATR Top-
Plate (model MKII Golden Gate™, Specac Ltd., Or-
pington (Kent), UK) was used.

Atomic force microscopy (AFM) images were ob-
tained for all the samples in tapping mode with an
AFM Dimension 3100 microscope and a NanoScope®
V controller (Veeco Instruments Inc., Plainview (NY),
USA) at ambient conditions. A silicon probe (model
Tap150-G, Budget Sensors®, Innovative Solutions
Bulgaria Ltd., Sofia, Bulgaria) with a resonant fre-
quency and spring constant of 150 kHz and 5 N-m™!,
respectively, was used. The row scanning frequency
was set at 0.8 Hz and the scan window size varied
from 1x1 pm? to 20x20 um?. Data were acquired
using the Reasearch NanoScope software (v. 7.30)
and, afterwards, they were analyzed using the Nano-
Scope Analysis analysis software (v. 1.20).
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The Root Mean Square (RMS) roughness, which is
the average height deviation taken from the mean
data plane, was determined using the statistical ap-
plication of the NanoScope Analysis software (1.20,
Veeco).

A Confocal Raman-AFM microscope (model a300R+,
WIlTec — Wissenschaftliche Instrumente und Tech-
nologie GmbH-, Ulm, Germany) was used to collect
Raman spectra from the homopolymers, PLA-
P3TMA blends and drug loaded samples. For exci-
tation, a laser with wavelength of 785 nm was used.
The integration time was between 0.3 and 2.1 sec-
onds depending on the scan, and high resolution
Raman images were obtained by collecting complete
Raman spectra at less than 3 cm™! per pixel. Fibers
were analyzed as obtained after the electrospining
process, without any additional preparation, at room
temperature and after the exposure time necessary to
decay the fluorescence.

The number-average molecular weight (M,) and
weight-average molecular weight (M,,) were meas-
ured by gel permeation chromatography (GPC) at
25°C using a chromatograph (model 1525 — Binary
HPLC Pump) equipped with a refractive index de-
tector (model 2414) from Waters Cromatografia,
S.A., (Cerdanyola del Vall¢s, Spain). GPC measure-
ments were carried out using tetrahydrofuran (THF)
as eluent with a flow rate of 1.0 mL-min~!, respec-
tively. Polystyrene standards were used for calibra-
tion.

Optical morphologic observations were performed
using Zeiss Axioskop 40 microscope (Carl Zeiss Mi-
croscopy, LLC, USA). Micrographs were taken with
Zeiss AxiosCam MRCS digital camera (Carl Zeiss
Microscopy, LLC, USA). Morphological character-
ization of the electrospun samples was conducted by
scanning electron microscopy (SEM) using a Focus
Ion Beam Zeiss Neon 40 instrument (Carl Zeiss,
Germany). Prior sample observation, carbon coating
was accomplished by using a Sputter Coater (model
Mitec K950, Quorum Technologies Ltd., Ashford
(Kent), UK) fitted with a film thickness monitor
k150%. Samples were visualized at an accelerating
voltage of 5 kV. Diameter of electrospun fibers was
measured with the SmartTiff software from Carl
Zeiss SMT Ltd (Jena, Germany).

Contact angle (CA) measurements were performed
using an OCA 15EC (DataPhysics Instruments GmbH,
Filderstadt, Germany) equipment and using the ses-
sile droplet method at room temperature. Three dif-
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ferent polar solvents were tested: ultrapure water,
formamide and ethylene glycol. For the static contact
angle (sCA) measurements, 0.5 pL droplets of liquid
were dispensed on the respective surfaces. Images
were recorded after drop stabilization (30 s) using
the SCA 20 software. CA values were obtained as
the average of fourteen independent measures for
each sample. The surface energy (SE) of PLA-
P3TMA samples was calculated based on the sSCA
data by applying several mathematical approaches:
Equation-of-State (EoS), Fowkes, Owens-Wendt-
Rabel-Kaelble (OWRK) and Wu models. Finally, the
work of adhesion (W,) was determined to quantify
the wettability of a liquid droplet on the sample.

2.6. Electrochemical impedance spectroscopy
(EIS)

EIS measurements were performed using a potentio-
stat/galvanostat (model AUTOLAB PGSTAT302N,
Metrohm AG, Herisau, Switzerland) in the 100 kHz
to the 10 mHz frequency range and the amplitude of
the sinusoidal voltage was 10 mV. All experiments
were carried at room temperature. The fiber mats were
cut in a disc format (1.766 cm?) and were sandwiched
between two stainless steel electrodes assembled
into an isolating resin holder [35]. The cell was tight-
ened with screws to ensure constant pressure fasten-
ing. The thickness of the films, which was deter-
mined by a micrometer, varied between 18.9 and
26.0 um. Prior to cell closing, samples were im-
mersed in phosphate buffer saline (PBS, pH 7.4) at
room temperature for 24 h and the water excess
wiped out with a tissue. After data collection, EIS
results were then processed and fitted to an electrical
equivalent circuit (EEC).

2.7. Drug-release experiments

Drug-loaded mats were cut into small square pieces
(20x20%0.1 mm?) which were weighed and placed
into polypropylene tubes. PBS and PBS supplement-
ed with 70 v/v% of ethanol (PBS-EtOH) were con-
sidered as release media. The addition of ethanol to
hydrophilic PBS increases the hydrophobicity of the
medium and provokes some swelling effect, both fa-
voring the release of hydrophobic drugs as TCS [36].
The release of TCS from PLA fibers in PBS contain-
ing 10 and 70 v/v% of ethanol was found to be 40
and 98% after 48 h, respectively, indicating that the
composition of PBS-EtOH is adequate to alter the
equilibrium defined by the affinity of PLA towards
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hydrophobic drugs [36]. Drug-release assays were
carried out by immersing sample mats in 50 mL of
the release medium at 25°C for 1 week. Aliquots
(1 mL) were drawn from the release medium at pre-
determined intervals, and an equal volume of fresh
medium was added to the release vessel. The drug
concentration in the release medium was evaluated
by UV-vis spectroscopy (UV-VIS-NIR Spectropho-
tometer model UV-3600 Plus from Shimadzu Cor-
poration, Kyoto, Japan). Calibration curves were ob-
tained by plotting the absorbance measured at the
corresponding wavelengths (i.e. 322, 254, 281, and
260 nm for CIP, CHX, TCS and IBU, respectively)
against drug concentration. Finally, the mats were
dissolved in chloroform and the residual drug was
extracted in ethanol for quantification. All tests were
performed in triplicate to control the homogeneity
of the release, and the results were averaged.

2.8. Agar diffusion test

Escherichia coli and Staphylococcus epidermidis
were cultured aerobically overnight in 15 mL of
brain—heart infusion (BHI) broth at 37°C. The bac-
terial suspension was spread on Plate Count Agar
(PCA) (Difco™ MI Agar, from Becton, Dickinson
and Company, Franklin Lakes (NJ), USA) using a
nylon swab. Uniform disks of 1 mm thick and 5 mm
in diameter were prepared by perforating the drug-
loaded PLA-P3TMA electrospun mats. Then, sam-
ples were placed on the surface of the agar plates and
incubated at 37 °C. After 24 h, the inhibition zone
around each specimen was observed to determine the
activity of the drug.

3. Results and discussion
3.1. Topography and RAMAN analyses of
PLA-P3TMA fibers
The electrospinning conditions and morphology of
PLA-P3TMA fiber mats were examined in our pre-
vious study [33]. Scanning electron microscopy
(SEM) micrographs evidenced that the incorporation
of P3TMA in the electrospinning solution induced
some structural changes in the PLA fiber: (1) the fiber
diameter decreased slightly; (2) the fiber surface be-
came smoother; and (3) heterogeneous clusters made
of P3TMA aggregates appeared inside the fibers.
Furthermore, both the electrochemical activity and
the bioactivity of the fibers increased with the con-
tent of P3TMA.
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AFM analyses (Figure 1) provided more precise in-
formation about the roughness of electrospun PLA
and of PLA-P3TMA fibers. PLA fibers exhibit re-
markable irregularities on their surface, their average
RMS roughness +2 times the corresponding standard
deviation (calculated using five different samples)
being 41.4+3.8 nm. The average RMS roughness de-
termined for 5:1, 2:1 and 1:1 PLA-P3TMA compo-
sitions (Figures 1b—d) is 34.8+2.5, 39.9+£3.0 and
35.6+4.5 nm, respectively. AFM phase images allow
us to distinguish a phase contrast for PLA-P3TMA
samples that is not observed for the PLA fibers. This
supports that the two polymers mixed in the chloro-
form solution successfully incorporate into the elec-
trospun fibers, even though it is not possible to as-
sociate each region (i.e. dark or bright areas) to a
specific polymer-rich phase.

Further studies were carried out to understand P3TMA
compositional distribution on PLA-P3TMA fibers by
means of Raman spectroscopy. Figure 2a shows op-
tical images taken with the Raman confocal micro-
scope of PLA fibers, the Raman spectrum being dis-
played in Figure 2b. As it can be seen, the PLA spec-
trum presents identifiable peaks at well-known po-
sitions [37]. The most intense band, which corre-
sponds to the vC—COO stretching is located at ca.
874 cm™! (Figure 2b).

Optical images of PLA-P3TMA fibers are displayed
in Figures 2¢ and 2e. P3TMA powder was analyzed
by Raman spectroscopy and the resulting spectrum
is depicted in Figure 2d). As the fluorescence induced
by the laser at 532 nm used for PLA fibers is very high
for P3TMA, CP-containing samples were analyzed
using the laser at 785 nm. This leaded to less fluores-
cence overlapping but also to a lower peak resolu-
tion. The most intense line for the P3TMA spectra is
identified at ca. 1480 cm™!, which corresponds to the
totally symmetric in—phase vibration of the thiophene
rings spread over the polymer chains [38]. Raman
spectra were recorded from three different spots of
the PLA-P3TMA fibers (Figures 2c and 2d) as well
as from P3TMA particles, which are clearly visible as
dark spots inside the fibers (Figures 2c and 2e). These
results corroborate the homogenous distribution of
P3TMA among the PLA fibers, even though some CP
agglomerates are also detected. Moreover, 2:1 PLA—
P3TMA fibers loaded with drugs were also evaluat-
ed by Raman spectroscopy (discussed below).
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Figure 1. AFM micrographs from PLA and PLA-P3TMA fibers scaffolds prepared by electrospinning: (a) PLA, (b) 5:1
PLA-P3TMA, (c) 2:1 PLA-P3TMA and (d) 1:1 PLA-P3TMA

3.2. Wettability and surface energy
determination

Understanding of the wetting properties of PLA—

P3TMA fibers is crucial for their use as drug carrier

and delivery systems. Two wetting states have been

defined for hydrophobic surfaces [39]. In the Wenzel
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state, which corresponds to a homogeneous wetting
regime, the liquid completely penetrates into the
grooves defined by the surface roughness, while air
bubbles are inside the grooves underneath the liquid
in the heterogeneous wetting regime associated with
the Cassie-Baxter state. Air entrapped into 3D fi-
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Figure 2. (a) PLA fiber optical image, (b) PLA Raman spectra at the cross point from (a). (¢) PLA-P3TMA (2:1) fiber optical
image. (d) Raman spectra at the cross points from (b). The solid black line corresponds to the white cross in (c)
and the discontinued line to powder P3TMA. (e) PLA-P3TMA (2:1) fiber optical image. Inset: scanned area (red
box). (f) Raman spectra associated with the inset in (e).

brous scaffolds may act as a barrier precluding water
penetration and, therefore, affecting the drug-deliv-
ery. However, a transition from the Cassie-Baxter
state to the Wenzel state may occur whenever air re-
gions are no longer thermodynamically stable and
liquid infiltrates the surface. Thus, the drug-delivery
rate can be tuned by controlling the wettability of
drug-loaded systems [40].

Table 1 gives the static contact angles (sCA) values
of deionized water, formamide and ethylene glycol
solvents determined for PLA and PLA-P3TMA scaf-
folds. Results are compared with those obtained for
films prepared by solvent-casting a chloroform so-
lution of the corresponding blend. As it can be seen,

the wetting behavior depends on the organization.
For each solvent, the sCA of scaffolds made of fiber
diameters varying from 600 to 800 nm is higher than
that of films prepared by solvent evaporation for PLA
and all blend compositions. Hence, the fiber matrix
is able to block the liquid phase resulting in a less
wettable surface (Figure 3), which has been attributed
to both the fiber roughness and the air entrapped at
the surface. In spite of this, the exact final frontier of
the three-phase contact line (TPCL) is unclear since
the liquid may penetrate the porous matrix through
the space left among adjacent fibers. Therefore, it is
not possible to ascertain which state (i.e. Wenzel,
Cassie-Baxter or the transition between them) is the

634



Pérez-Madrigal et al. — eXPRESS Polymer Letters Vol.10, No.8 (2016) 628—646

Table 1. Static contact angle values (in degrees) for PLA and PLA-P3TMA scaffolds prepared by electrospinning and for

films obtained by solvent casting, respectively

. Water? Formamide Ethylene glycol
Composition —% —5 —5
Scaffolds Solvent casting Scaffolds Solvent casting Scaffolds Solvent casting
PLA 132.0+£2.2 76.1£3.1 121.8+5.4 55.3£2.2 110.5+£2.7 50.0+£2.4
PLA-P3TMA 5:1 130.5£2.1 90.5+£3.4 118.7£3.2 56.0+£2.3 123.843.8 55.842.1
PLA-P3TMA 2:1 135.3£1.5 86.9+5.2 121.644.7 55.4+3.2 130.14£2.0 55.0£3.4
PLA-P3TMA 1:1 134.6+2.4 87.7+£3.8 127.4+:2.4 68.6+5.6 126.7+2.0 54.9+1.6

*Taken from reference 33. PPLA and PLA-P3TMA films were solvent casted from a solution of 16 mg-mL~" of polymer in CHCl; solvent.
Mean values correspond to the average of at least 14 droplets of water, formamide and ethylene glycol.

Top view %

Cross view

Figure 3. Expected wetting behavior of PLA-P3TMA scaf-
fold samples where air pockets avoid the liquid in-
filtration

most appropriated to adjust the wetting behavior of
PLA and PLA-P3TMA fibrous scaffolds.

Also, sCA values of water and formamide indicate
that the incorporation of P3TMA into PLA fibers
does not provoke significant changes in the wetta-
bility of the polyester (Table 1), independently of the
blend composition. For ethylene glycol, PLA-P3TMA
fibers exhibit lower wettability than PLA, the sCA
of the polyester increasing 13—20° upon the addition
of the CP. This is a very attractive result for drug-re-
lease applications since the low wettability of PLA—
P3TMA scaffolds in such solvents is expected to be
accompanied by a slow release.

Surface phenomena, like wetting, adsorption and ad-
hesion, are controlled by the surface energy (SE) of
the materials used for deposition. The sCA values dis-
played in Table 1 have been used to estimate the SE
using the Equation-of-State (EoS) [41], Fowkes [42],
and Owens-Wendt-Rabel-Kaelble (OWRK) [43, 44]
theoretical models. As each model considers differ-

ent physical assumptions and interactions for the cal-
culation of the SE components, comparison among
such approaches is not an easy task. Results derived
from the different models, which are displayed in
Table 2, reveal a general tendency. The SE of the solid-
gas interface (ys) and its dispersion and polar com-
ponents (y4 and y, respectively) decrease with in-
creasing P3TMA content. Samples with high SE,
like PLA fibers, interact more readily with liquids
because of their bonding potential. Results allow us
to conclude that a small percentage of P3TMA ade-
quately dispersed in the electrospinning process is
able to reduce the ys components, precluding rapid
drug release.

The influence of the fibrous morphology in the SE
of PLA and PLA-P3TMA was examined by com-
paring results displayed in Table 2 with those ob-
tained for films prepared by solvent casting using
chloroform solutions (Table 3). As it can be seen, the
ys was one order of magnitude higher for films than
for fibers. For PLA films, the yg values displayed in
Table 3 are in good agreement with those reported
in the literature, which range from 35.1 to 50 mJ-m
(up to 50 mJ-m2), with y4 ca. 26.9-29.7, and y, ca.
8.2-10.5 mJ-m™2 [45]. Similarly, the SE values of
PLA-P3TMA interfaces and, therefore, their wetting
response, are influenced by their morphology.

The highest work of adhesion (4), calculated using
the results derived from the OWRK model, was ob-
tained for PLA scaffolds, which was attributed to the
fact that PLA exhibits the highest ys (Table 2). Ac-
cordingly, this surface is less repellent to liquid than

Table 2. Surface energy parameters and W, values [mJ-m~2] for PLA-P3TMA scaffold samples

EoS Fowkes OWRK Work of adhesion® (W,)
s 7, 7 P¢P s Water Formamide | Ethylene glycol
PLA 7.07£0.26 | 7.09+0.23 | 10.99+0.00 | 0.62+0.00 | 11.61+0.00 49.08 49.02 44.72
PLA-P3TMA5:1 | 6.53+0.36 | 5.05+0.21 | 3.95+0.00 | 0.11+0.00 | 4.06+0.00 34.68 33.18 30.23
PLA-P3TMA 2:1 | 5.02+0.38 | 3.51+0.28 | 3.61+0.00 | 0.00+0.00 3.62+0.00 33.72 33.13 29.26
PLA-P3TMA 1:1 | 443+0.18 | 3.61£0.14 | 2.52+0.00 | 0.13£0.00 | 2.65+0.00 30.37 28.45 2591

aa values for PLA-P3TMA scaffolds based on data derived from the OWRK model.

635



Pérez-Madrigal et al. — eXPRESS Polymer Letters Vol.10, No.8 (2016) 628—646

Table 3. Surface energy parameters of PLA and PLA-P3TMA samples prepared by solvent casting

EoS Fowkes OWRK
PLA-P3TMA s 75 7 5P s
1:0 37.65+0.24 35.99+0.02 33.99+0.03 4.42+0.01 38.41+0.03
5:1 33.79+0.77 53.67+0.10 73.08+0.00 2.31£0.01 75.39+0.00
2:1 34.75+0.69 54.60+0.10 58.20+0.02 0.10+0.00 58.31+0.02
1:1 32.04+0.38 47.93+0.10 37.66+0.02 0.95+0.00 39.62+0.02

systems with CP. In conclusion, the SE and W, of
PLA-P3TMA fibrous scaffolds prepared by electro-
spinning are substantially lower than those obtained
for film. Thus, the surface of the fibers is more repel-
lent to polar liquids than that of films.

3.3. Electrochemical impedance spectroscopy

The presence of the CP in the PLA fiber mat serves
to meet two purposes. First, as it was discussed in the
previous section, a small amount of adequately dis-
persed P3TMA is able to reduce the SE parameters,
thus decreasing the wetting behavior and slowing
down the rapid drug release in polar solvents. Sec-
ond, it is expected that cells will respond to an ex-
ternal electrical or electrochemical stimuli when in
contact with the CP. Therefore, before drug-loading,
the bulk conductivity of PLA-P3TMA fiber mats
was evaluated by EIS. Samples were prepared by
electrospinning and cut in disc-shaped formats for

PLA-P3TMA fibers
Figure 4. Photographs of PLA-P3TMA and PLA electro-
spun fibers and PLA saolvent casted films pre-
pared for EIS analyses using a capacitor cell
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adaptation to the capacitor cell [35]. As it is illustrat-
ed in Figure 4, scaffolds become darker with increas-
ing content of CP.

The Nyquist and Bode plots provide information
about the distribution of the CP in the biopolymer
matrix. Figure 5a indicates that PLA and 5:1 PLA-
P3TMA scaffolds exhibit similar resistance and ca-
pacitance, indicating that the incorporation of a low
concentration of CP does not alter the electrochem-
ical properties of PLA fibers. Results for the three
replicated samples of each system were alike and,
therefore, only one curve was represented. Spectra
show a very compressed and very small beginning of
a semicircle in the high frequency range, and an in-
clined straight line in the low frequency range. It is
well known that the high frequency semicircle is as-
sociated with the bulk relaxation of the film and its
irregular thickness and morphology, while the
straight line refers to the migration of ions and the
surface inhomogeneity of the electrodes [46].

On the other hand, spectra for the 1:1 PLA-P3TMA
scaffolds, which contain the highest PSTMA concen-
tration, show a slightly different behavior as it is ob-
served in the corresponding Bode plot (Figure 5b).
The phase angle for samples with such composition
is very low in the high frequency region, which only
can be explained by the presence of defects caused

80

log| 2] [€2:cm?]
—Phase angle [°]

b) logf [Hz]

Figure 5. (a) Nyquist plots of PLA (square) and 5:1, 2:1 and 1:1 PLA-P3TMA (diamond, round and triangle, respectively)
fiber matrices obtained using a capacitor cell. The inset in the diagram shows the impedance plot with magnified
scale axes. Continuous lines correspond to the fitting of results obtained using the EEC to the experimental data.
(b) Bode diagram from Nyquist plot. Filled figures refer to the angle phase axis, while empty figures refer to the

log|Z] axis.
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by an irregular distribution of P3TMA aggregates in-
side the fibers. Such distribution favors the rapid pen-
etration and conduction of the electrolyte across the
scaffold. In contrast, PSTMA seems to be homoge-
neously distributed in 2:1 PLA-P3TMA fibers show-
ing a Nyquist plot with the lowest resistance and ca-
pacitance values (Figure 5a), whereas the Bode plot
(Figure 5b) presents the highest phase angle (32.1°)
and the lowest log|Z| (1.15) at the high frequencies
zone (10° Hz). Quantitative analyses of these results
required fitting with an adequate electrical equiva-
lent circuit (EEC) for each system (Figure 6).

In our experiments, a PLA-P3TMA film was placed
between two stainless steel (SS) electrodes forming
through-plane cell geometry for bulk resistance and
capacitance measurements across the film, i.e. form-
ing a capacitor cell [35]. This means that, under po-
larization, an electrical double layer will be formed
at the electrodes interface. This charged ion mono-
layer includes the electrolyte ions arranged in a mono-
layer at the electrode surface since they cannot tres-
pass the electrode and the layer of opposite ionic
charge at the electrode surface [46]. As it was care-
fully explained by Soboleva et al. [47], the idealized
circuit for such a system has several elements and can
be represented by the EEC displayed in Figure 6a.
Briefly, each film/blocking electrode interface is rep-
resented by the parallel combination of a capaci-
tance, which models the capacitance of the double
layer (C} and (), and the resistance of the blocking
electrode (R; and R,). Besides, the bulk properties
of the polymer film are represented by means of a
bulk membrane capacitance (Cy) and a bulk resist-

Il Il I
1Ic. IIc; e,
a)
—] L | cPE
1|
b) iIc

c) HF LF

Figure 6. Equivalent electrical circuit for the scaffold films
between two blocking electrodes: (a) idealized cir-
cuit, (b) simplified circuit and (c) electrical equiv-
alent circuit of PLA—P3TMA system. HF stands
for High Frequency range and LF for Low Fre-
quency range.

ance (Ry). However, the above circuit can be simpli-
fied into the one shown in Figure 6b by taking into
account the following considerations: (i) the elec-
trode/electrolyte interface is merely capacitive, there-
fore resistances R and R, can be omitted; and (i7) the
dominant process at the proton conducting electrode
can be considered as a double layer capacitance. The
elements of this equivalent electric circuit are the
Cq1, which models the interfacial capacitance that
arises from the double layer capacitance at the film/
electrode interface, and Ry, and Cy, associated in par-
allel, which represent the bulk resistance and the geo-
metrical capacitance of the film/electrode interface,
respectively.

As the real system is much more complicated and
the capacitance at solid electrodes does not behave
ideally, two constant phase elements substitute the
capacitors Cy and Cy, considering the inhomogeneity
of the system and the roughness and irregularities of
the electrode surface [48, 49]. After fitting the exper-
imental data to an equivalent electrical circuit it was
found that PLA and PLA-P3TMA blends of wt%
ratio 5:1 and 2:1 adjust to the circuit depicted in Fig-
ure 6¢, while the fitting of a circuit to the 1:1 blend
was much more difficult to achieve. This has been at-
tributed to the fact that the high concentration of CP
in the 1:1 film provokes the formation of P3TMA ag-
glomerates inside the polymer matrix, resulting in a
complex interface distribution. Thus, only the exper-
imental data of one tested sample was properly fitted
with the previous circuit. Therefore, in terms of the
equivalent circuit elements analysis, the values dis-
played in Table 4 for the 1:1 blend are not averages.
The electrical equivalent circuit used for the fitting
of PLA and PLA-P3TMA EIS data was:
Ryoin(RyCPE)CPE,. It only differs from the general
circuit described above (Figure 6b) in the presence
of Ryom, which models the PBS electrolyte resist-
ance. The parallel combination of R, and CPE; re-

Table 4. Thickness and bulk conductivity values for the PLA—
P3TMA fiber scaffolds obtained by EIS measure-

ments
4 Thickness c-1077
[pm] [S-em™]
PLA 18.9+4.2 4.33+0.91?
PLA-P3TMA 5:1 26.0+£5.9 5.39+0.722
PLA-P3TMA 2:1 25.2+10.6 8.26+0.59?
PLA-P3TMA 1:1 24.8+5.8 8.16°

2Average of three independent samples fitted to the proposed elec-
trical equivalent circuit (EEC).
Only one sample fitted properly to the proposed EEC.
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sults in the high frequency semicircle while the CPE,
represents de double layer capacitance. The mean of
the simulated values for the EIS data are summarized
in Table 4. The CPE impedance can be expressed as
is indicated in Equations (1) and (2):

Zcpe = B(jo)™ (1)
a=1-n% 2

where B = Cg! only when n =1, and n is related to
o which is the deviation from the vertical of the line
in the Nyquist plot. Thus, # = 1 equals an ideal capac-
itance, and lower n values reflect the roughness of
the electrode employed [46].

The EIS results showed that the density of the charge
carriers and their mobility increase with the P3TMA
content in the scaffold, improving the bulk conduc-
tivity. More specifically, the bulk conductivity of the
fiber matrix films can be calculated by applying the
Equation (3):

_ 1 d
5—R—bx 3)

where 0 is the bulk conductivity, d is the thickness
of the fiber film, 4 is the area of the polymer discs
and Ry, is the bulk resistance.

The good dispersion of P3TMA particles in the poly-
mer matrix, under electrospinning conditions, is crit-
ical to obtain good electrical properties in the isolat-
ing fiber blends. Table 5 lists the bulk conductivity for
all examined system. Comparison of the results ob-
tained for 2:1 PLA-P3TMA and PLA indicates that
the incorporation of 33 wt% of P3TMA into the fibers
composition increases the bulk conductivity by 91%.
According to these results, 2:1 PLA-P3TMA fiber
mats were chosen for drug-loading and release as-
says since they accomplish the two-fold character-
istic described before: good wettability and the high-
est bulk conductivity (8.26-107 S-cm™).

Bulk conductivities were recently reported for other
biodegradable polymer—CP blended systems. For ex-

ample, the electrical conductivity of electrospun fibers
made of PLA blended with undoped polyaniline
(PLA—PAni) and with polyaniline doped with cam-
phorsulfonic acid (PLA—PAni-CSA) was reported to
be 1.5:107 and 8.4-102 S-cm™!, respectively [50].
Also, McKeon et al. [51] electrospun several poly-
aniline and poly(D,L-lactide) (PANi/PDLA) mix-
tures using different weight percent values. The elec-
trical conductivity of the 75/25 electrospun scaffold,
which was the only able to conduct a current of 5 mA,
was 4.37-1072 S-cm™!. In another work, PAni-CSA
was blended with poly(L-lactide-co-e-caprolactone)
(PLCL) to obtain uniform nanofibers with good elec-
trical properties [52]. Recently, incorporation of PAni
into polycaprolactone (PCL) fibers significantly in-
creased the electrical conductivity from a non-de-
tectable level for the PCL fibers to 63.6-1073+
6.6:107> S-cm! for the fibers containing 3 wt% PANi
[53]. Forciniti et al. [54] suggested that blends of
poly(lactic-co-glycolic acid) and chloride-doped PPy
exhibit the same electrical properties that the indi-
vidual CP. Conductive PPy coating polyamide 6 (PA6)
nanofibers were prepared by polymerizing pyrrole
monomers directly onto the fiber [55].

3.4. PLA-P3TMA fibers loaded with drugs

Once the PLA-P3TMA-drug (2:1:0.4 w/w) samples
were prepared considering CIP (antibiotic), CHX
and TCS (biocides), and IBU (anti-inflammatory),
SEM micrographs were taken to identify the possible
morphological changes induced by the loading
process. The surface of the loaded fibers was found
to be less smooth and homogeneous than those of
unloaded fiber samples. The lack of uniformity is re-
flected in Figures 7a and 7b for IBU and CIP drug
loaded fibers, respectively, exhibiting enhanced flex-
ibility and non-homogeneous diameters (i.e. varying
from 1.58 to 5.09 um) with respect to unloaded PLA—
P3TMA. Besides, fibers tend to agglomerate without
directional preference forming disorganized branch-
es with diameters between 11 and 40 pm. Further-
more, the porosity of IBU loaded fibers is very high

Table 5. Data of EIS results obtained from the electrical equivalent circuit showed in Figure 6 for all polymeric blends

Ryo1 CPE; R, CPE,
PLA-P3TMA [ é"] [F-st1] n [ks;] [F-s™1] n
1:0 8.24+3.34 5.00-105+1.71-10°5 0.50£0.08 | 2.47+0.09 2.27-105+1.82-10°5 0.73£0.13
5:1 11.73£3.91 1.55-10 %+3.02-10°5 0.51£0.02 | 2.74+0.54 421-105+1.90-10°6 0.87+0.03
2:1 11.62+5.58 1.47-10 %+5.76-10°5 0.50£0.03 | 1.75+0.82 1.51-10 5+8.83-10°6 0.73+0.05
1:1° 939 1.32:10°° 0.66 1.456 4.88-107° 0.80

20Only one sample properly fitted to the equivalent circuit proposed.
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Figure 7. SEM images of 2:1 PLA-P3TMA fibers loaded with: (a) IBU, (b) CIP, (¢) CHX and (d) TCS. Left and right images
correspond to small and high magnifications.
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in both outside and inside, as is reflected in the mi-
crographs of the interior of broken morphologies
(Figure 7a, right). Figure 7b (right), which displays
a PLA-P3TMA-CIP fiber, allows us to distinguish
embedded drug particles.

Morphological changes are less severe for CHX
loaded samples than for IBU- and CIP-containing
ones. Thus, well-formed and homogeneous scaffolds
made of fibers with morphology, diameter and sur-
face roughness similar to the unloaded ones are ob-
tained (Figure 7¢). Finally, TCS-containing samples
provide the most homogenous fibers, exhibiting a
highly smooth surface that largely resembles the tex-
ture of unloaded 2:1 PLA-P3TMA fibers (Figure 7d).
In spite of this, AFM images displayed in Figure 8
evidence that TCS provokes a drastic change in the
shape of the fibers. Thus, compact and regular PLA—
P3TMA-TCS fibers present a ribbon-like shape
rather than a tubular shape like that observed for 2:1
PLA-P3TMA fibers (Figure 1c). Variations in the
fiber texture with respect to PLA-P3TMA are re-
flected in the AFM images of PLA-P3TMA—-CHX,
PLA-P3TMA-CIP and PLA-P3TMA-IBU, which
are displayed in Figure 9. The different effects of

a) 10%x10 um? 0nm

3.5um

loaded drugs into fiber dimensions have been attrib-
uted to the changes induced by drug:---drug, drug---
PLA and drug---P3TMA interactions, which alter the
polymer---polymer interactions established in un-
loaded fibers. Thus, attractive and repulsive interac-
tions may provoke the collapse and expansion of the
polymeric matrix, respectively. Similarly, the bal-
ance between the different interactions is expected
to affect the texture and roughness of the fibers.

On the other hand, considering the homogeneity of
the electrospinning media, which were obtained by
adding the drug dissolved in DMSO to a chloroform-
acetone mixture containing the two polymers, and
the fact SEM and AFM micrographs indicate that the
drugs were not located outside the fibers, the drug
loading efficiency is considered to be very high in
all cases.

Confocal Raman spectroscopy was also used to ex-
amine the drug-loading into the PLA-P3TMA sam-
ples. Figure 10, which shows the spectrum for the
PLA-P3TMA-CIP samples, reflects the presence of
several peaks (brown-shadowed) coming from the
drug and the main absorption band from P3TMA at
about 1480 cm™'. The corresponding optical image

4 um

Figure 8. AFM micrographs from PLA-P3TMA-TCS fibers: (a) 2D height image, (b) 3D image (10x10 um?) and (c) SEM

micrograph (scale bar: 4 um)

640



Pérez-Madrigal et al. — eXPRESS Polymer Letters Vol.10, No.8 (2016) 628—646

Height

0.5 ym

a) 10x10 um? 0um

Height

b) 10%10 pm? 0 um
Height

c) 5x5 um? 0um

SEM

Figure 9. AFM micrographs from PLA:P3TMA 2:1 loaded with CHX (a), IBU (b) and CIP (¢): 2D height image, 3D images

and SEM micrograph
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Figure 10. (a) Optical image of PLA-P3TMA-CIP fibers. The red line shows the spot in which the Raman spectrum was
taken. (b) Raman spectra: the dotted line corresponds to PSTMA powder, the blue line to CIP powder and the red

line to the PLA-P3TMA~-CIP sample.

displays a white shine along the fiber that has been cases (not shown; available upon request to the au-
attributed to the drug. Unfortunately, identification  thors), which has been attributed to its small concen-
of the loaded drug was less clear for the other three  tration (12 wt%).
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3.5. Drug release study

Drug release from electrospun fibers in a given
medium usually relates to: (/) the morphology and
crystallinity of such fibers; and (i7) the intermolecu-
lar interactions established between the drugs and
the polymeric matrix. Within this context, it should be
noted that the crystallinity and thermal behavior of
PLA-P3TMA fibers was previously examined [33].
Quantitative release studies were performed consid-
ering PLA—P3TMA matrices loaded with CIP, CHX,
TCS and IBU. Both PBS and PBS-EtOH were used
as release media. According to previous studies [36],
the ethanol supplement facilitates the delivery of high-
ly hydrophobic molecules, such as TCS and IBU,
precluding the establishment of early equilibrium con-
ditions that limit their release in PBS. Figure 11a
shows the release profiles in PBS for all four drugs
loaded in PLA-P3TMA. The lower values were ob-
tained for TCS (30%) and IBU (25%), suggesting
that the retention into the polymer crystalline do-
mains was higher for these drugs than for CIP and
CHX. However, the release of TCS and IBU increas-
es to 90 and 80%, respectively, when the delivery
was performed using the more hydrophobic PBS-
EtOH environment (Figure 11b).

On the other hand, release percentages in PBS of CIP
and CHX from loaded PLA-P3TMA (i.e. ~90 and
~70%, respectively) are higher than those obtained
for TCS and IBU. Furthermore, the release of CHX
in PBS-EtOH was also very fast, reaching a value of
~70% after only seven hours of exposure (Fig-
ure 11b). Previous studies [56—58] indicated that the
release kinetics of these drugs can be explained by
the Higuchi and first-order models, which are usu-

100 —

Release [%]

Time [h]

Figure 11. Drug release profile from 2:1 PLA-P3TMA scaffolds in (a) PBS and (b) PBS-EtOH

ally combined to describe the first (from the begin-
ning to 60%) and second (40—100%) stages of the re-
lease [59], respectively. In both cases, the delivery
process is explained by the diffusion of the drug
through the polymer matrix, which is facilitated by
the ethanol-induced swelling of PLA [36].
Accordingly, the release profiles of CIP, CHX, TCS
and IBU drugs loaded in the PLA-P3TMA scaffolds
allowed us to reach some important conclusions:
a) the electrospun hybrid fibers of PLA and P3TMA
can be successfully used to load either hydrophilic
and hydrophobic drugs; and b) the behavior of loaded
2:1 PLA-P3TMA fibers depends on the release en-
vironment, drug release being faster in a more hy-
drophobic medium.

3.6. Evaluation of bactericide activity of 2:1
PLA-P3TMA—drug scaffolds

Agar diffusion tests were conducted to demonstrate
qualitatively the biological activity of the antimicro-
bial drugs (CIP, CHX, and TCS) loaded into 2:1 PLA—
P3TMA electrospun fibers (Figure 12). E. coli and
S. epidermidis bacteria were chosen as representative
Gram negative and Gram positive bacteria groups, re-
spectively. There was no inhibition halo in the growth
plate of E. coli and S. epidermidis (Figures 12a and
12b, respectively) around the unloaded and IBU-
loaded PLA-P3TMA samples. This expected result
is consistent with the lack of bactericidal activity of
PLA, P3TMA and IBU.

In contrast, halos of inhibition were observed for
PLA-P3TMA electrospun fibers loaded with TCS,
CHX and CIP, evidencing the antimicrobial activity
of these drugs [36, 56, 57, 60]. The formation of such

100 —

60 —

Release [%)]
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Figure 12. Inhibition of bacteria growth for (a) Escherichia
coli and (b) Staphylococcus epidermidis. Un-
loaded 2:1 PLA-P3TMA scaffold was used as
control disk. TCS, CHX, CIP and IBU disks refer
to 2:1 PLA-P3TMA fibers loaded with the cor-
responding drug. Red lines indicate the areas of
the plates occupied by each samples. The inhibi-
tion zones are highlighted with dotted lines.

halos corresponds to the drug released from the scaf-
fold and, subsequently, diffused through the agar. The
diameters of the three halos displayed in Figure 12b
are similar, suggesting that the susceptibility of S.
epidermidis towards TCS, CHX and CIP is similar.
However, the response of E. coli towards such drugs
is completely different, as it is reflected by the dif-
ferent sizes of the halos in Figure 12a. Although the
agar diffusion test can also be used as a quantitative
method, the diameter of the halos is only indicative
of bacterial susceptibility towards the drug. In sum-
mary, these results clearly prove that the biological
activity of the drugs is not affected by the electro-
spinning process or by the formation of interactions
between the drugs and the PLA-P3TMA matrix.

4. Conclusions

Fibers made of PLA and P3TMA, a biopolymer and
a CP, respectively, have been prepared by electro-
spinning and, subsequently, characterized. The first
step consisted in the optimization of the electrospin-
ning parameters, surface and conducting properties
of fibers prepared using 5:1, 2:1 and 1:1 PLA-P3TMA
compositions being examined. After this, fibers were
loaded with different drugs and both their release and
activity were studied.

Our results demonstrate that the incorporation of
P3TMA into PLA scaffolds provokes changes in the
surface morphology and decreases the bulk resist-
ance. Fibers prepared using 2:1 PLA-P3TMA exhib-
ited an increment in the bulk conductivity of ~90% in
comparison to PLA. The observed semiconducting
behavior suggests that scaffolds prepared using such
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composition would be appropriate for the develop-
ment of electrically stimulated drug-delivery sys-
tems. Furthermore, wettability measurements prove
that P3TMA reduces the surface energy parameters
of PLA. This has been shown to improve the appli-
cability of the prepared fibers as drug delivery sys-
tems.

Drug release experiments in PBS and PBS-EtOH
with 2:1 PLA-P3TMA-—drug scaffolds proved that
the release kinetics depends on the hydrophilicity of
solution medium, being faster for the least hydro-
philic medium. Moreover, CHX showed a stable re-
lease behavior either in PBS or in PBS-EtOH solu-
tions (65-70%), combined with a good fiber forma-
tion by electrospinning. As it was expected, unloaded
fibers (blank samples) do not show antibacterial ac-
tivity against . coli and S. epidermidis bacteria. How-
ever, PLA-P3TMA electrospun matrices loaded with
TCS, CHX and CIP drugs showed normal activity
against such two bacteria, proving that the bioactiv-
ity of these drugs was not altered by the electrospin-
ning process. Overall, these results demonstrate that
the drugs are well mixed in the PLA—P3TMA scaf-
fold matrices. Future work is oriented towards the re-
lease of drugs loaded on PLA—CP fibers by electro
stimulation.
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Abstract. The present study focuses on the reprocessing behaviour of recycled injection moulded polylactide (PLA)
composites. The composites are reinforced with regenerated cellulose fibres (lyocell) of variable fineness and a fibre mass
content of 30%. They were reprocessed up to three times. The influence of reprocessing on the fibre length distribution and
the resulting composite mechanical properties (tensile and impact strength) was analysed. While the first reprocessing cycle
does not affect the mechanical characteristics of the neat PLA matrix, the strength of the composites decreases significantly
due to a decreasing fibre aspect ratio. It was shown that fibres having a larger cross-sectional area display a lower aspect
ratio than finer fibres, after reprocessing. This phenomenon leads to a larger decrease in tensile strength of composites
reinforced with coarser fibres when compared to composites reinforced with finer fibres. A comparison of virgin composites
and threefold reprocessed composites with a similar fibre length distribution resulted in a significantly higher tensile strength
compared to the virgin sample. This result leads to the conclusion that not only the fibre length is drastically reduced by
reprocessing but also that the fibres and the matrix were damaged.

Keywords: polymer composites, recycling, biocomposites, mechanical properties, processing technologies

1. Introduction is usually little affected, the tensile strength of re-
Due to increasing environmental awareness, the de-  processed composites typically decreases with an in-
mand for recycled and reprocessed composites is  creasing number of reprocessing steps due to fibre
growing, especially for man-made fibre-reinforced shortening. These effects were observed by Bour-
petrochemical-based plastics. Oliveux ef al. [1] give  maud and Baley [2, 3] as well as by Dickson et al. [4]
an overview of the characteristics of recycled glass, for glass fibre-reinforced polypropylene (PP) or by
carbon and aramid fibre-reinforced plastics and sum-  Bernasconi et al. [5] for glass fibre-reinforced poly-
marise the influences of different recycling tech- amide (PA) 6.6 among others.

niques on the composite mechanical properties. Recycling is becoming even more important for nat-
Many studies deal with the reprocessing of glass fibre-  ural fibre-reinforced composites. 30 000 tonnes of nat-
reinforced composites. For the greater part virgin com-  ural fibres were used 2012 in the European automo-
posites are reprocessed mechanically via shredding  tive industry, an increase from around 19 000 tonnes
and injection moulding. While the Young’s modulus  of natural fibres towards 2005 [6]. Since 2015, the
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European automotive industry must recycle 95 mass%
of an automobile [7]. Only 5% of the materials may
be discarded. 10% may be incinerated and 85% must
be recycled. Since the mass of natural fibre-rein-
forced composites in automotive applications has sig-
nificantly increased in recent years, recycling is be-
coming increasingly important for this class of ma-
terials. Most natural fibre-reinforced composites are
produced with thermoplastic polymers as a matrix.
Some approaches exist for the mechanical reprocess-
ing of composites and the further processing by in-
jection moulding, e.g. for flax fibre-reinforced PP [4,
8], flax fibre-reinforced polylactide (PLA) [9], hemp
fibre-reinforced PP [2, 3], sisal fibre-reinforced PP
[2, 3], wood fibre-reinforced PP [4, 10], wood fibre-
reinforced high density polyethylene (HD-PE) [11]
or alfa fibre-reinforced polyvinylchloride (PVC)
[12]. A decrease in fibre length during reprocessing
was found for all cited studies. An opposite trend
was observed for the void fraction, which was ob-
served to decrease during reprocessing, leading to a
more homogeneous composite structure and a better
wetting of the fibres within the matrix [12, 13].

The main problem which appears during reprocess-
ing is the shortening of fibres, leading to a lower as-
pect ratio when single man-made fibres are consid-
ered. Since the most plant fibres are arranged in fibre
bundles, it is possible that these fibre bundles are split
into smaller fibre bundles or single fibres. It should
be noted that different natural fibre bundles show
different breakage during processing. Depending on
their chemical composition, elementary fibre cells
and mechanical strength, natural fibres present more
or less extensive breaking and disaggregation during
processing. Beaugrand and Berzin have shown that
the aspect ratio of hemp fibres in a polycaprolactone
(PCL) matrix increases when plasticised in water
[14]. Le Moigne et al. [15] investigated the length and
aspect ratio of flax, sisal and wheat straw extracted
from their PP based composites after injection
moulding. Flax was mainly broken into elementary
fibres whereas sisal still showed fibre bundles and
single fibres. In contrast to this, wheat straw showed
bundles and particles of low aspect ratios. In the case
where fibre bundles are opened to smaller bundles
or single fibres the aspect ratio may increase during
reprocessing, in contrast to single glass fibres which
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have a decreasing aspect ratio. The lower decreasing
aspect ratio of flax fibres leads to a lower decrease
of the composites’ tensile strength after reprocessing
when compared to glass fibre-reinforced composites
[9]. Moreover the interface quality influences the fibre
breakage. As shown for lyocell fibre-reinforced com-
posites, the length of fibres extracted from injection
moulded PP composites with a weaker fibre/matrix
adhesion was higher when compared to fibres extract-
ed from an injection moulded PLA composite [16].

Generally, the tensile strength decreases when the
fibre length of short fibres is reduced. This is espe-
cially the case for changes in length of fibres with val-
ues around the critical fibre length, e.g. by (re)pro-
cessing, as it has a large effect on the composites’
tensile strength. A work by Fu and Lauke [17] has
shown that an increase of the fibre length around and
even above the critical fibre length, up to a value
where the maximum tensile strength of a composite
is achieved, has a significant influence on the com-
posites’ tensile strength. In particular, an increasing
number of fibres with length values below the criti-
cal fibre length leads to a decrease of composite ten-
sile strength values [18]. Hence, an investigation of
processing and reprocessing of composites as a func-
tion of the fibre length is very important. No recent
studies were found which address the reprocessing be-
haviour of composites reinforced with regenerated
cellulose fibres. This study is an attempt to identify
the influences on the composite mechanical proper-
ties as a function of the fibre fineness and the num-
ber of reprocessing cycles of lyocell fibre-reinforced
PLA.

2. Materials and methods

2.1. Fibres and matrix

Composites were produced from lyocell staple fibres
(type Tencel®, Lenzing AG, Lenzing, AT) with a length
>38 mm and a fineness of 1.3, 6.7 and 15.0 dtex
(equivalent diameter: 10.5, 24.7 and 35.7 um). The
polylactide (PLA) matrix was supplied in the form
of staple fibres (type Ingeo SLN 2660 D; Eastern
Textile Ltd., Taipei, TW) with a fineness of 6.7 dtex
and a length of 64 mm. Fibres were produced from
NatureWorks™ 6202 D PLA with a density of
1.24 g/cm?, a melting temperature of 160—170°C
and a glass transition temperature of 60—65 °C.
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2.2. Composite processing

2.2.1. Composite production

Multilayer webs were manufactured with a labora-
tory carding machine with a working width of
200 mm (Shirley Developments Limited SDL, Stock-
port, UK, serial number 02895) as semi-finished
products. Lyocell fibres and PLA fibres were mixed
during the carding process at environmental condi-
tions (approx. 25 °C, 45% relative humidity). The ini-
tial mass of lyocell and PLA fibres was calculated on
the basis of the dry mass for a lyocell fibre mass con-
tent of 30%. As reference samples multilayer webs
were produced from 100% PLA fibres. The multi-
layer webs were then dried for 2 h at 105 °C in a forced
air oven (Thermicon®, Heraeus GmbH, Hanau, DE).
Following this, composite boards were produced
with a compression moulding technique between
two Teflon sheets. Hot compression moulding was
carried out at 180 °C for 3 min (press type HP-S10,
Joos, Pfalzengrafenweiler, DE). Afterwards, the boards
were compression moulded in a cold press (type HP-
S60, Joos, Pfalzengrafenweiler, DE) at 25°C for
3 min. The pressure was set to 5 MPa for the PLA
reference sample and to 12 MPa for the composites.
Composite boards were shredded to granules (shred-
der type EBA 2326C, Krug & Priester GmbH & Co.
KG, Balingen, DE) and were dried in a forced air
oven for 2 h at 105°C (type 2111520000200, Win-
daus-Labortechnik GmbH & Co. KG, Tullingen, DE).
Injection moulding was carried out with an Arburg
320C Allrounder 600-250 machine (Arburg GmbH
+ Co KG, LoBburg, DE; Screw: ¢30 mm, circumfer-
ential speed 20 m/min; nozzle diameter: 5 mm) at a
temperature profile of 170-172-175-177-180°C.
The injection moulding machine nozzle was heated
to 180°C and the injection mould was cooled to 25 °C.
The injection pressure, the backpressure and the hold
pressure were set to 600, 10 and 480 bar, respective-
ly. The cooling time was 30 s in a standard test spec-
imen tool (type 1 A according to DIN EN ISO 527-
2 [19)).

2.2.2. Reprocessing

Injection moulded composites were shredded into
granules (G) with a cutting mill type S15/20L (No.
K10300; H. Dreher GmbH & Co. KG, DE) equipped
with a sieve of rectangular holes (8 x 8 mm?). Gran-
ules were pre-dried for 2 h at 105 °C and then injec-
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tion moulded in the same manner as described above.
Composites reinforced with lyocell 1.3, 6.7 and
15.0 dtex were reprocessed once (R1). As an exam-
ple lyocell/PLA composites reinforced with medium
fine lyocell 6.7 dtex fibres were additionally re-
processed two (R2) and three times (R3).

2.3. Composite testing

Prior to mechanical composite characterisation, test
specimens were conditioned according to DIN EN
ISO 291 [20] at 23 °C and 50% relative humidity.

2.3.1. Tensile strength

At least 5 test specimens (type 1A, DIN EN ISO
527-2 [19]) were tested with a universal testing ma-
chine type Zwick Z 020 (Zwick/Roell, Ulm, DE)
working with a load cell of 20 kN and a Zwick/Roell
pneumatic clamping system (clamping pressure: 1—
2 bar). The gauge length was fixed to 100 mm. A pre-
load of 50 N was used and the test was performed
with a speed of 2 mm/min.

2.3.2. Impact strength

The unnotched Charpy impact strength was deter-
mined with a pendulum impact testing machine (type
5101, Zwick, Ulm, DE) operating with a pendulum
hammer of 2 J according to DIN EN ISO 179 [21].
In deviation from the standard, 5 test specimens in-
stead of the usual 10 with the dimensions of 80 x 10 x
4 mm? were investigated. The bearing distance was
set to 40 mm. The sample was hit on the flatwise im-
pact direction.

2.3.3. Differential scanning calorimetry (DSC)
DSC of PLA composites was carried out with a DSC
device type Q2000 V24.11 Build 124 (TA instru-
ments, New Castle, USA) in a temperature range be-
tween 0 and 200 °C (ramp 10 °C/min) under a nitro-
gen flow of 50 mL/min. The first and second heating
cycles were analysed.

2.4. Fibre extraction

For the determination of the fibre length distribution
and the actual fibre mass content, fibres were extract-
ed from granules and composites. For this purpose
the composites were conditioned according to DIN
ENISO 139 [22]. Ca. 1 g of a composite from the par-
allel section of a tensile test specimen was weighed
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exactly in a Duran® filter crucible with a porosity of
3 and a volume of 30 mL (Carl Roth GmbH & Co.
KG, Karlsruhe, DE) with a scale (type Kern ABT
120-5 DM, d = 0.00001 g; Kern und Sohn GmbH,
Balingen, DE). The crucibles were then boiled for
15 min in xylene (97%, Carl Roth GmbH & Co. KG,
Karlsruhe, DE) and filtered with suction using a vac-
uum pump and a filter flask. The procedure was re-
peated up to five times until no precipitated polymer
appears. Then the crucibles were dried for 0.5 h at
105 °C, conditioned and weighed a second time ac-
cording to DIN EN ISO 139 [22]. The fibre mass con-
tent was calculated from the initial mass and the fibre
mass after extraction. The extracted fibres were used
for the measurement of the fibre length.

2.5. Fibre testing

Prior to the investigations, fibres were conditioned
according to DIN EN ISO 139 [22] at 20°C and 65%
relative humidity.

2.5.1. Tensile test

Tensile characteristics of raw lyocell fibres were de-
termined with a Fafegraph M testing machine (Tex-
techno, Monchengladbach, DE) working with a pneu-
matic clamping system (PVC/PMMA clamps). More
than 70 fibres were investigated with a load cell of
100 cN at a gauge length of 3.2 mm and a testing
speed of 2 mm/min.

2.5.2. Fibre length

The measurement of the fibre length distribution was
performed for more than 500 fibres in each sample
with the image analysis software Fibreshape 5.1.1
(IST AG, Vilters, CH). Fibres were prepared on a
slide frame (40 x40 mm?, glass thickness 2 mm, com-
pany Gepe, Zug, CH) and scanned (4000 dpi reso-
lution for lyocell 1.3, 2400 dpi resolution for lyocell
6.7 dtex and 2000 dpi resolution for lyocell 15.0 dtex).
Intersecting fibres were not considered for the eval-
uation. An image used for the measurement of the
fibre length is shown as an example in Figure 1. Red
ellipses indicate intersecting fibres. A high number
of intersecting fibres may lead to a reduction of the
length value, since the probability for fibre intersec-
tions increase with increasing fibre length. There-
fore, care should be taken during fibre preparation
to reduce the number of fibre intersections.
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Figure 1. Scan of extracted fibres from a PLA composite re-
inforced with lyocell 15.0 dtex (R1). Red ellipses
show intersecting fibres.

A comparison of the measured fibre length L with
the critical fibre length L. (fibre length which is nec-
essary to reach a reinforcing effect in a matrix) is of
particular importance. When the interfacial shear
strength 7 between fibre and matrix is known, L. can
be calculated according to Equation (1) with the ten-
sile strength of of the fibre and the equivalent fibre
diameter dy. L, was determined for lyocell in PLA with
a pull-out test in a previous study [23]:

O¢-d
L= (1)

2.5.3. Scanning electron microscopy (SEM)
Fibre surfaces and fracture surfaces of composites
were investigated with a SEM type JSM 6510 (Jeol,
Eching, DE) operating with emission electrons at a
current of 10 kV. Prior to SEM investigation the sam-
ples were sputtered with gold for 90 s under a current
of 56 mA with a Bal-Tec sputter coater type SCD 005
(Bal-Tec, Liechtenstein).

2.6. Statistics

The statistical evaluation of the results was carried
out with the open source R software (http://www.r-
project.org/) with a Shapiro-Wilk test [24] regarding
a normal distribution of n < 5000. To discover if
there were significant differences between the data
of variable samples, for normally distributed data
with homogenous variances the Tukey-test [25] was
used and for data which were not distributed normal-
ly the Wilcoxon test [26] was chosen. All tests were
performed with a level of significance a = 0.05. Re-
sults are shown as Box-Whisker plots or histograms
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Upper whisker
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Median

Quartil 25

Lower whisker
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Figure 2. Box-Whisker plot with median value and the sec-
ond and third quartile

[27, 28]. A typical Box-Whisker plot, showing the
median, the 2" (Quartil 25) and 3" quartile (Quartil
75) and 1.5 times the interquartile length (Whiskers)
is shown in Figure 2. Since many results are not dis-
tributed normally, values reported in the text are
given as median value + mean arithmetic deviation.
Significant differences within one series of experi-
ments are marked with different letters above the
plots and an asterisk shows results which are not dis-
tributed normally.

3. Results and discussion

3.1. Fibre mass content

In order to compare the properties of the composites
with each other, the fibre mass fraction of the com-
posites should not deviate significantly from each
other. Table 1 shows the fibre mass content of virgin
composites, reprocessed granules (G) and reprocessed

Table 1. Fibre mass content of virgin composites as well as
reprocessed granules and composites determined by
fibre extraction (G: granules, R1: first reprocessing
step, R2: second reprocessing step, R3: third repro-
cessing step)

Fibre mass content
Composite [%o]
Actual value | Nominal value
30% lyocell 1.3 dtex/PLA 28 30
30% lyocell 1.3 dtex/PLA, R1 27 30
30% lyocell 6.7 dtex/PLA 28 30
30% lyocell 6.7 dtex/PLA, G, R1 29 30
30% lyocell 6.7 dtex/PLA, R1 29 30
30% lyocell 6.7 dtex/PLA, G, R2 29 30
30% lyocell 6.7 dtex/PLA, R2 29 30
30% lyocell 6.7 dtex/PLA, G, R3 29 30
30% lyocell 6.7 dtex/PLA, R3 30 30
30% lyocell 15.0 dtex/PLA 28 30
30% lyocell 15.0 dtex/PLA, R1 28 30
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composites (R1, R2, R3) resulting from the fibre ex-
traction. Reprocessed granules were produced from
tensile test specimens via shredding and were then
used for the production of reprocessed composites
via injection moulding. The results show that the
maximum deviation of the fibre mass content com-
pared to the nominal fibre mass content (30%) is 3%
for lyocell 1.3 dtex/PLA, R1. The maximum devia-
tion of composites within one series of experiments
is 2%. The extraction method itself provides an ac-
curacy of =1%. Therefore, the measured deviations
are negligible and the results of the composites are
comparable.

3.2. Fibre tensile strength

As shown in Figure 3, the results of the tensile
strength values of virgin lyocell fibres are not distrib-
uted normally and decrease significantly with increas-
ing fibre cross-section. The median fibre strength de-
creases from 511 (+71) MPa for lyocell 1.3 dtex to
448 (£52) MPa for lyocell 6.7 dtex and 348 (=64) MPa
for lyocell 15.0 dtex, respectively. This behaviour
could be explained by a higher probability for de-
fects in the cross-sectional area due to the higher
fibre volume. This trend was confirmed by Moon et
al. [29] and Wilson [30] for glass and ceramic fibres
as well. The lower fibre strength and specific fibre
surface of coarser fibres compared to fine fibres
should be considered in the evaluation of the com-
posite mechanical characteristics.

-

Tensile strength [MPa]

i:

—
—

=
1

T T T
Lyocell 1.3 dtex Lyocell 6.7 dtex Lyocell 15.0 dtex

Figure 3. Tensile strength of lyocell fibres of variable fine-
ness shown as Box-Whisker plots (significant dif-
ferences are marked with different letters; an as-
terisk shows results which are not distributed

normally)
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3.3. Influence of fibre fineness and
reprocessing on the composite mechanical
properties

3.3.1. Tensile and impact strength of composites

The tensile strength was investigated for composites

reinforced with lyocell of variable fineness as well

as for the neat PLA reference sample. PLA matrix
and composites were reprocessed once. The tensile
strength results are shown in Figure 4. It is shown
that the tensile strength of neat PLA was reduced
only slightly from 60 (+0.1) to 58 (+0.2) MPa due to
reprocessing. Courgneau et al. [31] reported that the
molecular weight of neat PLA decreases due to com-
pounding which has a strong impact on the degrada-
tion. It was shown that the combination of water gran-
ulation after compounding and a following drying
leads to a clear reduction of the molecular mass of

PLA. Since our granules were prepared via compres-

sion moulding and shredding this aspect can be negat-

ed. Moreover Courgneau et al. [31] stated that injec-

tion moulding itself does not have a significant im-

pact on the degradation of neat PLA. Lekube [32]

confirmed the low degradation of neat PLA due to

injection moulding and showed only a slightly lower
tensile strength of neat PLA reprocessed in five cy-
cles compared to virgin PLA.

85
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Figure 4. Tensile strength of PLA matrix and lyocell/PLA
composites in virgin state and reprocessed (R1)
shown as Box-Whisker plots (significant differ-
ences are marked with different letters; an asterisk
shows results which are not distributed normally)
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When considering the virgin composites, a signifi-
cant decrease of tensile strength with increasing fibre
cross-section can be seen. This effect is caused by the
decreasing tensile strength of fibres with an increas-
ing cross-sectional area as well as a decreasing spe-
cific fibre surface for fibre/matrix interaction as de-
scribed by Moon et al. [29] for glass fibres embed-
ded in epoxy and HDPE. Significantly the highest
reinforcing effect was determined for composites re-
inforced with the finest fibre (1.3 dtex) resulting in a
tensile strength of 81 (£2.5) MPa. Compared to the neat
matrix this is an increase by factor 1.34. Moreover,
a significant enhancement effect was measured for
lyocell 6.7 dtex/PLA with a value of 70 (£1.2) MPa
which is an improvement by a factor of 1.16. For the
composite reinforced with the coarse lyocell 15.0 dtex
fibres with a tensile strength of 61 (+0.7) MPa no re-
inforcement effect was detected (factor 1.01).
Reprocessed composites show significantly lower
values when compared to virgin samples. As present-
ed in Figure 4, the tensile strength of virgin compos-
ites decreases drastically with an increasing fibre
cross-section. Compared to virgin composites no sig-
nificant reinforcement effect was achieved for ly-
ocell 1.3 dtex/PLA with a tensile strength of
62 (£3.1) MPa (factor of 1.07). For lyocell 6.7 dtex/
PLA and lyocell 15.0 dtex/PLA decreases by factors
of 0.89 and 0.54 with tensile strength values of
51(£3.2) and 31 (+1.4) MPa were measured, respec-
tively.

As reported by Courgneau ef al. [31] an additional
aspect besides process induced fibre shortening, re-
sulting in reduced tensile strength data of composites
could be the degradation of the PLA matrix due to
the higher moisture content of cellulose fibres com-
pared to PLA. Moisture leads to a reduction of the
molecular weight of PLA due to hydrolysis and a de-
crease in length of the polymer chains. This effect
might be increased by reprocessing, since the gran-
ules in the intermediate processing step can absorb
moisture, which may result in further hydrolysis of
the polymer chains of the PLA matrix during the fol-
lowing injection moulding step.

The crack initiation measured with the unnotched
Charpy impact test (Figure 5) shows similar trends
as described for the tensile strength. The impact
strength of virgin neat PLA decreases only slightly
from 11 (£1.5) to 10(%1.0) kJ/m? for the reprocessed
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Figure 5. Unnotched Charpy impact strength of PLA and ly-
ocell/PLA composites in virgin state and re-
processed (R1) shown as Box-Whisker plots (sig-
nificant differences are marked with different
letters; all results are distributed normally)

PLA. For both virgin and reprocessed composites, a
clear influence by fibre fineness was detected with
decreasing impact strength values for composites re-
inforced with coarser fibres. But in comparison to
the tensile strength, the reinforcing effect of the fi-
bres is higher. For virgin lyocell 1.3 dtex/PLA the
impact strength increased up to a value of
25(+3.5) kJ/m? which is an improvement by a factor
of 2.30. For lyocell 6.7 and 15.0 dtex values of
17(£2.4) and 12(%0.9) kJ/m? were achieved (im-
provement factors of 1.63 and 1.11, respectively). In
contrast to the tensile strength data, reprocessed
composites reinforced with Iyocell 1.3 dtex and ly-
ocell 6.7 dtex display significantly higher impact val-
ues compared to the neat matrix. Values of 16 (+1.7)
and 13 (£1.6) kJ/m? were achieved corresponding to
improvement factors of 1.63 and 1.30. A decrease of
impact strength by a factor of 0.55 was determined
for lyocell 15.0 dtex/PLA (6 (+0.4) kJ/m?). The rea-
sons for the lower values of reprocessed composites
compared to virgin samples are the same as those de-
scribed for the tensile strength.

Despite a multiple higher tensile strength of the fi-
bres compared to the PLA matrix a reinforcement ef-
fect was not achieved for the tensile strength of ly-
ocell 15.0 dtex/PLA. A previous study has shown a
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1.5 times higher tensile strength with a value of
76 MPa for lyocell 15.0 dtex/PLA when compared
to pure PLA [33]. In contrast to the present study, the
composites were processed with much longer fibres
(fibre length 60 mm) via compression moulding
leading to a higher reinforcing effect. Therefore, it is
important to evaluate the fibre length distribution
and the influence of the fibre length on the mechan-
ical composite properties.

3.3.2. Fibre length distribution

The first reprocessing step (R1) has shown to signif-
icantly influence the mechanical characteristics of
the composites. From this standpoint, the hypothesis,
that fibres are strongly damaged due to the recycling
process is verified. It is known that processing via
extrusion and injection moulding leads to a clear
fibre shortening as shown by Joffre ez al. [13] for
wood/PLA composites or Erdmann and Ganster [34]
for Cordenka fibre-reinforced PLA composites. Hence,
any further reprocessing can lead to additional fibre
shortening.

In this study, the fibre length distribution was inves-
tigated for fibres which were extracted from virgin
and reprocessed composites. Figure 6 shows the per-
centages of fibre length distributions as histograms.
A higher frequency of longer fibres was observed for
both, virgin and reprocessed composites, with in-
creasing fibre cross-section. As a result, 67% of ly-
ocell 1.3 dtex fibres, extracted from virgin compos-
ites, have a fibre length of >300 um while lyocell
6.7 dtex and lyocell 15.0 dtex show values of 76 and
73%, respectively. However, reprocessed composites
contain fibres of a length >300 um only to 36, 48 and
62% of lyocell 1.3 dtex, lyocell 6.7 dtex and lyocell
15.0 dtex respectively.

The critical fibre length of lyocell fibres of variable
fineness was determined and calculated in previous
studies [33, 35] and is presented as rhombuses in
Figure 7a. Since the results of the fibre length meas-
urements are not distributed normally, the median
values are utilised. As reported by Le Moigne et al.
[15] fibre length can be strongly influenced and bi-
ased by extreme values. It is obvious that the median
fibre length of virgin lyocell 1.3 dtex/PLA with a
value of 467 um is clearly higher than the critical fibre
length L. (220 um [35]), while the fibre length of the
reprocessed composite is on the level with the L.
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Figure 6. Histograms of fibre length distribution of fibres extracted from virgin and reprocessed (R1) PLA composites rein-
forced with lyocell fibres of various fibre fineness. Results are pooled in 200 pm steps.
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value of 209 um. 71% of the fibres used in the virgin
lyocell 1.3 dtex/PLA composite display length values
above L. (view Figure 7b); the reprocessed compos-
ite contains 48% fibres longer than L.. For virgin ly-
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ocell 6.7 dtex/PLA the median fibre length of 661 pm
is slightly higher than L. (500 pm [35]) and repre-
sents 62% of fibres having length values higher than
L.. The median fibre length of the reprocessed com-



Graupner et al. — eXPRESS Polymer Letters Vol. 10, No.8 (2016) 647-663

posite is with 287 um below L.; in which only 31% of
the fibres display a fibre length above L.. The virgin
lyocell 15.0 dtex/PLA composite displays fibres with
a median fibre length of 724 um which are on the
level with the L. (748 pm [35]) and a total amount
of 47% of fibres being longer than L.. The corre-
sponding reprocessed composite shows the highest
deviation between the median fibre length of 342 pm
and L, with only 8% of fibres longer than L.

These findings are in close alignment with the tensile
strength results of the composites (compare Figure 4)
and show tensile strength as a function of fibre length.
The higher the fibre length compared to L., the high-
er the tensile strength of the composite. Composites
with a median fibre length close to the critical fibre
length do not display a reinforcement effect and com-
posites with a fibre length below the critical fibre
length resulted in lower tensile strength values com-
pared to the PLA matrix. It is known that even a slight
increase in fibre length when around L., leads to a
considerably higher reinforcing effect as shown for
the lyocell 6.7 dtex/PLA composite. This trend is
confirmed by the work of Fu and Lauke [17] who
reported considerable impacts by small changes of

the fibre length made around L. on the tensile strength
of glass fibre-reinforced plastics.

The lower tensile strength of composites reinforced
with coarser fibres is therefore based on one hand on
lower fibre strength and on the other hand on the
fibre length, especially the lower aspect ratio. As al-
ready discussed the coarse fibre breakages are lower
during injection moulding and reprocessing com-
pared to finer fibres (Figure 7). However, finer fibres
display a lower equivalent diameter resulting in a
higher aspect ratio despite the lower median fibre
length (view Figure 8).

The critical aspect ratio which is necessary for a re-
inforcement effect was determined to be 21 in a pre-
vious study for lyocell [33, 35]. The critical aspect ratio
is calculated from the critical fibre length of lyocell
divided by the fibre diameter. In the case of lyocell
15.0 dtex the critical fibre length of 748 um is divid-
ed by the equivalent diameter of 35.7 um [33, 35].
Despite of the higher fibre length of the coarser fi-
bres Figure 8a shows a decrease in the fibre aspect
ratio with an increasing fibre cross-section. This ef-
fect is based on the higher equivalent fibre diameter
of coarser fibres when compared to finer fibres
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Figure 8. Aspect ratio of fibres extracted from virgin and reprocessed composites as a function of the equivalent fibre diam-
eter (a); influence of fibre diameter on the aspect ratio (b) and maximum loaded fibre surface area (cylindrical

fibre surface) as a function of the fibre length (c).
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(compare Figure 8b). E.g., the coarser the fibre the
higher L.. Moreover, it is known that the debonding
between a fibre and a matrix under mechanical load-
ing usually starts at the fibre end [36, 37]. In com-
posites with the same fibre mass shorter fibres mean
a higher number of fibre ends where debonding can
start. Fibres with a length equivalent to L, may lead
to a reinforcing effect, however, they cannot provide
their full reinforcing potential. The fibres can be fully
loaded, but only in a small area in the center (Fig-
ure 8c). Fibres with a length > L. have a significantly
higher surface area in which the fibre can be fully
loaded, resulting in a higher tensile strength of the
composite. The shorter the fibre, the easier it is to pull
out from the matrix.

The median aspect ratio of fibres in virgin compos-
ites decreased from 45 for lyocell 1.3 dtex/PLA, to 28
for lyocell 6.7 dtex/PLA and 20 for lyocell 15.0 dtex.
Fine (1.3 dtex) and medium fine (6.7 dtex) fibres
used in virgin composites display a clearly higher as-
pect ratio when compared to the critical aspect ratio.
The aspect ratio of the coarsest fibre is equal to the
critical aspect ratio.

Reprocessed fibres show an aspect ratio comparable
to the critical aspect ratio in the case of the finest fi-
bres with a value of 20, while the medium fine and
the coarse fibres display an aspect ratio below the
critical aspect ratio with values of 12 and 10, respec-
tively. It can be concluded that the fibre length, and
especially the aspect ratio, have a significant impact
on the decreasing tensile strength after reprocessing
since the mechanical characteristics of PLA were
only slightly reduced after one reprocessing step (view
Figure 4). As already discussed the tensile strength
of' neat PLA is only slightly affected by reprocessing.
Besides the decreasing fibre length and possible fibre
damage due to reprocessing the residual moisture con-
tent may affect the molecular weight of PLA and the
mechanical characteristics of the whole composite
structure. As shown by Courgneau et al. [31] the resid-
ual moisture content of PLA composites reinforced
with 10 mass% ‘highly pure’ cellulose fibres is near-
ly three times higher (640 ppm) than that of neat PLA
(260 ppm). This effect leads to a reduction of the
molecular weight and a shortening of the polymer
chains of the PLA matrix which is highly sensitive to-
wards moisture. NatureWorks™ recommends keep-
ing the moisture content of 6202 D PLA matrix lower

than 50 ppm to prevent viscosity degradation and
potential loss of properties of the PLA. Reinforcement
with cellulose fibres leads to a higher degradation of
the PLA matrix. It is assumed that a higher fibre
mass fraction of 30% results in a higher moisture con-
tent. Moreover the increasing viscosity of the polymer
melt due to an increasing cellulose fibre mass fraction
may lead to a higher degradation of polymer chains
due to higher thermal degradation. Hence, the degra-
dation after one recycling step seems to be mainly
influenced by fibre shortening while fibre damage,
moisture resulting in a reduction of the length of the
polymer chains, and thermal degradation additional
affect the degradation of the composite.

3.4. Influence of reprocessing cyles (R1, R2
and R3) on the mechanical composite
characteristics

3.4.1. Fibre length

To investigate the influence of the reprocessing cycle,

three reprocessing steps were carried out exemplary

for composites reinforced with the medium fine fibre

(lyocell 6.7 dtex). Virgin composites, reprocessed

granules and reprocessed composites were investi-

gated for their fibre length distribution.

Figure 9 shows that there is a trend of an increasing

number of shorter fibres as the number of reprocess-

ing cycles increases. Due to the shredding process of
the virgin lyocell 6.7 dtex/PLA composites, the fibre
length was shortened during reprocessing in the gran-
ules (G, R1). While the virgin composite contains

62% fibres > L., the reprocessed granules only contain

40% fibres > L (L. = 500 um). The following injec-

tion moulding process (R1) leads to a further fibre

shortening and to only 31% of fibres with a length
above L.. As it appears on the graph (Figure 9), shred-
ding of reprocessed lyocell 6.7 dtex/PLA (R1) into
granules (G, R2) resulted in a higher number of fibres
with a length longer than L (37%). It is assumed that
very short fibres were lost during sample preparation
for fibre length measurements. Otherwise, the short
fibre fraction would not be represented after the fol-
lowing reprocessing step (R2). The second reprocess-

ing (R2) led to a lower amount of fibres > L. (25%)

in lyocell 6.7 dtex/PLA (R2) as well as in lyocell

6.7 dtex/PLA granules (G, R3) with 24% of fibres >

L. Finally, after the third reprocessing step (R3) only

22% of fibres have a length > L..
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Figure 9. Histograms of the fibre length distribution of ly-
ocell fibres with a fineness of 6.7 dtex extracted
from PLA composites in virgin state, from re-
processed granules (G) and composites re-
processed in one (R1), two (R2) and three (R3) cy-
cles, compared to short fibres (SF) extracted from
virgin SF-reinforced composites. Results are pooled
in 500 um steps. Bars below 500 pm indicate fi-
bres with a fibre length below the critical fibre
length L.
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To evaluate whether the fibre length distribution has
an influence on the composites and/or the fibre
strength is affected by the reprocessing, additional
experiments with virgin composites reinforced with
short fibres (SF) were carried out (SF were produced
from lyocell 6.7 dtex staple fibres with a cutting mill
type SM100 (Retsch, Haan, DE) with a sieve size of
6 mm).

The fibre length distribution of SF-reinforced com-
posites as well as the median fibre length of 275 pm
is comparable to that of R3 reprocessed composites
with a fibre length of 265 pm (view Figure 9). Both
composites contain 22% fibres of a length above L.
(500 pm).

In Figure 10 the value of L. of lyocell 6.7 dtex
(500 pm) is added as rhombuses to the Box-Whisker
plots of the fibre length distribution. It can be seen
that the median fibre length in virgin lyocell 6.7 dtex/
PLA (661 um) is higher than L., while reprocessing
leads to lower values. The third reprocessing step re-
sulted in a decrease in the median fibre length to a
value of 265 pm. The results are summarised in
Table 2. Additionally the weighted mean value and
the polydispersity of the fibre length distributions
were evaluated according to ISO 22315 [38]. The
mean values, as well as the weighted mean values are
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Figure 10. Fibre length of lyocell fibres with a fineness of
6.7 dtex extracted from PLA composites in virgin
state, reprocessed granules (G) and composites
reprocessed one (R1), two (R2) and three times
(R3) compared to short fibres (SF) extracted from
virgin (SF)-reinforced composites. The critical
fibre length of lyocell 6.7 dtex (500 um) is shown
as rhombuses
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Table 2. Median fibre length, median aspect ratio and mean fibre length as well as weighted mean fibre length and polydis-
persity determined according to ISO 22314 [38] of lyocell 6.7 dtex fibres extracted from virgin and reprocessed

composites
Sample Median Median ‘aspect Mean Weighted mean Poly('lis— N
[pm] ratio [pm] [pm] persity
30% lyocell 6.7 dtex, virgin 661 27.8 983 2051 1.9 526
30% lyocell 6.7 dtex, R1 287 12.1 519 1337 23 2009
30% lyocell 6.7 dtex, R2 347 14.6 456 915 1.5 981
30% lyocell 6.7 dtex, R3 265 11.1 392 873 1.7 2689
30% lyocell 6.7 dtex, SF 275 11.6 345 623 1.7 7295

shown to decrease with an increasing number of re-
processing cycles (Table 2). Compared to the median
value, the weigthed mean of virgin SF-reinforced
composites is clearly lower compared to the three-
time reprocessed composite (R3). The polydispersi-
ty, which is a measure of the heterogeneity of sizes
of fibre lengths within the distribution, shows the
same value of 1.7.

3.4.2. Tensile strength

As described for composites reinforced with fibres
of variable fineness, the tensile strength of one, two
and three-times reprocessed lyocell 6.7 dtex/PLA
composites is in alignment with the findings of the
fibre length distribution. The influence of reprocess-
ing on the composites’ tensile strength is shown in
Figure 11 for virgin and reprocessed composites. Ad-
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Figure 11. Tensile strength of Iyocell 6.7 dtex/PLA in virgin
state, reprocessed and reinforced with short fibres
(SF) shown as Box-Whisker plots (significant
differences are marked with different letters; all
results are distributed normally)
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ditionally, the tensile strength of SF-reinforced com-
posites is presented. A drastic decrease in tensile
strength by a factor of 0.72 when compared to the vir-
gin composite with a value of 70(+1.2) MPa is visible
for the once recycled (R1) composite (51 (£3.2) MPa).
The second reprocessing step leads to a further de-
crease in tensile strength to a value of 40(+1.3) MPa,
compared to the first reprocessing step this is a factor
of 0.78. The third step only results in a slight de-
crease by a factor of 0.95 (38(+1.6) MPa) compared
to the second reprocessing cycle.

As presented in Figure 9 and 10, the fibre lengths
show a similar distribution for R3 composites and vir-
gin SF composites. Despite a slightly lower fibre
length of SF composites compared to R1 composites
a significantly higher reinforcement effect was deter-
mined resulting in a tensile strength of 55(+1.3) MPa.
From these findings we conclude that the strength of
reprocessed composites is not only reduced by fibre
shortening but may also be a result of fibre damage
and a possible degradation of the PLA matrix due to
residual moisture. Residual moisture is higher in cel-
lulose fibre-reinforced composites compared to the
neat matrix leading to a decreasing molecular weight
and lower strength of PLA. Multiple drying steps
and reprocessing may lead to further hydrolysis of
polymer chains [31], and thus a lower strength com-
pared to the SF-reinforced composite.

3.4.3. Thermal behaviour

The DSC scan in Figure 12 shows the heat flow as a
function of temperature for the first and second heat-
ing cycle of a virgin lyocell SF-reinforced 6.7 dtex/
PLA and a threefold (R3) recycled lyocell 6.7 dtex/
PLA composite with a similar fibre length distribu-
tion. The curve progression is comparable to neat
PLA [39, 40]. Not any significant differences were
found between the virgin and the recycled compos-
ites. The first heating shows a clear glass transition
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Figure 12. DSC scan of the first heating cycle (a) (first peak: glass transition temperature 7§, second peak: cold crystallisation
temperature T, third peak: melting temperature 7i,) and the second heating cycle (b) of virgin SF lyocell
6.7 dtex/PLA composites and threefold recycled lyocell 6.7 dtex/PLA

and crystallisation temperature peak while this in-
formation is lost after the second heating due to crys-
tallisation of the PLA matrix. The glass transition
temperature 7 of the first heating, was determined to
be at 60.3 °C for both samples. The cold crystallisa-
tion temperature 7, was only slightly lower for the re-
cycled composite with 90.5 °C compared to the vir-
gin composites with 91.6 °C. Moreover, the melting
temperature 7, was determined to be 167 °C for the
virgin sample which shifted slightly to 166 °C for the
recycled composite. The second heating resulted in a
similar melting temperature which was determined to
be 168 °C for the virgin sample and 167 °C for the re-
processed sample. Thus it can be concluded that the
thermal behaviour of cellulose fibre-reinforced PLA
does not significantly change due to reprocessing.

3.4.4. Fracture behaviour and fibre damage
SEM micrographs of fracture surfaces of virgin ly-
ocell 6.7 dtex/PLA, lyocell 6.7 dtex SF/PLA and re-
processed (R1, R2 and R3) lyocell 6.7 dtex/PLA in-
dicate a trend of higher fibre pull-out with an in-
creasing number of reprocessing cycles (compare Fig-
ure 13). When comparing virgin composites with
virgin SF-reinforced composites, one can see that fi-
bres of the virgin composites show a higher pull-out
length. This phenomenon occurs due to the longer fi-
bres since the production procedures were exactly
the same. Usually fibre debonding starts at the fibre
ends and the shorter the fibre, the easier the fibre is
pulled out of the matrix [35]. The gaps between fibre
and matrix however appear to be in a similar range
which indicates a similar fibre/matrix adhesion.
Gaps or voids respectively, would lead to a clear de-
crease of the fibre/matrix adhesion.

Aside from fibre shortening, the fibres are clearly dam-
aged as a result of reprocessing. SEM investigations
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of at least 50 reprocessed fibres were carried out. For
example the appearance of SF fibres extracted from
a virgin composite and fibres from a reprocessed
composite (R3) are shown in Figure 14. Figure 14a
and 14b indicate a smooth surface and display the low
damage to SF. Threefold reprocessed fibres show the
beginning of fibre fibrillation (Figure 14c) and strong
fibre damage (Figure 14d) which may result in re-
duced fibre tensile strength.

3.5. Recycling behaviour of man-made
cellulose fibre-reinforced PLA compared
to other composites

It is well known that the mechanical performance of

fibre-reinforced plastics depends on the nature and

intrinsic properties of the polymer matrix, surface
characteristics, strength, shape and orientation of fi-
bres, the interfacial quality between fibre and matrix
as well as the processing stages and applied param-
eters, etc.. Clearly the fibre length may be affected by
the production process. Usually the reprocessing or
recycling of fibre-reinforced plastics leads to a clear
reduction in the fibre length. However, the aspect ratio
is not necessarily reduced. Unlike regenerated or
man-made fibres, natural fibres can exist as individ-
ual fibres or fibre bundles. An advantage of natural
fibre bundles is that they may be split into smaller
fibre bundles or single fibres, reducing the global
cross-section leading to a higher aspect ratio despite
length reduction [9]. Therefore, a recycling of com-
posites reinforced with natural fibre bundles often only
has a negative influence on the composite strength
after several recycling steps. This phenomenon was
observed by different authors for different natural

fibre bundles in variable matrices, eg. for flax/PLA [9],

flax/PP [4, 8], hemp/PP [2, 3], sisal/PP [2, 3], wood

fibre/PP [4] or alfa fibre/PVC [12]. Nevertheless, the
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Figure 13. SEM micrographs of virgin lyocell/PLA (a and b), virgin lyocell SF/PLA (c and d), reprocessed R1 (e and ), re-
processed R2 (g and h) and reprocessed R3 lyocell/PLA (i and j).
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Figure 14. SEM micrographs of fibres extracted from virgin SF lyocell/PLA composites (a and b) and reprocessed (R3) ly-

ocell/PLA composites (¢ and d)

fibre bundle may be damaged with an increasing
number of recycling steps, especially if the fibre bun-
dles are already split into single fibres, leading to
lower mechanical composite characteristics as a con-
sequence of reprocessing [2, 3].

In contrast to this man-made single fibres, such as
glass fibres, break if a critical stress is reached. This
breakage reduces the fibre length which leads to a
reduced aspect ratio and a reduction in tensile strength
of the composites [4]. During the recycling of ly-
ocell, fibre breakage also leads to a decreased aspect
ratio and thus, among other aspects such as degra-
dation of matrix and fibre damage, to a significant
reduction of the composite strength. Regarding the
recycling behaviour, natural fibre bundles therefore
display the greater potential compared to regenerated
cellulose fibres.

4. Conclusions

Similarly to other single fibres, the aspect ratio of ly-
ocell fibres decreases clearly as a result of reprocess-
ing. A DSC analysis of virgin composites and three
times reprocessed composites with a similar fibre
length distribution resulted in similar thermal behav-
iour regarding glass transition, crystallisation and melt-
ing temperature.
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The tensile and impact strength of pure PLA was only
slightly affected by reprocessing. It is concluded that
pure PLA was not significantly damaged due to re-
processing, however the mechanical characteristics
of the composites are significantly reduced by the first
reprocessing step. It can be shown that the decrease
in fibre length was higher for finer fibres when com-
pared to coarser fibres. Finer fibres however display
a higher aspect ratio leading to a higher reinforcing
potential. All results of tensile strength fit well with the
determined fibre length and aspect ratio values. While
fibres with a median fibre length higher than the crit-
ical fibre length lead to a reinforcing effect in the
composite, a fibre length at the level of the critical
fibre length leads to tensile strength values with the
level of a pure matrix. A fibre length smaller than the
critical fibre length resulted in a lower tensile strength
when compared to neat PLA. Besides fibre shorten-
ing, the degradation and damage of the fibres and the
matrix as a result of hydrolysis due to the higher mois-
ture level of cellulose fibres during reprocessing has
anegative impact on the tensile strength of the com-
posites. This aspect should be addressed in further re-
search activities. Regarding the recycling potential,
natural fibre bundles should be prefererred to single
cellulose fibres due to the advantage of being able
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to split them into finer bundles or single fibres lead-
ing to a lower decrease of the composite strength.
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Abstract. The inclusion of super paramagnetic iron oxide (Fe;O4) nanoparticles in stimuli-responsive hydrogel is expected
to enhance the application potential for cellular therapy in cell labeling, separation and purification, protein immobilization,
contrasting enhancement in magnetic resonance imaging (MRI), localized therapeutic hyperthermia, biosensors etc. in bio-
medical field. In this investigation two different magnetic and stimuli-responsive composite hydrogel particles with variable
surface property were prepared by simply blending Fe;04/SiO; nanocomposite particles with stimuli-responsive hydrogel
particles. Of the hydrogel particles prepared by free-radical precipitation polymerization poly(styrene-N-isopropylacry-
lamide-methyl methacrylate-polyethylene glycol methacrylate) or P(S-NIPAM-MMA-PEGMA) was temperature-sensitive
and poly(S-NIPAM-methacrylic acid-PEGMA) or P(S-NIPAM-MAA-PEGMA) was both temperature- and pH-responsive.
The morphological structure, size distributions and volume phase transitions of magnetic and stimuli-responsive composite
hydrogel particles were analyzed. Temperature-responsive absorptions of biomolecules were observed on both magnetic
and stimuli-responsive Fe;04/Si0,/P(S-NIPAM-MMA-PEGMA) and Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles and separation of particles from the dispersion media could be achieved by applying magnetic field without
time consuming centrifugation or decantation method.

Keywords: smart polymers, stimuli-responsive hydrogel, magnetic nanocomposite, blending, magnetic composite hydrogel

1. Introduction application potential in pharmaceutical formulation.
Stimuli-responsive hydrogels known as smart mate-  Poly(N-isopropylacrylamide) (PNIPAM) based tem-
rials are macromolecules that undergo reversible vol-  perature-responsive hydrogels have been extensively
ume phase transition in response to a small change studied because their physicochemical properties can
of external stimuli such as temperature [1-9], pH [9—  easily be tailored by insertion of other comonomers
13], light [14-16], electric current [17-19], ionic  into the polymer chain, they exhibit low cytotoxicity
strength [20-22] or chemical species [23]. Re- and can be drained out from the organism [30, 31].
searchers are showing much attention in these ma-  With the increase in temperature PNIPAM chains sol-
terials for their wide range of biomedical and phar-  uble in aqueous medium dehydrate at the temperature
maceutical applications [24-29]. However, temper-  above the lower critical solution temperature (LCST)
ature-sensitive hydrogels are the most studied class  of ~32°C as attractive segmental interactions among
of stimuli-responsive polymers as they have strong  the hydrophobic isopropyl groups dominate. This in-
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duces a conformation change from a coil to globular
state and turns the transparent PNIPAM solution into
turbid emulsion.

The design of magnetic and stimuli-responsive com-
posite hydrogel particles would be interesting be-
cause of wide application probability in magnetic
bioseparation, drug delivery, magnetic resonance im-
aging contrast enhancement [32-39]. In magnetic and
stimuli-responsive composite hydrogel particles, the
first allows a suitable and energy efficient separation
capability of biomolecule/drug loaded composite par-
ticles from the complex culture medium and the lat-
ter allows easy uptake and elution of absorbed bio-
molecule/drug. It is also plausible to assume that
poor mechanical strength and flame-retardant prop-
erty of hydrogel particles will be improved due to the
inclusion of an inorganic component. These improved
properties may offer additional advantage in indus-
trial applications as well as in catalysis. In the liter-
ature several approaches are available for the prepa-
ration of magnetic composite polymer microspheres.
Some works are available on the synthesis of mag-
netic hybrid composite particles based on the precip-
itation of magnetic (Fe;O4) nanoparticles in bulk so-
lution where polymer particles have been previously
dispersed [7, 37, 40]. However for temperature-sen-
sitive hydrogels, this process may affect the thermal
response because high specific surface area of nano-
particles would favor interaction between nanopar-
ticles and hydrogel matrix. Some authors cover the
surface of the magnetic nanoparticles with SiO, prior
to the polymerization because surface of Fe;O4nano-
particles inhibit polymerization [35, 41, 42]. Despite
of this limitation, reports are available on direct pre-
cipitation polymerization of NIPAM and monomers
in aqueous media using anionic initiator in the pres-
ence of stabilized iron oxide nanoparticles [43, 44].
Rahman and Elaissari [45] reported the preparation of
divinylbenzene (DVB) cross-linked magnetic seed
particles by emulsion polymerization of DVB while
using potassium persulfate as initiator in the pres-
ence of native Fe;04 emulsion followed by precipi-
tation polymerization of NIPAM to induce tempera-
ture sensitive PNIPAM shell. Few are also available
on the direct dispersion polymerization in ethanol/
water media [46, 47]. In these methods the size of
obtained microspheres often showed broad distribu-
tion. Other authors functionalized the surface of
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Fe;04 or Fe;04/Si0; nanoparticles with reactive vinyl
group using silane coupling agent prior to the precip-
itation polymerization with NIPAM and/comonomers
[35, 48-51]. Additionally grafting-to [52—54] and
grafting-from [38, 54-56] approaches for the prepa-
ration of metal/metal oxide-polymer core-shell nano-
particles on iron oxide core, different polymerization
methods such as atom transfer radical polymeriza-
tion (ATRP) [54, 56, 57], nitroxide mediated polymer-
ization (NMP) [56] and reversible addition-fragmen-
tation transfer radical polymerization (RAFT) [53,
58] have been reported. All these processes require
a tedious time consuming multistep procedure which
often limit their applications. In a recently published
article I11és et al. [59] discussed the preparation bio-
compatible carboxyl functional magnetic fluids con-
sisting of core—shell PEG-acrylate-acrylic acid
(PEGA-AA) comb-like copolymer by simple adsorp-
tion technique. Prior to this (PEGA-AA) was synthe-
sized by quasiliving ATRP using a complex of Cu(I)-
chloride and hexamethyl-triethylene-tetramine as
catalyst.

In the present research a simple economically feasi-
ble route is evaluated to prepare two different mag-
netic and stimuli-responsive nanocomposite hydrogel
particles. In one series temperature-sensitive poly
(styrene-NIPAM-methyl methacrylate-polyethylene
glycol methacrylate) or P(S-NIPAM-MMA-PEGMA)
hydrogel particles and in another series temperature-
and pH-responsive poly(S-NIPAM-methacrylic acid-
PEGMA) or P(S-NIPAM-MAA-PEGMA) hydrogel
particles were prepared by free-radical precipitation
copolymerization using cationic 2,2'-azobis(2-
amidinopropane)dihydrochloride (V-50) initiator. The
weight ratio of styrene/MMA/PEGMA and styrene/
MAA/PEGMA in the recipe was optimized in order
to produce stable emulsion and could not be main-
tained at the same ratio. Styrene was used as a hydro-
phobic comonomer avoiding the use of crosslinker.
MMA/MAA was added to improve the solubility of
styrene in the aqueous dispersion media for facilitat-
ing smooth copolymerization with NIPAM as the lat-
ter in absence of MMA/MA A may produce larger pro-
portion of water soluble homopolymer due to its
comparatively high reaction rate. The hydrophobic-
hydrophobic interactions among hydrophobic PS-
PMMA or PS segments in the prepared conetworks
are expected to form microgels in water, a phenom-
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enon generally observed for amphiphilic copolymer
networks consisting of hydrophilic and hydrophobic
polymer segments [60—64]. Then in one pot synthe-
sis Fe304 nanoparticles were encapsulated with SiO,
to obtain Fe304/Si0, nanocomposite particles and sub-
sequently blended with hydrogel particles to obtain
Fe304/SiOy/P(S-NIPAM-MMA-PEGMA) and Fe;0./
Si0,/P(S-NIPAM-MAA-PEGMA) composite hydro-
gel particles. The preparation scheme of these mag-
netic and stimuli-responsive composite hydrogel par-
ticles is shown in Figure 1. Under the preparation
conditions Fe;04/Si0, nanocomposite particles are
negatively charged due to the presence of silanol
groups. Since the blending was carried out in pres-
ence of NH4OH solution with pH >10, the P(S-
NIPAM-MAA-PEGMA) hydrogel particles carried
both positive and negative charges derived from ini-
tiator fragments and deprotonated carboxyl groups
respectively. So the electrostatic attraction among
Fe304/Si0, nanocomposite particles and P(S-NIPAM-
MAA-PEGMA) hydrogel particles may be not that
good for successful blending. Compared to this in
the preparation of Fe;04/SiO,/P(S-NIPAM-MMA -
PEGMA) composite hydrogel particles electrostatic
attraction is expected to dominate among negatively
charged Fe;04/Si0, nanocomposite particles and pos-
itively charged P(S-NIPAM-MMA-PEGMA) hydro-
gel particles. The morphology, size and size distribu-
tion, surface structure, swelling phenomena of two
different composite hydrogel particles were charac-
terized. The absorption behavior of biomolecules were
also studied and compared.

N, 24h
.+ "Quj“ + [ w V-50,
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Figure 1. Preparation scheme of magnetic and stimuli-respon-
sive composite hydrogel particles by blending
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2. Experimental section

2.1. Materials and instruments

NIPAM of monomer grade obtained from Across Or-
ganics, USA, was recrystallized from a mixture of
90% hexane and 10% acetone, dried under vacuum
at a low temperature before preserving in the refrig-
erator. Styrene, MMA and MAA of monomer grade
obtained from Fluka Chemica, Switzerland, were
purified by passing through activated basic alumina.
PEGMA (molecular weight 500 g-mol~! for PEG)
was obtained from Sigma Aldrich, USA. V-50 from
LOBA Chem. India, was recrystallized from distilled
water and ethanol. The biomolecules, trypsin (TR)
from E. Merck, Darmstadt, Germany, and albumin
(AL) from Fluka Chemika, Switzerland, were used
without any purification. Ferrous sulphate heptahy-
drate (FeSO4-7H,0), ferric chloride (FeCls), citric
acid, NH4OH and other chemicals were of analytical
grade. Ethanol and deionized water was distilled using
a glass (Pyrex) distillation apparatus.

Transmission electron microscope (TEM) (Zeiss
EM-912, Omega), Fourier Transform Infrared (FTIR)
spectrophotometer (Perkin Elmer, FTIR-100, USA),
Centrifuge machine (TG16-WS) from Kokuson Cor-
poration, Tokyo, Japan, NICOMP 380 particle sizer
(USA), X-ray photoelectron spectroscopy (XPS)
(PHI X-tool, ULVAC-PHI, Japan) and X-ray diffrac-
tometer (XRD) (Bruker D8 Advance, Germany) were
used for characterization of prepared particles. Mi-
croprocessor pH meter from HANNA instruments
and Sherwood Scientific Magnetic Susceptibility
Balance were also used.

2.2. Preparation of hydrogel particles
Temperature- and pH-responsive P(S-NIPAM-MAA-
PEGMA) hydrogel particles were prepared by free-
radical precipitation copolymerization from 0.6 g
styrene, 1.95 g NIPAM, 0.3 g MAA and 0.15¢g
PEGMA. The copolymerization reaction was carried
out in a three necked round bottomed flask dipped
in thermostat water bath maintained at 75 °C using
cationic V-50 (0.045 g) initiator. Distilled water
(200 g) was used as the dispersion medium. Polymer-
ization was carried out under a nitrogen atmosphere
and the reaction mixture was mechanically stirred at
110 rpm for 24 h.

Compared to this a slightly different recipe was used
to prepare stable emulsion of temperature-responsive
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P(S-NIPAM-MMA-PEGMA) hydrogel. This was
prepared by free-radical precipitation copolymeriza-
tion of styrene (0.75 g), NIPAM (2.04 g), MMA
(0.15 g) and PEGMA (0.06 g) in a three necked round
flask dipped in thermostat water bath at 70 °C. The
copolymerization reaction was started using cationic
V-50 (0.06 g) initiator in 100 g distilled water as the
dispersion medium. The reaction mixture was me-
chanically stirred at 110 rpm for 24 h under a nitro-
gen atmosphere.

In both cases the conversion was nearly 100% meas-
ured gravimetrically. The hydrogel emulsion was re-
peatedly washed with distilled water by centrifuga-
tion prior to the characterization.

2.3. Preparation of Fe;O4 nanoparticles
Nano-sized Fe;O4 particles were prepared by co-pre-
cipitation of Fe?* (2.855 g) and Fe** (3.127 g) from
their aqueous solutions (molar ratio 1:2) containing
25% 54.05 g NH4OH. The reaction was carried out in
a three necked round flask under a nitrogen atmos-
phere for 2 h. The prepared Fe;0,4 emulsion was treat-
ed with 10 g HNO;3 (2M) for 15 min. and washed
with water until the solution was neutral. Citric acid
(40 g) was added slowly and stirred overnight to sta-
bilize the Fe;04 dispersion. The produced Fe;O4 par-
ticles were repeatedly washed by magnetic separa-
tion and subsequent redispersion in deionized distilled
water to remove salt and excess stabilizer.

2.4. Preparation of reference Fe;0,4/SiO,
nanocomposite particles

At first 50 g ethanol, 1.0 g deionized water and 2.38 g
NH4OH were taken in a three necked flask under
vigorous stirring, then 1.56 g TEOS was charged into
the above mixture and the flask was heated to 40 °C
gradually in a hot water bath with constant stirring
at 300 rpm. 20 min later water-based 0.44 g magnet-
ic (Fe30y4) fluid containing 0.025 g solid was added
into the above mixture and the process was contin-
ued for 30 min. Fe;04 nanoparticles were encapsu-
lated within the SiO, layer, forming Fe;0,/SiO; nano-
composite particles. The produced particles were
washed repeatedly through magnetic separation and
redispersion in fresh distilled water before charac-
terization.

2.5. Preparation of composite hydrogel
particles

Fe;04/Si0; nanocomposite emulsion was prepared
as discussed in the previous section. Calculated
amount of hydrogel emulsion (nanocomposite/hy-
drogel: 1/10 w/w) was added and the mixture was
stirred continuously at 40 °C for 12 h. The composite
hydrogel particles were washed repeatedly by dis-
tilled water employing centrifugation followed by
magnetic separation to remove any nonmagnetic hy-
drogel particles.

2.6. Characterization

The sample for TEM was prepared by diluting the
respective emulsion down to about 0.01% solid by
distilled water and a drop was placed on a carbon-
coated copper grid. The sample was dried at ambient
temperature before observation by an electron mi-
croscope at an accelerating voltage of 100 kV.
FTIR analysis of the powder samples was performed
in KBr pellets and scanned over the range 4000—
400 cm™! in the deflection mode. Prior to the analy-
sis the washed emulsion was dried under vacuum at
low temperature.

The surface composition after modification was eval-
uated by an XPS equipped with a monochromatic Al
Ko radiation (1486.6 ¢V) at 104 W and 20 kV and
an X-ray current of 20 pA. The pressure in the meas-
urement chamber was ca. 8.0-10~7 Pa. The step size
was 0.25 eV for the both survey and high resolution
spectra (pass energy 280 eV). The washed dispersion
was dried onto carbon tape prior to the analyses.

The XRD patterns of the powder samples were taken
with a scanning XRD using Cu Ka radiation (A =
1.5406 A), a tube voltage of 33 kV and a tube current
of 45 mA. The intensities were measured at 20 val-
ues from 2 to 90° at a continuous scan rate of
10°-min~! with a position-sensitive detector aperture
at 3° (equivalent to 0.5°-min~! with a scintillation
counter).

Thermogravimetric properties (TGA) of the dry pow-
dered samples were measured by heating samples
under flowing nitrogen atmosphere from 30 to 600 °C
at a heating rate of 30 °C/min and the mass loss was
recorded. The initial mass of each sample was around
20 mg.
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For the measurement of average hydrodynamic di-
ameters the washed composite/hydrogel dispersion
was diluted down to around 0.01% solid content
using water. The pH value of the diluted emulsion was
adjusted whenever necessary. At each temperature
the intensity weighted average hydrodynamic diam-
eter of the particles was recorded. Each measure-
ment was carried out in twice and the average value
is reported. The reproducibility of the size measure-
ment was within £5%.

Sherwood Magnetic Susceptibility Balance was used
for susceptibility measurement of Fe;04, Fe;04/Si0,
nanocomposite, Fe304/Si0,/P(S-NIPAM-MAA-
PEGMA) and Fe3;04/SiO,/P(S-NIPAM-MMA -
PEGMA) composite hydrogel particles. The parti-
cles were separated from their respective dispersion
by using a magnet and dried in oven at 70 °C for sev-
eral hours. The dried powders were placed in a pre-
weighed sample tube and measured the magnetic
susceptibility (x,) using Equation (1):

L (R—R
pe=SLER) ()

where C, is calibration constant of balance, L is length
of the sample in [cm], Ry and R are the readings of
the empty and sample tubes and m is the weight of
sample in [g].

2.7. Absorption of biomolecules

A mixture of 20 mL was prepared from each purified
emulsion containing 0.1 g solid and biomolecule
(200 mg/g) aqueous solution. The pH value of the
emulsion-biomolecule mixture was adjusted at the
respective isoelectric point (TR, pH 10.0; AL, pH 6.0)
using buffer solution and the mixture was allowed
to stand for 45 min. Then the particles were separat-
ed magnetically and finally by centrifugation to re-
move any wafting particles. This same procedure
was carried out at two different temperatures of 20
and 40 °C. The concentration of the biomolecule in
the supernatant was measured by a UV-visible spec-
trophotometer at the wave length of 280 nm. The
amount of biomolecule absorbed was calculated by
subtracting the concentration of free biomolecule
from initial concentration. A calibration curve was
used for this purpose.
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3. Results and discussion

Figure 2 represents the TEM images of Fe;Oy,
Fe;04/Si0, nanocomposite, P(S-NIPAM-MAA-
PEGMA) hydrogel and Fe;04/SiO,/P(S-NIPAM-
MAA-PEGMA) composite hydrogel particles. The
average diameters and coefficients of variation (CV)
calculated from TEM images are 8.8 nm and 14.48%
for Fe;O4 nanoparticles, 28.9 nm and 10.19% for
Fe;04/S10, nanocomposite particles, 590.8 nm and
36% for P(S-NIPAM-MAA-PEGMA) hydrogel par-
ticles and 49.44 nm and 12.99% for Fe304/Si0,/P(S-
NIPAM-MAA-PEGMA) composite hydrogel parti-
cles. The average size of the Fe;04/SiO, nanocom-
posite particles increases after encapsulation with
Si0;, layer. It is worth to mention that Fe;04/Si0,
nanocomposite particles undergo drying mediated
self assembly into linear chain structure rarely ob-
served in case of magnetic nanoparticles as shown
in inset image [65]. P(S-NIPAM-MAA-PEGMA) hy-
drogel particles exhibit different morphology with cen-
tral darker parts possibly represents the hydrophobic
PS rich segment. The hydrophobic-hydrophobic in-
teractions among PS segments in amphiphilic P(S-
NIPAM-MAA-PEGMA) conetwork led to the reori-
entation of polymer chains forming core-shell type mi-
crogels in water [60—64]. Compared to P(S-NIPAM-
MAA-PEGMA) hydrogel particles the size of Fe;04/
Si0,/P(S-NIPAM-MAA-PEGMA) composite hy-
drogel particles decreases after blending with Fe;0,/
SiO, nanocomposite particles. The blending was car-
ried out under highly alkaline condition (~pH >10).
Okubo and coworkers [66, 67] proposed the formation
mechanism of microparticles from P(S-MAA) copoly-
mer particles dispersed in alkaline solution by simple
dissolution method. In case of P(S-NIPAM-MAA-
PEGMA) hydrogel particles the ionization of car-
boxyl groups of PMAA under alkaline condition and
subsequent swelling and dissolution of copolymer
chains from polymer hydrogel particle may take place.
It is also possible that hydrophilic soft P(S-NIPAM-
MAA-PEGMA) hydrogel particles collapsed while
the sample was dried during sample preparation for
TEM and might not represent the true size of the hy-
drogel particles as shown in Figure 2¢. The presence
of negative charges on both Fe;0,4/SiO; nanocom-
posite and P(S-NIPAM-MAA-PEGMA) hydrogel
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c)

d)

Figure 2. TEM images of a) Fe;04, b) Fe304/Si0, nanocomposite, ¢) P(S-NIPAM-MAA-PEGMA) hydrogel and d) Fe;04/
Si0,/P(S-NIPAM-MAA-PEGMA) composite hydrogel particles

particles is also expected to reduce the degree of ag-
glomeration though the later also contain additional
positive charges from initiator fragments. These above
factors may contribute to the reduction in composite
particle size. It is apparent that the morphology of
Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles is different from both P(S-NIPAM-
MAA-PEGMA) hydrogel particles and Fe;04/SiO;
nanocomposite particles and the average size is larg-
er than those of Fe;04/Si0; nanocomposite. The tiny
nanoparticles inside Fe;04/Si0,/P(S-NIPAM-MAA-
PEGMA) composite hydrogel particles may corre-
spond to Fe;O4. TEM image of P(S-NIPAM-MMA -
PEGMA) hydrogel particles shown in Figure 3 sug-
gest that hydrogel particles deformed and possibly
collapsed as PMMA is weak to electron beam [68,
69]. Compared to these P(S-NIPAM-MMA-PEGMA)
hydrogel particles, Fe;04/SiO,/P(S-NIPAM-MMA -
PEGMA) composite hydrogel particles are rather
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spherical. The average diameter and coefficient of
variation of Fe304/Si0,/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles are 43.43 nm and
10.19% and the average size is greater than that of
Fe;04/Si0, nanocomposite particles. The darker cen-
tral spot may correspond to Fe;04/SiO; nanocom-
posite particles as shown in the magnified particle
image. These above results suggest that during blend-
ing the electrostatic interaction among nanosized
Fe3;04/Si0; particles and comparatively softer and
larger hydrogel particles initiated the formation of
magnetic composite hydrogel particles. The size dis-
tribution, nature of charge and charge distribution, par-
ticle rigidity, degree of swelling and difference in hy-
drophilicity all played a role in the formation of near-
ly core-shell morphology with Fe;O4/ SiO, core.

FTIR spectral analysis is one way to detect surface
structural composition of inorganic and/polymer col-
loidal particles (Figure 4). In the spectrum of Fe;O4
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b)

Figure 3. TEM photographs of a) P(S-NIPAM-MMA-PEGMA) hydrogel and b) Fe;04/Si0,/P(S- NIPAM-MMA-PEGMA)

composite hydrogel particles

2200 1200 200

Wave number [cm™]
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Figure 4. FTIR spectra of a) Fe;04, b) Fe;04/SiO, nano-
composite, ¢) P(S-NIPAM-MAA-PEGMA) hydro-
gel, d) Fe;04/ SiO,/P(S-NIPAM-MAA-PEGMA)
and e) Fe;04/Si0,/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles recorded in KBr pel-
lets

nanoparticles (Figure 4 curve a) the intense broad
band at 3435.93 cm™' represents the presence of
water traces and non-dissociated —OH groups of cit-
ric acid. At 1630.95 cm ™, an intense band is visible
which corresponds to the symmetric stretching
of —OH from —COOH group, revealing the binding
of a citric acid radical to the magnetic surface. Also
the neighbor band at 1385 cm™' can be assigned to the
asymmetric stretching of CO from —COOH group.
The characteristic stretching vibrations due to Fe—O
bonds appear at 406 and 583 cm ™! weakened in Fe;0,/
Si0, nanocomposite particles. The weak absorption
signal at 800 cm™' and intense band at 1105 cm™" in

the spectrum of Fe;0,4/Si0, nanocomposite particles
corresponding to Si—O—-Fe and Si—O-Si bonds sug-
gest the bonding of SiO; to Fe;O4. In P(S-NIPAM-
MAA-PEGMA) hydrogel particles the characteristic
signals due to stretching vibrations of carboxyl and
amide C=0 groups and amide N—-H bending appear
at 1738, 1670 and 1566 cm™' respectively. Compared
to P(S-NIPAM-MAA-PEGMA) hydrogel particles a
small but distinct N-H bending signal of amide group
appears in Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA)
composite hydrogel particles. The broad absorption
signal at 1671-1528 cm™' due to H-O—H bending in
Fe;04/Si0, nanocomposite particles deviates to
1703-1490 cm™! in Fe304/Si04/P(S-NIPAM-MAA-
PEGMA) composite hydrogel particles. This devia-
tion suggests the inclusion of stretching vibrations
of carboxyl and amide C=O groups and amide N-H
bending from copolymer network with the H-O-H
bending from Fe;04/SiO, nanocomposite particles.
In other word we can say that bands corresponding
to carboxyl and amide C=0O groups are overlapped
with the H-O-H band. Weak C-H stretching vibra-
tions of the aliphatic and aromatic ring appear in the
region 3085-2798 cm™'. The almost same explana-
tion is also valid for Fe;04/Si0,/P(S-NIPAM-MMA -
PEGMA) composite hydrogel particles.

The XPS Cls, N1s and Fe2p core-line spectra of
Fe;04, Fe304/Si0, nanocomposite, Fe;04/Si0,/P(S-
NIPAM-MAA-PEGMA) and Fe;04/Si0,/P(S-
NIPAM-MMA-PEGMA) composite hydrogel parti-
cles are shown in Figure 5. The Cls signal intensity
in Fe;04/Si0, nanocomposite particles is 5.4 atom%
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Figure 5. XPS Cls, N1s and Fe2p core-line spectra of curves a) Fe;O4, b) Fe304/Si0O, nanocomposite, ¢) Fe;04/SiO,/P(S-
NIPAM-MAA-PEGMA) and d) Fe304/Si0,/P(S-NIPAM-MMA-PEGMA) composite hydrogel particles

which increases to 29.7 and 14.8 atom% in Fe304/
Si0,/P(S-NIPAM-MAA-PEGMA) and Fe;04/Si0,/
P(S-NIPAM-MMA-PEGMA) composite hydrogel
particles. The signal appearance also widened in com-
posite hydrogel particles. The difference in Cls sig-
nal intensity between Fe;04/SiO,/P(S-NIPAM-MAA-
PEGMA) and Fe3;04/SiO,/P(S-NIPAM-MMA -
PEGMA) composite hydrogel particles is attributed
to the difference in styrene, MMA and PEGMA con-
tents in the recipe. As expected N1s signal is not vis-
ible in Fe;04/Si0, nanocomposite particles whereas
in Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA) and
Fe;04/S10,/P(S-NIPAM-MMA-PEGMA) compos-
ite hydrogel particles such signal intensity approach-
es 0.8 and 2.2 atom%. The Fe2p core-line spectrum
shown in Figure 5 for Fe;04 nanoparticles exhibits two
signals at 711.5 and 725.4 eV, the characteristic dou-
blets of Fe2p3/, and 2py,, core-level spectra of mag-
netite [70]. The encapsulation by SiO, followed by
polymer layers eliminates the Fe2p signal. The almost
three fold increase in N1s signal intensity derived
from PNIPAM segment suggest that specifically the
blending of Fe;04/Si0; nanocomposite and P(S-
NIPAM-MMA-PEGMA) hydrogel particles produces
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better agglomeration leading to Fe;O4/SiO,/P(S-
NIPAM-MMA-PEGMA) composite hydrogel parti-
cles. The ionization of carboxyl group in P(S-NIPAM-
MAA-PEGMA) hydrogel particles and negative sur-
face charge on Fe;04/SiO, nanocomposite particles
may inhibit the process of agglomeration necessary
for composite formation.

The two theta sharp peaks appear at 30.08, 35.45,
43.5,53.54,57.11 and 62.78 in the XRD spectrum of
Fe;04 nanoparticles confirm the crystalline cubic
spinal structure of Fe;O4 nanoparticles as shown in
Figure 6. These diffraction peaks are in good agree-
ment with those XRD patterns of Fe;04 nanoparticles
reported in the JCPDS-International Center (JCPDS
file No. 19-0629) [71, 72]. The broad reflection cen-
ters at ~20° appear in Fe;0,4/SiO, nanocomposite par-
ticles, Fe304/Si0,/P(S-NIPAM-MAA-PEGMA) and
Fe;04/S10,/P(S-NIPAM-MMA-PEGMA) compos-
ite hydrogel particles. These broad signals are attrib-
uted to the transition of crystalline Fe;O4 structure
into amorphous character following encapsulation by
amorphous SiO; and then polymer layers. The pres-
ence of weak characteristic signals of Fe;O,4 in nano-
composite and composite hydrogel particles also con-
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firms that the crystalline structure of Fe;Oy is re-
tained during different steps of modification.

The surface modification of Fe;O4 as well as the pres-
ence of inorganic (Fe3;04/Si0;) part in thermo-re-
sponsive composite hydrogel particles can quantified
from the percentage of weight loss using TGA curves.
It is evident from Figure 7 that both hydrogel parti-
cles loss ~98% of their initial weight. The onset de-
composition temperature of P(S-NIPAM-MMA-
PEGMA) hydrogel particles is slightly high (~329 °C)
compared to P(S-NIPAM-MAA-PEGMA) hydrogel
particles (~281 °C). Relatively high hydrophobicity
and particle rigidity possibly contributed to this higher
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Figure 7. TGA thermograms of a)P(S-NIPAM-MAA-
PEGMA) hydrogel, b) P(S-NIPAM-MMA-PEGMA)
hydrogel, ¢) Fe;04, d) Fe;04/SiO; nanocomposite,
e) Fe304/Si0,/P(S-NIPAM-MAA-PEGMA) and
) Fe304/Si0,/P(S-NIPAM-MMA-PEGMA) com-
posite hydrogel particles
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onset decomposition temperature for P(S-NIPAM-
MMA-PEGMA) hydrogel particles. The incorpora-
tion of SiO; layer in Fe;O4 reduces the weight loss by
3.5% indicating the increase in inorganic content. In
Fe304/Si0,/P(S-NIPAM-MAA-PEGMA) composite
hydrogel particles the weight loss increases by 3.1%
relative to Fe;04/Si0, nanocomposite particles. Where-
as in Fe;04/SiO,/P(S-NIPAM-MMA-PEGMA) com-
posite hydrogel particles the weight loss increases by
6.7% compared to reference Fe;04/SiO; nanocom-
posite particles. Overall these results suggest that mag-
netic composite hydrogel particles are formed in both
cases and the use of MMA instead of MAA as a
comonomer increases the incorporation of organic
polymer. As predicted the ionization of carboxyl group
in PMAA under the preparation conditions reduces
the extent of agglomeration. The electrostatic repul-
sion among negatively charged hydrogel particles
and negatively charged Fe;04/SiO, nanocomposite
particles may have occurred during blending. It has
earlier been mentioned that the negative surface
charge on Fe;04/Si0;, nanocomposite particles is de-
rived from the presence of silanol groups. However,
based on the recipe the amount of organic part in
Fe304/S10,/P(S-NIPAM-MMA-PEGMA) compos-
ite hydrogel particles is still low. Under the prepara-
tion condition it is reasonable to assume that some
hydrogel particles remained free as also observed
during washing by magnetic decantation method.
The temperature dependent average hydrodynamic
diameters of P(S-NIPAM-MAA-PEGMA) and P(S-
NIPAM-MMA-PEGMA) hydrogel particles illus-
trated in Figure 8 show that both hydrogel particles
are hydrophilic and swell with water at temperature
below the LCST. As the temperature increases the
hydrogel particles shrink and deswell at temperature
above the LCST. It is apparent that LCST is depend-
ent on the hydrogel composition. The incorporation
of hydrophilic PMAA shifts the LCST to relatively
higher temperature (37°C) in P(S-NIPAM-MAA-
PEGMA) hydrogel particles and the same behavior
is also reported elsewhere [73]. The P(S-NIPAM-
MAA-PEGMA) hydrogel particles also show vol-
ume phase transition with respect to variation in pH
value. At higher pH value the increase in hydrody-
namic diameter results from the deprotonation of
carboxyl group and hence the coulombic repulsion
among polymer chains [74].
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Figure 8. Temperature dependent variations of average hy-
drodynamic diameters of P(S-NIPAM-MAA-
PEGMA) (square) and P(S-NIPAM-MMA-PEGMA)
(circle) hydrogel particles at pH 7. pH-dependent
variation of average hydrodynamic diameters of
P(S-NIPAM-MAA-PEGMA) hydrogel particles at
20°C is shown in the inset

The average hydrodynamic diameters of both com-
posite hydrogel particles shown in Figure 9 also de-
crease with increasing temperature showing LCST
behavior. The LCST of Fe;04/SiO,/P(S-NIPAM-
MAA-PEGMA) composite hydrogel particles is rel-
atively high compared to Fe;04/SiO,/P(S-NIPAM-
MMA-PEGMA) composite hydrogel particles. Com-
paratively low hydrodynamic diameter of Fe;O4/
SiO,/P(S-NIPAM-MAA-PEGMA) composite hydro-
gel microspheres indicate the poor incorporation of
polymer hydrogel as predicted in XPS and TGA
analyses.
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Figure 9. Temperature dependent variations of average hy-
drodynamic diameters of Fe;04/SiO,/P(S-NIPAM-
MAA-PEGMA) (square) and Fe304/SiO,/P(S-
NIPAM-MMA-PEGMA) (circle) composite hy-
drogel particles measured at pH 7
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Figure 10. Digital photographic images of colloidal disper-
sions of a, b) Fe;04 nanoparticles, ¢, d) Fe;04/
SiO,/P(S-NIPAM-MAA-PEGMA) and e, f) Fe;04/
SiO,/P(S-NIPAM-MMA-PEGMA) composite hy-
drogel particles in absence (a, ¢, €) and presence
(b, d, f) of external magnetic field

The magnetic susceptibilities of Fe;04/Si0,/P(S-
NIPAM-MAA-PEGMA) and Fe;04/Si0,/P(S-
NIPAM-MMA-PEGMA) composite hydrogel parti-
cles remain high and positive (2.90-1073 and 1.03-107)
indicating strong paramagnetic character. The mag-
netic property is a vital property in separation as well
as in targeted drug delivery system because one can
drive magnetic particles by applying external mag-
netic field. Magnetic particles need to be accumulat-
ed in presence of magnet and should be well dis-
persed once the magnet is removed. Figure 10 shows
the images of magnetic separation of different mag-
netic particles. It is observed that the magnetic com-
posite hydrogel particles are well dispersed in ab-
sence of magnetic field and accumulated towards the
magnet leaving behind almost clear supernatant.

Figures 11 and 12 show the absorption behavior of
TR and AL on reference Fe;04/SiO, nanocomposite
and Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA) and
Fe304/S10,/P(S-NIPAM-MMA-PEGMA) compos-
ite hydrogel particles at temperature above and
below the LCST. The absorption behavior of biomol-
ecule is a rather complex phenomena depending on
the environment as well as nature of sorbent and bio-
molecules in terms of flexibility, molecular size, hy-
drophobicity etc. However, irrespective of nature of
biomolecules it is evident that magnitude of absorp-
tion on composite polymer particles at temperature
above the LCST (40 °C) is higher than that at below
the LCST (20°C). Relative to this on Fe;04/SiO,
nanocomposite particles the magnitude of absorption
is pretty low. This higher absorption capacity on mag-
netic and temperature-responsive composite hydro-
gel particles correspond to comparatively high hydro-
phobic character. The slight difference in magnitude
of absorption between 20 and 40 °C on Fe;04/Si0;
nanocomposite particles is possibly due to the tem-
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Figure 11. Bar diagram represents the amount of absorptions
of trypsin (TR) on a) Fe;04/SiO; nanocomposite,
b) Fe;04/Si0,/P(S-NIPAM-MAA-PEGMA) and
¢) Fe304/S10,/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles at temperature above
(40°C) and below (20 °C) the LCST. Absorption:
immobilization 200 mg/g of particles, pH 10.0,
immobilization time 45 min
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Figure 12. Bar diagram represents the amount of absorptions
of albumin (AL) on a) Fe;04/SiO; nanocompos-
ite, b) Fe304/SiO,/P(S-NIPAM-MAA-PEGMA)
and c) Fe;04/Si0,/P(S-NIPAM-MMA-PEGMA)
composite hydrogel particles at temperature
above (40°C) and below (20 °C) the LCST. Ab-
sorption: immobilization 200 mg/g of particles,
pH 6.0, immobilization time 45 min.

perature effect rather than the surface property of the
reference particles.

4. Conclusions

Attempt was made to prepare dual temperature- and
pH-responsive  Fe304/Si0,/P(S-NIPAM-MAA-
PEGMA) and temperature-responsive Fe;04/SiO,/P(S-
NIPAM-MMA-PEGMA) composite hydrogel parti-
cles by blending Fe;04/Si0, nanocomposite parti-

674

cles with respective hydrogel particles. It was evi-
dent that electrostatic attraction among negatively
charged Fe;04/SiO, nanocomposite particles and
positively charged P(S-NIPAM-MMA-PEGMA) hy-
drogel particles favors the formation of magnetic
composite hydrogel particles. Compared to this elec-
trostatic repulsion was dominant when P(S-NIPAM-
MAA-PEGMA) hydrogel particles were used and
produces limited agglomeration. The morphological
and chemical structures of magnetic composite par-
ticles were evaluated and showed that Fe;04/S10,
nanocomposite particles are mostly localized at the
centre of composite particles with thin copolymer
shell layer. The magnetic composite particles exhib-
ited temperature-responsive absorption behavior of
biomolecules and can be accumulated towards the
external magnetic field.
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Abstract. Low melting temperature metal (LMTM)-tin (Sn) was introduced into polyamide-6 (PA6) and PA6/graphite com-
posites respectively to improve the thermal conductivity of PA6 by melt processing (extruding and injection molding). After
introducing Sn, the thermal conductivity of PA6/Sn was nearly constant because of the serious agglomeration of Sn. However,
when 20 wt% (5.4 vol%) of Sn was added into PA6 containing 50 wt% (33.3 vol%) of graphite, the thermal conductivity of
the composite was dramatically increased to 5.364 versus 1.852 W-(m-K)™! for the PA6/graphite composite, which suggests
that the incorporation of graphite and Sn have a significant synergistic effect on the thermal conductivity improvement of
PA6. What is more, the electrical conductivity of the composite increased nearly 8 orders of magnitudes after introducing
both graphite and Sn. Characterization of microstructure and energy dispersive spectrum analysis (EDS) indicates that the
dispersion of Sn in PA6/graphite/Sn was much more uniform than that of PA6/Sn composite. According to Differential Scan-
ning Calorimetry measurement and EDS, the uniform dispersion of Sn in PA6/graphite/Sn and the high thermal conductivity
of PA6/graphite/Sn are speculated to be related with the electron transfer between graphite and Sn, which makes Sn distribute
evenly around the graphite layers.

Keywords: polymer composites, low melting temperature metal, tin, graphite, thermal conductivity

1. Introduction side the nuclei which arrange neatly as shown in Fig-
Low melting temperature metal (LMTM), which ure la. At the heat flow direction, free electrons
have melting temperatures less than 231.9°C , are  equipped with thermal energy could move towards
frequently used to prepare electrically conducive poly-  low temperature region directly. Most metals have
mer composites since their high conductivity, liquid  high thermal conductivities for the efficient manner
state and low viscosity during processing [1-6]. Si-  of thermal conduction. Nonmetal crystals arrange
multaneously, polymeric materials have attracted in-  neatly as shown in Figure 1b and thus the collision of
creasing interests in the field of thermally conductive  vibrating crystals becomes a major form of thermal
materials for the excellent processability, low density ~ conduction. Because of the long-range order of non-
and low cost [7]. However, most polymeric materials metal crystals, the thermal conductivities of non-
are thermally insulating and have low thermal con-  metal crystals are relatively high compared with poly-
ductivities between 0.1-0.5 W-(m-K)™! [8]. Tradition-  meric materials which have neither free electrons nor
al thermally conductive materials metal crystals for  perfect arrangement of crystals [9]. Introducing high
instance, have a large number of free electrons out-  thermally conductive fillers into polymer matrix is
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Figure 1. Sketch maps of the structures of (a) metal crystals, and (b) nonmetal crystals

a facile way to increase the thermal conductivities
of polymeric materials [10].

There are two critical factors contributing to the ther-
mal conductivities of polymeric materials. One is the
formation of heat conduction paths, another is the
stacking density of the thermally conductive fillers
in the composites [11]. Studies on filling thermally
conductive fillers into polymer resin have been fre-
quently reported so far. Ishida and Rimdusit [10] pre-
pared polybenzoxazine filled with BN and achieved
a thermal conductivity of 32.5 W-(m-K)"' when the
filler loading was 88 wt%. Kozako ef al. [12] filled
Al,O5 with a particle size of 10 um into epoxy resin
and the thermal conductivity reached 4.3 W-(m-K)™!
when the Al,0O3 content was 60 vol%. Shengtai Zhou
[13] investigated the PA6/PC immiscible blends with
a mass proportion of 7/3 filled with graphite and got
athermal conductivity of 4.75 W-(m-K) ! at the graphite
loading of 50 wt%.

Graphene and carbon nanotubes have attracted much
interests for the ultrahigh thermal conductivity of
about 5000 and 3000 W-(m-K)™! respectively [14, 15].
Graphene or carbon nanotubes filled polymers are
considered to be very promising candidates for ther-
mally conductive materials and expected to promote
thermal conductivity at lower filler loading [16—18].
Zhang et al. [19] prepared PVDF filled with 10 wt%
of carbon nanotubes and 1 wt% of oxidized
graphene. The thermal conductivity of the composite
reached 0.95 W-(m-K)!'. Graphene and carbon nan-
otubes could enhance the thermal conductivity of
polymer to some extent at lower filler content but far
from meeting requirements. What is more, the high
cost of graphene or carbon nanotubes arisen from the
complicated preparation process [20] would severely
restrict their application in industrial manufacture.

680

As we discussed, the filler content would still be an
important factor to thermal conductivities of poly-
mer materials in mass production. Although relative-
ly high thermal conductivity was achieved at high
filler loading, the processing of polymer would be
difficult because of the high melt viscosity for large
number of solid particles existing in the polymer
melt, and the device abrasion would be unavoidable.
As mentioned above, LMTM have low melting point
and low viscosity under melting state. Compared with
solid particles, LMTM fillers would be more bene-
ficial to the processing of polymer composites. Zhang
et al. [21] investigated the rheological properties of
polymer/LMTM and found that the LMTM filler de-
creases the melt viscosity at temperatures above the
melting point. Until now, most of the studies on Poly-
mer/LMTM composites concentrated on enhancing
the electrically conductive property [1-5]. For in-
stance, Michaeli and Pfefferkorn [1] prepared elec-
trically conductive PA6 with copper fibers and Sn-
Zn alloy which was molten during processing. So
far, studies on the thermal conductivities of poly-
mer/LMTM composites have been rarely reported
[22, 23]. Suplicz and Kovacs [22] developed ther-
mally conductive polymer/LMTM composites which
can be processed easily with injection molding.

However, the extremely low viscosity and ultrahigh
surface tension of liquid metal compared with poly-
mer melt [6, 24-26] would lead to serious agglom-
eration of LMTM. Thus the content and the disper-
sion of LMTM in polymer matrix would be severely
restricted [27]. Mrozek et al. [5] studied on electri-
cally conductive polymer composites based on nick-
el and low melting eutectic metal. They concluded
that the addition of the nickel particulate is critical
for maintaining eutectic dispersion. In this work,
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LMTM-Sn which has a thermal conductivity of
61.7 W-(m-K)! [28] was introduced into PA6 to in-
vestigate the distribution of Sn and the thermal con-
ductivity of PA6. Then, in dealing with the agglom-
eration of Sn, graphite was introduced into PA6/Sn
composite to enhance the filler distribution and the
thermal conductivity of the composite. Besides, the
PA6/graphite composites were also prepared as con-
trol. The goal of this work is to develop a novel PA6
based material, which has a good thermal conduc-
tion.

2. Experimental

2.1. Materials

PA6 (UBE Nylon 1013b) with a density of 1.14 g/cm?
was obtained from UBE Engineering Plastics, S.A.
(Japan). Flake graphite (F-2, Hexagonal structure,
Standard No: Q/GHYP1-2012) with an average size
of 15 um and carbon content of 99% was purchased
from Shanghai Yifan graphite co., LTD (China). The
Sn powder (300 mesh) with a melting point of
231.9°C and prepared by electrolysis was purchased
from Zhengzhou Hengchang metal materials co.,
LTD. (China). The component of Sn powder is listed
in Table 1. All of the properties data were provided
by the manufactures.

2.2. Preparation of PA6/Sn, PA6/graphite and
PAG6/graphite/Sn composites

Prior to blending, the PA6 pellets and graphite were
dried at 80°C for 10 h, while Sn powder was dried
under vacuum at 80 °C for 5 h. The raw materials and
fillers without any modification were premixed in
plastic bags by drastically shaking manually. The ma-
terials designation and the detailed formulations of
PA6/graphite, PA6/Sn and PA6/graphite/Sn compos-
ites are shown in Table 2. The composites systems
were fabricated using a Haake twin-screw extruder
(polylab OS 16/40, Germany). The extruding temper-
atures were set as 220, 250, 250, 270, 270, 270, 270,
270, 250, 230°C (from feeding section (77) to extrud-
ing die (719)). The screw speed was set as 60 r/min.
Then the extrudates were pelletized and dried under
vacuum for 10 h at 80°C. Then the pellets were
molded into circular plate samples with a diameter
of 12.7 mm (and a thickness of 2 mm) and rectan-
gular samples with a dimension of 80x10%4 mm via
an ONLY injection molding machine (P Series 50 e,
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Table 1. Component of Sn powder
Impurity content
[=%l]
Fe Pb Cu S Bi As Sb
0.04 | 0.10 | 0.02 [0.001] 0.03 | 0.01 | 0.04

Sn content
[>%]

99.50

Table 2. Materials designation and detailed formulations

Component | Designation [vl:?”/i] G[l;:g:)i]te [wst:’l/o]

G10 90 10 0
G20 80 20 0

PA6/graphite G30 70 30 0
G40 60 40 0
G50 50 50 0
S04 96 0 4
S08 92 0 8

PA6/Sn S12 88 0 12
S16 84 0 16
S20 80 0 20
GS04 46 50 4
GS08 42 50

PA6/graphite/Sn GS12 38 50 12
GS16 34 50 16
GS20 30 50 20

China). The injection temperatures were set as 220,
270,270, 270°C (from feeding zone to nozzle). The
injection pressure, injection rate, holding pressure,
backpressure, mold temperature and cooling time
were set as 30 MPa, 40 mm/s, 20 MPa, 3 MPa, 28 °C
and 20 s respectively.

2.3. Characterization

2.3.1. Morphology and element distribution

The circular plate samples were cryogenically frac-
tured in liquid nitrogen along the red arrow as shown
in Figure 2a to observe the filler distribution. Then
the fractured surfaces were coated with a gold layer
before the observation. The fractured surface mor-
phology of the composites was observed via an en-

. Mold cavity % Inlet point of mold
—

or = Direction of melt flow Paosition of clamps when
—_— testing electric property

a) b)

Figure 2. Sketch maps of melt flow in the mold ((a) for cir-
cular samples and (b) for rectangular samples)
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vironmental scanning electron microscope (ESEM,
Quanta 200, FEI, Holland) with an acceleration volt-
age of 10 kV in high vacuum mode. The element dis-
tribution images of Sn were obtained via Energy
Disperse Spectroscopy (EDS) which was an acces-
sory of the ESEM.

2.3.2. Thermal conductivity measurement

The circular plate samples with a diameter of 12.7 mm
and a thickness of 2 mm were used for the test of
thermal diffusivity (through-plane) by Netzsch (Ger-
many) laser flash thermal diffusivity apparatus (LFA
447 NanoFlash) at 30 °C . The apparatus fires a laser
pulse on the bottom surface of the sample, then the
temperature variation of the top surface is detected
and the thermal diffusivity is calculated according to
the temperature variation. The test mode and calcu-
lation model were set as single layer and Cowan+pulse
respectively. Calculation range was 10 times of half-
heating up time. The specific heat capacity of the sam-
ple at 30 °C were determined via Netzsch (Germany)
differential scanning calorimeter (DSC-200 F3). The
density was measured by water displacement method
and the value was taken from the average of three sam-
ples. Then, the thermal conductivity x [W-(m-K)™]
was calculated using Equation (1) [29]:

k=poaC, @)

where p is the density [g/cm?®], C, is the specific heat
capacity [J-(g'K)™'], and a is the thermal diffusivity
[mm?/s].

2.3.3. Electrical conductivity measurement
Rectangular samples (80x10%4 mm) were used for
resistivity measurement. The electrical resistance R
[Q] was determined by an electrometer (Keithley
(USA) 2611B SYSTEM SourceMeter®), which
measures the electrical resistance according to the
voltage applied on the sample and electric current
flow through it. The four clamps of the electrometer
were fixed on the four corners of the rectangle sam-
ple as shown in Figure 2b. The sweep voltage was
set from 20 to 50 V and sweep type was set as linear.
The R value was the average taken from 5 specimens.
Then the electrical resistance R was converted into
volume conductance ¢ [S/m] with Equation (2):

GZ%ZRLS )
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where L [m] is the distance (along the length direc-
tion of the sample) between clamps, p [Q-m] is the
volume resistivity, and S [m?] is the cross-sectional
area of the sample.

2.3.4. Differential scanning calorimetry (DSC)
The crystallization and melting behavior of the com-
posites were measured using a Netzsch (Germany)
differential scanning calorimeter (DSC-200 F3). Ex-
periments were performed with about 15 mg sam-
ples under nitrogen atmosphere. The samples were
firstly heated to 270 °C at a rate of 20 °C/min to elim-
inate thermal history and then held at 270 °C for 2 min.
Subsequently, the samples were cooled at a rate of
10°C /min to 20 °C and held at 20 °C for 2 min, then
scanned from 20 to 270°C at a rate of 10 °C/min. The
crystallization and melting temperatures were ob-
tained from the cooling and re-heating curves respec-
tively. The crystallinity (y.) [%] of the composites was
calculated with Equation (3):

____AH,
Xe= - w)AH, )

where AH, [J/g] is the melting enthalpy of the com-
posite and o [wt%] is the weight fraction of fillers.
Besides, AHy, [J/g] is the melting enthalpy of 100%
crystalline PA6 and we adopted 230 J/g [30].

2.3.5. Thermal stability of the composites

The thermal stability of the composites was charac-
terized by a thermogravimetric analyzer (TGA Q5000,
TA Instrument, U.S.A.). All measurements were per-
formed under nitrogen gas condition with a flow rate
of 25 mL/min from 30 to 700 °C at a heating rate of
10°C/min.

3. Results and discussion

3.1. Morphology and element distribution

The fractured surface morphology of the composites
filled with graphite as single filler are shown in Fig-
ure 3. The pictures demonstrate an incremental mass
ratio of graphite in the matrix from 30 wt%
(17.6 vol%) to 50 wt% (33.3 vol%). Graphite parti-
cles were oriented along the processing flow direc-
tion (Figure 3), consistent with Amesdder et al.'s
[31] results. It is ascribed to the processing method-
injection molding. The graphite flakes would parallel
to the direction of melt flow (as shown in Figure 2)
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Figure 3. SEM images of the surfaces of the cryogenically fractured composites ((a) for G30, (b) for G40 and (c) for G50).
(All the micrograph were obtained from the fractured surfaces of the samples as shown in (d)).

to make the least flow resistance. It is obvious that
graphite particles disperse discretely in the matrix
and the space between graphite particles is relatively
larger when the graphite content is 30 wt%
(17.6 vol%). With the increase of graphite content, the
space between graphite particles reduces. When the
graphite content reaches 50 wt% (33.3 vol%), the
graphite particles have already interconnected to-
gether and a network structure consisted of flake
graphite particles has already been formed.

However, when adding Sn as single filler into PA6
matrix, the agglomeration of Sn could be easily ob-
served with naked eyes in Figure 4a, b and c. The
agglomeration of Sn could be clearly observed from
SEM images as shown in the red frames in Figure 4d,
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e and f. With the increase of the Sn content, the ag-
glomerate size increases gradually. When the Sn
content is 20 wt% (3.79 vol%) the agglomerate size
reaches about 70 pm. This is mainly ascribed to the
extremely low viscosity (1.4-1.8 mPa-s during 500—
600 K) [6] and ultrahigh surface tension (400—
620 mN/m during 400-1600 K) [22] for liquid metal
versus the high viscosity (about 100 Pa-s during shear
rate of 100—-1000/s) [24] and low surface tension
(lower than 40 mN/m at 230°C ) [23] for polymer
melt, which leads to poor compatibility between PA6
and Sn. The fact that Sn has good flowability and a
strong trend of shrinking superficial area in the state
of liquid leads to serious agglomeration in the PA6
matrix. Another reason for the agglomeration is that
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100 um——

Figure 4. Digital photos of the composites ((a) for S12, (b) for S16 and (c¢) for S20) and SEM images of the surfaces of cryo-
genically fractured composites ((d) for S12, (e) for S16, (f) for S20, (g) for GS12, (h) for GS16 and (i) or GS20)

metal and organic polymer have different chemical
and physical properties, thus they have poor com-
patibility.

The SEM images of the composites filled with
50 wt% of graphite and Sn content various from
12 wt% (2.91 vol%) to 20 wt% (5.42 vol%) as hy-
brid fillers are shown in Figure 4g, h and i. It could
be observed that there is no agglomerate even the Sn
content reaches 20 wt% (5.42 vol%). And most of
the flake graphite particles in GS12 and GS16 are
oriented along the direction of the melt flow as well.
Interestingly, the distribution form of flake graphite
in GS20 is circinate. This is due to the existence of

friction between graphite particles. With the increase
of weight fraction of Sn, the volume fraction of
graphite particles (50 wt%) increases because the den-
sity of Sn is much higher than that of graphite. The
increase of the volume fraction of graphite particles
leads to the increase of the friction between graphite
particles and the poor flowability of the polymer
melt, which leads to decrease of orientation degree
of flake graphite particles in GS20.

Figure 5 shows the EDS images of Sn in S20 and
GS20. The Sn in S20 concentrates together and forms
spherical-like agglomerate (Figure 5a), while the dis-
tribution of Sn in GS20 is much more uniform as
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Figure 5. EDS images of Sn in (a) S20 and (b) GS20

shown in Figure 5b. The reason why Sn could dis-
perse well in GS20 may be the fact that the flowa-
bility of liquid Sn is hindered by the solid graphite
particles. Thus the encounter chance of Sn fluid de-
creases for the decline of liquidity, which leads to the
decrease of agglomeration. Besides, the even disper-
sion of Sn is speculated to be related to the interac-
tion between Sn and graphite, which will be dis-
cussed in the part of DSC measurements.

3.2. Thermal conductivities of the composites

The thermal conductivities of PA6/graphite compos-
ites are shown in Figure 6a. The thermal conductiv-
ity increases slowly as a function of graphite content
below 25.0 vol% (40 wt%). And a sharp increase ap-
pears when the graphite content exceeds 25.0 vol%
(40 wt%). The flake graphite particles could occupy
enough volume in the PA6 matrix to contact each
other and form the thermally conductive networks
(Figure 3) when the graphite content exceeds
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b)

25.0 vol% (40 wt%), and the thermal energy could
pass through quickly along the thermally conductive
networks. The thermal conductivity of PA6/graphite
(33.3 vol%) composite reaches 1.852 W-(m-K)™,
agreeing with Amesoder et al. [31]. However, there
is almost no increase in the thermal conductivities
of the PA6/Sn composites as shown in Figure 6b.
There are two main reasons for this phenomenon,
one is that the Sn content is not enough to form con-
ductive networks. Another is that the distribution of
Sn is extremely non-uniform in the matrix (Figure 4a—
fand Figure 5a), which would give rise to high ther-
mal resistance at the interface between filler and
polymer matrix [32, 33].

When adding Sn into PA6/graphite composite, the
thermal conductivities increase obviously as shown
in Figure 6b. The thermal conductivity reaches
3.879 W-(m-K)~! when the Sn content is 4.10 vol%
(16 wt%) versus 1.852W W-(m-K)™!' for G50 and
0.297 W-(m-K)™! for the virgin PA6. This is ascribed
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. Thermal conductivities of (a) PA6/graphite composites, (b) PA6/Sn and PA6/graphite(50 wt%)/Sn composites as

a function of filler content. (The values beside every data point refer to the volume fraction [vol%] of graphite (a)

and Sn (b)in the corresponding composites).

to four reasons, one is that Sn is high conductive filler
with a thermal conductivity of 61.7 W-(m-K)' [28]
and the distribution of Sn is uniform in the compos-
ites under the effect of graphite particles. The second
is that the increase of the volume fraction of graphite
is accompanied by the addition of Sn, while the
weight fraction of graphite remains 50 wt% as dis-
cussed in the part of 3.1 (Morphology and element
distribution). The thermally conductive networks be-
come strong because the volume occupied by graphite
is increased. The third, graphite particles could be
more uniform dispersed in matrix for the Sn, which
is in a state of low viscosity liquid [6] when processed
under high temperature. The fourth, the interaction
between Sn and graphite is speculated to be related
to the high thermal conductivity (discussed in the part
of DSC measurements). The thermal conductivity of
the composite sharply increases to 5.364 W-(m-K)™!

33.3
=2}
250 VOI%E
4l
o
o
o
= 1"
8L
1 1 L 1 1 L
0 10 20 30 40 50

a) Graphite content [wt%]

logo

when the Sn content reaches 5.42 vol% (20 wt%).
This is associated with the microstructure of the com-
posite and the test method we adopted. The through
plane thermal conductivities were tested in this study,
and Figure 4i shows that the distribution form of flake
graphite in GS20 is circinate. Indicating that the num-
ber of graphite flakes along the perpendicular direc-
tion of the plate samples increases. It has been report-
ed that the thermal conductivity along the graphite lay-
ers is much larger than that of cross layers [34, 35].
We could conclude that the Sn has a synergistic ef-
fect with graphite on the improvement of the thermal
conductivity of PA6.

3.3. Electrical conductivities of PA6/graphite
and PA6/graphite/Sn composites

The log electrical conductivities (o) values are plot-

ted as a function of filler content in Figure 7. It is easy

== Graphite content = 0 wt%
0F == Graphite content = 50 wt% -10.5
5.42
-40.0
=2k (E—
-
4.10 vol% 05
«|
4-1.0
-6+ 0
082 435 210 291vol% 379 s
o= 1 z -
_8 L L 1 1 1 1
0 4 8 12 16 20

b) Sn content [wt%]

Figure 7. Electrical conductivities (o) of (a) PA6/graphite composites and (b) PA6/graphite(50 wt%)/Sn composites and
PA6/Sn composites as a function of filler content. (The values beside every data point refer to the volume fraction
[vol%] of graphite (a) and Sn (b) in the corresponding composites).
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to understand that the ¢ increase as a function of filler
content, except that the logo of PA6/Sn remain al-
most constant because of the poor distribution of Sn
(Figure 7b). Notably, the sharp increase of ¢ of PA6/
graphite composites occurs during the graphite con-
tent between 17.6 vol% (30 wt%) and 25.0 vol%
(40 wt%), while the thermal conductivity increases
sharply between 25.0 vol% (40 wt%) and 33.3 vol%
(50 wt%). It is probably ascribed to that the conduc-
tive networks are easy to form along the direction of
melt flow (Figure 2b) because of the orientation of
graphite flakes (Figure 3). And the test method we
adopted just detected the o in the direction of melt flow
as described before. Moreover, field emission theory
[36] believes that the huge electric field existing be-
tween conductive particles would induce the occur-
rence of field emission when the conductive particles
close to 10 nm or more closer, even though there is in-
sulation layer between the conductive particles. Thus
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c) Temperature [°C]

the electricity could happen without the contact of
graphite particles. The electrical conductivity of PA6
increased nearly 8 orders of magnitude at the maxi-
mum filler content.

3.4. DSC measurements

The DSC curves of the composites are shown in Fig-
ure 8. For clarity, the vertical distance of the curves
is enlarged. And Table 3 shows related DSC data of
the PA6/graphite composites. Figure 8a shows that

Table 3. DSC data for the cooling procedure and the re-heat-
ing procedure

T. T AH,, Xe
Samples | o °C] [-J/g] %]
PA6 188.3 223.5 47.72 20.8
G10 193.3 222.1 4531 21.9
G20 194.9 2222 41.25 22.4
G30 195.4 221.4 42.14 26.2
G40 195.5 222.6 36.30 26.3
G50 195.1 2224 32.20 28.0
(o]
2t
=
£
=
3
g PAB J
= [G1o
[i:]
£ G20
G40
G50

1 1 1 1 1 1 1
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b) Temperature [°C]
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Figure 8. (a) Second-heating curves obtained from PA6/graphite composites, (b) cooling curves obtained from PA6/graphite
composites, (c) second-heating curves obtained from Sn and PA6/graphite(50 wt%)/Sn composites, (d) cooling
curves obtained from Sn and PA6/graphite(50 wt%)/Sn composites
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all the samples exhibit strong melting peaks at about
220°C, corresponding to the melting event of a-form
crystals of PA6 [37, 38]. It is evident that the incor-
poration of graphite has little effect on the melting
behavior of the composites except the decrease of
AHy,. Unlike the melting behavior of the composites,
the crystallization process is greatly affected by the
introduction of graphite. It could be observed from
Figure 8b and Table 3 that the crystallization tem-
perature and crystallinity of the composites increase
with the addition of graphite. This could be ascribed
to the facilitating effect of graphite particles which act
as nucleating agent on the crystallization of PA6 [39—
41]. It is interesting to observe that the new peaks on
the exotherms of PA6/graphite composites appear at
higher temperature with the increasing amount of
graphite content. Similar appearance of exotherms
with double peaks in PA6/MWNTs composites was re-
ported before [42—44]. The appearance of higher crys-
tallization temperature is related to the increase of
graphite content. More heterogeneous nucleation sites
are available with the increasing amount of graphite
particles. Therefore, the crystallization of polymer
chains could occur at higher temperature and differ-
ent morphology of crystals might be induced by the
large number of graphite particles [42, 43].

As to the thermal behavior of PA6/graphite/Sn com-
posites, it is interesting to observe from Figure 8c
that two small endothermic peaks gradually expand
with the increase of Sn content at about 180 and 210°C
respectively. It is also found from Figure 8d that a
range of peaks on the exotherms of PA6/graphite/Sn
composites at about 135 °C become stronger with the
increase of Sn content. However, the melting peak and
exotherm of pure Sn is not observed from DSC curves
of PA6/graphite/Sn composites (Figure 8c and d). It

Sn o
melt
—_ h
crystalhzmg alone IM Graphite layer

3
@ @ o0 o 00 0 ﬁe reglon
s> —> ¢_and e, region

L) L0 Phte
L]
— Snion

-o‘oo.'
] *e (]

Dy

PA6 matrix

is obvious that the unusual fact is relative to the spe-
cial heat effect of Sn under the existence of graphite.
As is well known, Sn melt consists of Sn ions and free
electrons (ef). Large number of Sn ions arrange neat-
ly and form the close packing when crystallizing
alone, while free electrons distribute around nucleus,
shared by large number of Sn ions [45, 46]. Howev-
er, there are abundant n electrons (e;) arising from
n-bonds of carbon atoms moving along the graphite
layers. The e, could move freely along the correspon-
ding carbon atomic layers, which resembles to ey.
Thus we suppose that the crystallization of Sn would
be affected by e, under the existence of graphite par-
ticles. As shown in Figure 9, the Sn ions may be
strongly attracted by numerous e, and distribute evenly
around graphite layers when Sn melt flows through
graphite layers. The free electrons participate in the
conjugated system of graphite layers to keep electric
neutrality. Unlike crystallization of pure Sn, the Sn
ions loosely arrange when crystallizing since there
is not enough Sn ions around a certain site because
of the strong attraction of e;. Thus the electron trans-
fer between graphite and Sn occurs. Lots of reports
about electron transfer between metal and carbon
materials were reported before [47-50]. The en-
dothermic peaks (Figure 8c) at about 180 and 210°C
are supposed to be related to the melting of the loose
crystal of Sn. And the peaks on the exotherms (Fig-
ure 8d) at about 135 °C correspond to the crystalliza-
tion of Sn under the effect of e,. Besides, the uniform
dispersion of Sn in the matrix is speculated to be re-
lated to the interaction between graphite and Sn. As
Figure 9 shown, the e originally belongs to Sn par-
ticipate in the graphite system along with e, which
make the density of free electrons in the composites
increases. Similar to the thermally conductive mech-

Figure 9. Sketch maps of interaction between Sn melt and graphite and filler distribution in the matrix
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anism of metal, the carrier quantity of thermal ener-
gy increases, which leads to the increase of thermal
conductivity.

3.5. Thermal degradation behavior of the
composites

The TGA curves and data of the composites are
shown in Figure 10 and Table 4 respectively. For
PA6/graphite composites (Figure 10a), there is only
one decomposition stage in the heating process and
the temperatures of weight loss at 5% (7’so;) and 10%
(T1¢v4) increase as a function of graphite content. The
maximum weight loss rate (Riax) decreases with the
increase of graphite content (Table 4). This indicates
that the thermostability of the composites is enhanced,
which is consistent with Kim and Jeong [51] and
Zhao et al. [52]. It is believed that the graphite par-
ticles serve as the mass transfer barriers against the
volatile pyrolized products in the PA6 matrix, even-
tually retarding thermal degradation of the composites
[51,52].

Interestingly, it could be found from Figure 10b and
Table 4 that with the increasing loading of Sn, both
T'so, and T oo, of the composites initially decrease, and
when the Sn content is higher than 4 wt%, T’s¢, and
T10v, start to rise. Compared with G50, there is an
obvious decrease of the Tso, and 7'jgo, Wwhen Sn is in-
troduced. However, the 7o, and 7'ge,, of PA6/graphite/
Sn composites are all higher than that of virgin PA6.
The Ruax of PA6/graphite/Sn composites decreases
with the addition of Sn. As noted before, graphite par-
ticles serve as the mass transfer barriers against the
volatile pyrolized products in the PA6 matrix [51, 52].
When adding slight Sn, the volatile pyrolized prod-
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Table 4. Thermal degradation data of the composites

Samples [fSC%i [Tolé%]) [;: 7:;‘C" |
PA6 376.0 404.3 2.03
G10 380.2 405.5 1.94
G20 387.4 408.3 1.70
G30 390.2 410.6 1.59
G40 391.9 412.8 1.40
G50 398.3 417.5 1.18
GS04 379.9 407.2 1.00
GS08 379.9 407.1 0.87
GS12 382.1 407.9 0.86
GSl16 388.0 411.2 0.77
GS20 390.2 414.1 0.64

ucts would permeate the barriers of graphite easier
because the low viscosity liquid metal decreases the
viscosity of the system, which accounts for the initial
decrease of Tso, and Ti¢,. However, with the in-
crease of Sn content, the quantity of graphite parti-
cles in the unit volume increases as discussed in the
part of 3.1 (Morphology and element distribution) and
the graphite's hindering effect towards the volatile
increases, which explains the following increase of
T’so, and T'go,. The decrease of Ry, of the composites
is relative to the decrease of weight fraction of PA6
matrix which accounts for the major part of weight
loss. In conclusion, the thermostability of the compos-
ites meliorated compared with virgin PA6.

4. Conclusions

A novel PA6 based material, which has a good ther-
mal conduction was prepared by extruding and injec-
tion molding. According to this research, the distri-
bution of single filler-Sn in PA6/Sn composites was
seriously non-uniform while it had great uniformity
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Figure 10. TGA thermograms of (a) PA6/graphite composites, and (b) PA6/graphite(50 wt%)/Sn composites
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in PA6/graphite/Sn composites. The thermal conduc-
tivity is nearly constant when introducing Sn alone into
PA6 matrix, while the addition of Sn could strongly
boost the thermal conductivity of the PA6/graphite
composites, suggesting that the introduction of
graphite and further introduction of Sn have signifi-
cant synergistic effect on the thermal conductivity
improvement of PA6. The reason is speculated to be
chemical and/or physical reaction between graphite
and Sn, which would be further studied systematically
in the near future. Besides, the electrical conductivity
and the thermostability were also improved. The value
of this work lies in the fact that apparent thermally
conductive property improvement of PA6/graphite/
Sn composites has been achieved by simple and prac-
tical extruding and injection molding, which may be
fruitful for the industrial-scale production of ther-
mally conductive polymer composites.
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Abstract. The synthesis of poly(isobutylene-b-g-caprolactone) diblock and poly(e-caprolactone-b-isobutylene-b-g-capro-
lactone) triblock copolymers was accomplished using a combination of living carbocationic polymerization of isobutylene
(IB) with the ring-opening polymerization (ROP) of e-caprolactone (e-CL). OH-PIB-allyl was prepared by living carboca-
tionic polymerization of IB initiated with 1,2-propylene oxide/TiCl, followed by termination with allyltrimethylsilane. Hy-
droxyl telechelic HO-PIB-OH was obtained by living IB polymerization initiated by 2,4,4,6-tetramethyl-heptane-2,6-
diol/TiCly, termination with allyltrimethylsilane and subsequent thiol-ene click reaction with mercaptoethanol. The structure
of the hydroxyl PIBs was confirmed by 'H NMR (proton Nuclear Magnetic Resonance spectroscopy). OH-PIB-allyl and
HO-PIB-OH were then successfully used as macroinitiators for the polymerization of e-CL catalyzed by Candida antarctica
Lipase B (CALB), yielding poly(e-caprolactone-b-isobutylene) diblock and poly(e-caprolactone-b-isobutylene-b-g-capro-
lactone) triblock copolymers, respectively. Differential Scanning Calorimetry (DSC), Transition Electron Microscopy (TEM)
and Atomic Force Microscopy (AFM) demonstrated that the amorphous PIB and the semicrystalline PCL block segments
phase separated, creating nanostructured phase morphology.

Keywords: polymer synthesis, enzyme catalysis, block copolymers, polyisobutylene, polycaprolactone

1. Introduction (vinyl alcohol)), and some devices that use PIB-based
The design of novel macromolecular architectures is  materials are approved by the Food and Drug Admin-
a continuous focus in polymer science. Many of these  istration (FDA) [4-6]. One of the most relevant com-
architectures, such as block copolymers, possess binations is poly(styrene-b-isobutylene-b-styrene)
unique properties, which make them interesting can-  (SIBS). SIBS is a very soft, transparent material re-
didates for special applications in nanotechnology  sembling silicone rubber, with superior mechanical
and biomedical materials. Controlled ring-opening  properties. It is used as a drug-eluting coating of coro-
polymerization (ROP) of cyclic esters, such as lactide, nary stents [6—8]. PIB is not degradable under bio-
glycolide, cyclic carbonate, and/or e-caprolactone logical conditions, however, its copolymers can be.
(e-CL), have received significant attention due to the ~ Block copolymers of PIB with L-lactide [9] and pi-
good mechanical properties, degradation behavior and ~ valolactone [10] have been synthesized from primary
biocompatibility of the resulting polymers [1-3].  hydroxyl functionalized PIBs and metal-containing
Polyisobutylene (PIB) has been combined with ma-  activators. It was found that the blocks had phase-sep-
terials widely used for biomedical applications (poly-  arated morphologies, and the crystallization behavior
acrylates and -methacrylates, polysiloxanes, polylac-  of the polylactide and polypivalolactone was influ-
tones, polyurethanes, poly(ethylene oxide), and poly  enced by the presence of the PIB blocks. However,
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© BME-PT

693



Castano et al. — eXPRESS Polymer Letters Vol.10, No.8 (2016) 693—700

we found only two papers discussing the synthesis of
PIB-PCL block copolymers [11, 12]. Both papers
used telechelic HO-PIB-OH macroinitiators obtained
by multistep processes, and triethyl aluminum or
HCI-Et,0 catalyst. The first paper concentrated on
structural analysis without investigating the phase
morphology of the products [11]. The second paper
reported microphase-separation based on Differential
Scanning Calorimetry (DSC) that found two transi-
tions: 7, = —60°C for the PIB segment and T, =
60°C for the PCL block [12].

This paper reports the facile synthesis of a poly(iso-
butylene-b-g-caprolactone) diblock and poly(e-capro-
lactone-b-isobutylene-b-g-caprolactone) triblock
copolymers using PIB-OH and HO-PIB-OH macro-
initiators [13—15], and ROP of &-CL catalyzed by
Candida antarctica lipase B (CALB). Enzyme-cat-
alyzed ROP [16-21] is one of the most promising
tools and avoids the use of organo-metallic catalysts
(Zn, Al, Sn or Ge), which are known to be cytotoxic
to cellular systems and are often difficult to remove
from polymeric products [2]. Gross and Hillmyer
used anionically synthesized monohydroxyl-func-
tional polybutadiene of various molecular mass (M, ~
2600-19 000 g/mol) to initiate the ROP of e-CL and
pentadecalactone catalyzed by CALB to make di-
block copolymers. However, the products contained
10-30 wt% homoPCL after methanol precipitation,
so they developed a fractionation method to purify the
diblocks [19]. Tang and coworkers [20, 21] used hy-
droxyl- and ester-functionalized polyoctadiene to
initiate ROP of &-CL and w-pentadecalactone using
CALB, but did not investigate the phase morphology
of the resulting block copolymers. PIB-containing
block copolymers have never been synthesized using
CALB-catalyzed ROP of lactones. We report condi-
tions leading to pure di- and triblock copolymers.

2. Experimental section

2.1. Materials

HO-PIB-allyl (M,, =4300 g/mol, Py =1.21) [18] and
HO-PIB-OH (M,, =4100 g/mol, Py =1.2) [14, 15]
macroinitiators were synthesized by recently report-
ed facile new methodologies. e-caprolactone (-CL,
Sigma Aldrich, 97%), methylene chloride (CH,Cl,,
>99.8%, EMD Chemicals) and toluene (Sigma Al-
drich, 99%) were dried over CaH; (95%, Aldrich))
and distilled under vacuum. Methanol (MeOH,
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99.8%, Fisher Scientific) was used as received. Li-
pase B from Candida antarctica immobilized on mi-
croporous acrylic resin (20 wt% CALB, Novozyme
435, Sigma Aldrich), deuterated chloroform (CDCls,
99.8%, Chemical Isotope Laboratories) were used as
received.

2.2. Procedures
2.2.1. Synthesis of
poly(isobutylene-b-¢-caprolactone)
A solution of HO-PIB-allyl (0.18 g, 8.05-10 mol/L)
and dry toluene (5.0 mL) were transferred via sy-
ringe under dry N, atmosphere into a flask contain-
ing immobilized CALB (75mg, 20% CALB,
4.33-10* mol/L). The suspension, as well as a sepa-
rate flask containing e-CL, was equilibrated for 15 min
at the reaction temperature (70 °C). Thereafter, e-CL
(0.2 g, 0.35 mol/L) was transferred to the reaction
flask via syringe under dry N, atmosphere to start the
polymerization. After 24 h reaction time the reaction
mixture was cooled to room temperature and CALB
was removed by filtration. The polymer was precip-
itated in methanol and dried under vacuum for 24 h
at room temperature (yield 0.235 g, e-CL conversion
28%).

2.2.2. Synthesis of poly(e-caprolactone-b-
isobutylene-b-¢-caprolactone)

A solution of HO-PIB-OH (0.090 g, 8.13-1073 mol/L)
and dry toluene (2.5 mL) were transferred via sy-
ringe under dry N, atmosphere into a flask contain-
ing immobilized CALB — (40 mg, 20% CALB,
4.45-10"* mol/L). The suspension, as well as a sep-
arate flask containing &-CL, was equilibrated for
15 min at the reaction temperature (70 °C). Thereafter,
e-CL (0.2 mL, 0.67 mol/L) was transferred to the re-
action flask via syringe under dry N, atmosphere to
start the polymerization. After 24 h reaction time the
reaction mixture was cooled to room temperature
and CALB was removed by filtration. The polymer
was precipitated in methanol and dried under vacu-
um for 24 h at room temperature (yield 0.14 g, e-CL
conversion 25%).

2.3. Characterization

2.3.1. Size exclusion chromatography (SEC)

The molecular mass and molecular mass distribution
(Pw) of the polymers were determined by SEC con-
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sisting of a Waters 515 HPLC Pump, a Waters 2487
Dual Absorbance UV Detector (UV), a Wyatt OPTI-
LAB DSP Interferometric Refractometer (RI), a Wyatt
DAWN EOS multi-angle light scattering detector (LS),
a Wyatt ViscoStar viscometer (VIS), a Wyatt QELS
quasi-elastic light scattering instrument (QELS), a
Waters 717 plus autosampler and 6 Styragel® columns
(HR6, HRS, HR4, HR3, HR1 and HO.5). The columns
were thermostated at 35 °C and THF, continuously dis-
tilled from CaH,, was used as the mobile phase at a
flow rate of 1 mL/min. The results were analyzed by
using the ASTRA software (Wyatt Technology). Block
copolymer dn/dc was calculated based on the weight
fraction and dn/dc of the individual components;
PCL =0.053 [22] and PIB = 0.108 [23]. The results
agreed with data obtained assuming 100% mass re-
covery.

2.3.2. Nuclear Magnetic Resonance (NMR)
spectroscopy

"H NMR spectra were recorded on a Varian Mercury-

500 NMR spectrometer in CDCl;. The resonance at

§=17.27 ppm ('"H NMR) was used as internal refer-

ence. Spectra were acquired with 128 transients and

a relaxation time of 5 sec.

2.3.3. Differential scanning calorimetry (DSC)
DSC was carried out on a TA Q2000 instrument. 5 mg
of the sample was subjected to heating/cooling cy-
cles at 10°C/min in the temperature range of —100
to 150°C. Nitrogen atmosphere was used to mini-
mize thermal degradation of the polymers. T, and T;,
were calculated as the mean value between the onset
and end point temperatures of the second cycle.

2.3.4. Optical microscopy
Optical images were collected with an Olympus
BXS51 optical microscope using reflected light.

2.3.5. Transmission electron microscopy (TEM)
TEM was carried out on a Philips Tecnai 12 instrument
at an accelerating voltage of 120 kV. Thin films were

o]

HO = * o
n

prepared on a carbon coated glass surface by spin
coating one drop of a 1% polymer solution in THF.
The carbon coated glass surface with the spin coated
copolymer was immersed into a distilled water bath.
The polymeric film along with the carbon layer float-
ed onto the water surface, and then was picked up
by clean TEM copper grids (400 mesh, SPI). Before
TEM observation, the samples on the grids were an-
nealed for 5 min at 70 °C and then 15 h at 40°C. The
samples were stained with 1% OsO,.

2.3.6. Atomic Force Microscopy (AFM)

AFM images were taken using a Veeco Instruments
Multimode AFM with a Nanoscope IV controller,
operated in the tapping-mode with height and phase
images collected simultaneously. Silicon cantilevers
with a nominal resonance frequency of 170 kHz (As-
pire CT170R) were used, with typical medium-light
tapping forces as characterized by a 2.0 V free am-
plitude and a 1.6 V set point amplitude.

3. Results and discussion
3.1. Synthesis of poly(isobutylene-b-¢-
caprolactone) diblock
The enzyme-catalyzed ROP of e-CL was initiated
using the HO-PIB-allyl macroinitiator (M, =
4300 g/mol with Py = 1.21) as shown in Figure 1. In
this case [monomer]/[OH] ~40 was used based on
Storey’s previous report [11]. Higher ratios were
tried but did not yield clean diblocks.
Figure 2 shows the "H NMR spectrum of PIB-»-PCL.
The resonances at 6 =5.04 ppm (f) and 6 = 5.77 ppm
(e) belong to the allylic protons of the HO-PIB-allyl
macroinitiator. Signals for structural analysis includ-
ed those at 3.68 and 4.33 (h, J 6.5 Hz, -CH,—OH),
due to the methylene protons of PCL chain-end units
and resonances at 4.11 ppm (g) and 2.32 ppm (m),
due to the methylene protons in the PCL repeat unit.
The M, of the poly(e-caprolactone) block was cal-
culated from the ratio of the integral of the methylene
protons of the repeat unit of PCL (g) at § =4.23 ppm
and the methylene proton of the allyl end group of

CALB, ROP

o]
o
= 0 ‘9"\/'\/\/ ) H
Toluene, 70°C n

Figure 1. CALB catalyzed ROP of e-CL using allyl-PIB-OH as macroinitiator. [HO-PIB-allyl] = 8.05-10~ mol/L, [e-CL] =

0.35 mol/L; [CALB] = 4.33-10 mol/L.
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Figure 2. 'H NMR spectrum of PIB-5-PCL

HO-PIB-allyl (e) at 6 = 5.77 ppm as M,, = 1590 g/mol.
Thus the total diblock molecular weight is M, =
5890 g/mol, corresponding to 26.8 wt% PCL. Figure 3
shows the SEC traces of the macroinitiator and the
diblock copolymer (PIB-5-PCL).

Relative to the starting HO-PIB-allyl (M, =
4300 g/mol), the SEC Rl traces of PIB-»-PCL diblock

1.2

— PIB-PCL

10 --:‘aIIyI-PIB-OH

0.8

0.6

0.4

Relative scale RI

30 40 50 60 70
Time [min]

Figure 3. SEC traces of HO-PIB-allyl and PIB-56-PCL

o]

+ (o}
HOwS/\W/\/\S/\,OH O

HO-PIB-OH

Toluene, 70°C A

copolymer shifted to higher molecular mass and the
molecular mass distribution remained narrow. The
M, = 6100 g/mol and Py; = 1.26 were determined by
SEC using dn/dc = 0.093. This corresponds to a
PIB4300—b—PCL1800 structure (295 wt% PCL), which
is in good agreement with the NMR data.

3.2. Synthesis of poly(e-caprolactone-b-
isobutylene-h-g-caprolactone) triblock
Figure 4 shows the triblock synthesis. HO-PIB-OH
(M, = 4100 g/mol, P\ =1.2) was used as a macroini-

tiator.

Figure 5 shows the "H NMR spectrum of PCL-PIB-
PCL. The signal of the methylene protons of the HO-
PIB-OH macroinitiator (h) at 3.77 ppm disappeared.
Signals for structural analysis included those at 3.68
and 4.33 (h, J 6.5 Hz, —-CH,—OH), due to the meth-

o] 0

CALB, ROP \/\/\)l)\ ’(’LK/\/\/
———» H (O O\/\S/\W\/\ S/\VO O)m

CL-b-PIB-b-CL

Figure 4. Synthesis of PCL-PIB-PCL. [HO-PIB-OH] = 8.13-10~> mol/L, [e-CL] = 0.67 mol/L; [CALB] = 4.45-10~* mol/L.
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Figure 5. 'H NMR spectrum PCL-PIB-PCL

ylene protons of PCL chain-end units and resonances
at4.11 ppm (g) and 2.32 ppm (m), due to the meth-
ylene protons in the PCL repeat unit. The proton res-
onances at 6 = 1.13 ppm (e) and 6 = 1.45 ppm (d) cor-
respond to the methyl and methylene protons, re-
spectively, of the repeat unit of PIB.

M, = 2200 g/mol was calculated for the PCL blocks
from the ratio of the integral of the methylene pro-
tons of the repeat unit of PCL (h) at 6 = 3.99—

1.2

-===HO-PIB-OH
— PCL-PIB-PCL
1.0
(1]
2 08
&
2 05
E
I
T 04
0.2
0.0
30 40 50 80 70 80

Time [min]

Figure 6. SEC traces of HO-PIB-OH and PCL-5-PIB-b-PCL

4.11 ppm and the methyl protons of the repeat unit
of PIB (e), and using M;, = 4090 g/mol for the start-
ing HO-PIB-OH. Thus the PIB center block is flanked
on either side by PCL outer blocks, giving a structure
of PCL2200—b—PIB4090-b—PCL2200 and 52.8 wt% PCL
content. The SEC traces are shown in Figure 6. SEC
analysis yielded M, = 8400 g/mol (Py = 1.48), in
good agreement with the NMR data.

3.3. Phase morphology

DSC thermograms are presented in Figure 7.

The diblock copolymer exhibited the 7, of the amor-
phous rubbery PIB segment at 7, =—70.1 °C and an-
other transition at 45.9 °C. The DSC of the triblock
showed the PIB T, at —-67.2 °C and a very sharp tran-
sition at 51.3 °C with a shoulder at 55.1°C. T, =—60°C
and Ty, ranging between 59-64 °C were reported in
the literature for PCL [24]. In our case, the 7|, tran-
sition for the PCL blocks was barely detectable at
—60.2 °C These observations clearly indicate micro-
phase-separation in the block copolymers between
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the soft PIB phase and the PCL hard phases. The sharp
and prominent high temperature transition in the DSC
indicates that the PCL blocks in the triblock have
very high crystalline fractions. This may be due to con-

-0.2
v PIB-b-PCL
= 45.95°C
= —1.01 PCL-b-PIB-b-PCL
= 0.2
S 14l —— .
z 2 | oMU pppct
g -1842 8719
5 22 g POL-b-PIB-b-PCL
o-26] "% B 0 w0 B0 o
= Temperature ["C] 51.34°C
2-30
w -90 -60 =30 0 15 30 45 60 75 90 120 150

Universal 3.9

Temperature [°C]

Figure 7. DSC thermograms of PIB-»-PCL and PCL-b-PIB-
b-PCL

finement by the PIB phases. We will investigate this
phenomenon in more detail.

Figures 8a and b shows the optical images of the di-
block and triblock copolymers. We have no expla-
nation for these strange patterns: crystalline PCL
normally displays the well-known ‘Maltese cross’
pattern [25].

The AFM images (Figures 9) are also unusual and
need further investigation.

The TEM of the diblock in Figure 10a did not show
clear features. The TEM of the triblock copolymer in
Figure 10b indicates a lamellar structure, but the
lamella thickness appears to be too large. This will
require more detailed investigations. However, all
images show phase-separation.

200 um

b)

b)

Figure 9. AFM images of (a) PIB-5-PCL and (b) PCL-5-PIB-h-PCL
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Figure 10. TEM images of (a) PIB-»-PCL and (b) PCL-b-PIB-b-PCL

4. Conclusions

The combination of carbocationic and enzymatic
polymerization yielded PIB-»-PCL and PCL-b-PIB-
b-PCL. The use of enzyme catalysis resulted in the
metal-free synthesis of poly(caprolactone) blocks,
which normally requires the use of tin or other tran-
sition metals, which are difficult to remove. This
methodology can be expanded to the synthesis of
other cyclic monomers to yield functional biomate-
rials containing degradable polyester blocks. The
phase morphology of the blocks requires further in-
vestigation.
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under uniaxial stretching by rheo-Raman spectroscopy
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Abstract. The molecular orientation behavior of isotactic polypropylene (iPP) is investigated by using in situ Raman spec-
troscopy under tensile tests. A versatile method of the tilt-angle correction for the orientation parameters is newly developed,
where the molecular orientation in highly oriented specimens is assumed to be entropically favorable. The real-time changes
of orientation parameters and orientation distribution functions are determined for the molecular chain axis of iPP during
uniaxial stretching. The molecular orientation remains random in the elastic region, and increases after the first yield point.
In the yielding region, a broad distribution of orientation toward an intermediate angle of 30—70° from the stretching direction
is observed. This is interpreted as reorientation of the crystalline chains being hindered by rigid, bulky lamellar cluster units.
After the yielding region, orientation toward the stretching direction proceeds rapidly, approaching highly oriented states.

Keywords: mechanical properties, Raman spectroscopy, molecular orientation, isotactic-polypropylene

1. Introduction

Isotactic polypropylene (iPP) is a semi-crystalline
polymer which exhibits high strength, workability
and transparency and has low cost. iPP is commonly
used in films, plastic moldings and structural mate-
rials. The molecular orientation of the crystalline and
amorphous chains greatly influences the mechanical
properties of such semi-crystalline polymers [1, 2].
For example, a high degree of orientation along the
stretching axis is required for fabricating very strong
fibers.

The molecular orientation of semi-crystalline poly-
mers has been investigated by various experimental
methods. Birefringence is a simple and fundamental
technique which gives a qualitative measure of the
overall orientation in bulk specimens, including the
crystalline and amorphous regions [3, 4]. Wide-angle
X-ray diffraction (WAXD) basically provides the
distribution of molecular orientation of the crys-
talline chain, while that of the amorphous chains are

*Corresponding author, e-mail: hiejima@se.kanazawa-u.ac.jp
© BME-PT
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also determined by the synchrotron WAXD meas-
urements [5, 6]. Infrared (IR) spectroscopy can sep-
arately evaluate the average molecular orientations
of both crystalline and amorphous chains [7, 8],
using its dichroic ratio. However, IR spectroscopy is
unsuitable for thick samples such as plastic molds
and structural materials, then, it has been applied for
the sliced samples, because of high extinction coeftfi-
cients in the IR region.

Recent improvements in laser light sources, optical
devices and detectors have promoted the application
of Raman spectroscopy across various research fields.
Raman spectroscopy is a vibrational spectroscopy
technique with several advantages over the above-
mentioned techniques. First, its sufficiently short ac-
quisition time enables measurements to be carried
out in situ [9-11]. The stress relaxation upon unload-
ing polymeric samples can result in appreciable
structural changes, including molecular orientation.
Rheo-Raman spectroscopy which is the simultane-
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ous measurement of Raman spectra and mechanical
tests enables real-time monitoring of the microscopic
deformation mechanism. Second, polarized Raman
spectroscopy detects the molecular orientations of
both crystalline and amorphous chains. Raman spec-
troscopy has been used to evaluate the molecular ori-
entations of crystalline and amorphous chains in iPP
films [12, 13], and in situ micro-Raman spectroscopy
has also been applied to investigate the microscopic
mechanism of iPP during uniaxial deformation [9].
Third, the distribution of molecular orientations is de-
termined by calculating the orientation distribution
function (ODF) from the orientation parameters
<Pp>and <P;>[14, 15]. In contrast, IR spectroscopy
can only provide the orientation function as a meas-
ure of the average orientation. Finally, since typical
optical setups for the scattering measurements are
more flexible than those for the transmission meas-
urements, Raman spectroscopy can provide non-
contact and non-destructive technique to probe the
molecular orientation of plastic molds without any
pretreatments.

The crystalline chain of iPP has a 3; helical structure
[16], so the principal axis of the Raman tensor is not
parallel to the molecular chain axis [13, 17]. A correc-
tion for the tilt angle between these two axes is re-
quired to evaluate the orientation of the molecular
chains. Tanaka and Young reported tilt-angle correc-
tions using WAXD measurements [13, 18], and ob-
tained ODF values using the 1000 cm™! band of highly
drawn iPP. The ODF wvalues of poly(lactic acid),
which also forms helical chains in the crystalline
phase, have been determined from highly drawn
samples [13, 18, 19].

In the current study, rheo-Raman spectroscopy is used
to elucidate the molecular orientation behavior of
iPP during elongation. A new method for correcting
the tilt angle between the molecular axis and the
principal axis of the Raman tensor is applied. ODF
values and orientation parameters for the crystalline
chains of iPP are obtained. The microscopic mecha-
nism of deformation of iPP under uniaxial tensile
testing is discussed, by comparing the current results
with previous results for high-density polyethylene
(HDPE) [10, 11].

2. Methods

2.1. Sample and apparatus
Ziegler-Natta-catalyzed homo iPP pellets (M, =
4.9-10%, M,/M, = 4.4) supplied by Union Polymer
Material Co., Ltd (Dalian, China, Grade: YD101-A)
were used in this study. The pellets were compres-
sion molded in a hot press at 230 °C and 20 MPa for
5 min, to prepare a sheet with thickness of about 1 mm.
The sample sheet was removed from the hot press,
quenched in boiled water at 100 °C. The density of
the sample was determined to be 908 kg m~ by the
Archimedes method. Its volumetric crystallinity was
determined to be 66%, where the densities of the amor-
phous and crystalline regions were assumed to be
pa =854 and p. = 936 kg m3, respectively [20]. Test
specimens for tensile tests were cut out of the sample
sheet with a notch-shaped die (2 mm gauge length,
4 mm width in Figure 1).

The rheo-Raman spectroscopy apparatus is shown
schematically in Figure 2. A custom-made tensile
tester with a double-drawing mechanism was installed
in the Raman spectroscopic apparatus, the details of
which are reported elsewhere [10, 11]. Laser light from
a DPSS laser (LASOS, Jena, Germany, 637.9 nm,
200 mW) was monochromated with a laser line filter,
and irradiated into the notched portion of the speci-
men, with a spot size of 1 mm in diameter. The elon-
gation speed was set to 1 mm/min, and the stretching
temperature was 20 °C. The scattered light was collect-
ed with a pair of convex lenses, where the excitation
light was removed with a Raman long-pass filter. A
charge-coupled device camera equipped with a mono-
chromator (PIXIS100 and SpectraPro 2300i, Prince-
ton Instruments, Trenton, USA, NJ) was used as the
detector. For polarized Raman spectroscopy, a pair of
wire-grid polarizers was inserted as the polarizer and

2 mm

4 mm

L

Figure 1. Schematic illustraion of sample specimen
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Figure 2. Schematic illustration of rheo-Raman spectroscop-
ic apparatus

analyzer. The polarized spectra were collected in the
zz, yz, and yy geometries and accumulated 10 times
with an exposure time of 500 ms. It is noteworthy that
the total exposure time of 5 s can be shortened up to
~1 s, with maintaining sufficient signal to noise ratio.

2.2. In situ Raman spectroscopy

Typical in situ polarized Raman spectra are shown
in Figure 3. Assignments of the Raman bands of iPP
are listed in Table 1 [13, 21]. The Raman spectra of
undrawn specimens were independent of polarization,
indicating that the molecular orientation was ran-
dom. After elongation, the anti-symmetric (975 cm™)
and symmetric (809 cm™) stretching modes were

Table 1. Vibrational and phase assignments for the Raman
spectrum of iPP [13, 21]

Peak position Vibrational Raman
1 R Phase
[em™] mode tensor form
809 v5(C—C) + r(CH,) | Crystalline A
830 v(C-C) Amorphous A
Crystalline +
840 (CHyp) Amorphous A
975 Vas(C—C) + 1(CH3) | Crystalline A

*y: stretching vibration (as: anti-symmetric, s: symmetric), 7: rock-
ing vibration

strongly dependent on the polarization conditions, sug-
gesting that highly oriented states were attained. The
Raman spectra were fitted with a sum of Voigt func-
tions using a nonlinear Levenberg-Marquardt method,
and the areas for the two peaks were determined. The
errors of the peak areas in the curve fitting were less
than £2.0% for the 809 cm ™! band, and +4.0% for the
975 cm™! band.

2.3. Orientation parameters

The orientation parameters <P,> and <P;> which
represented the molecular orientation were defined
as given by Equations (1) and (2):

(py=3cos 01 (1)

(py=35¢c0s'0) — §0<cos29> +3 o

where 6 denotes the angle between the principal axis
of the Raman tensor and the stretching axis. The ori-
entation parameters were obtained from the intensi-
ties of the polarized Raman spectra as defined by
Equations (3)—(6) [15, 19, 22-24]:

Intensity [a.u.]

Intensity [a.u.]

1 1
1400 1200 1000

a) Raman shift [em™"]

800

1600 1400 1200
b) Raman shift [cm™]

1000 800

Figure 3. In situ polarized Raman spectra of iPP at (a) ¢ = 0 and (b) ¢ = 8. The polarization conditions are attached to each

spectrum

703



Kida et al. — eXPRESS Polymer Letters Vol. 10, No.8 (2016) 701-709

I, = b( = 1561 + 2<P2> ¢ Zla + 3<P4>%> 3)

1 = b BRI gy @)
_,(a*—2a+1 a*—2a+1 a—2a+1

I,= b( A= Py - 4<p4>T> )

with al ratio was described by an ideal uniaxial orientation

I 2o+ 1 around the stretching direction; <P;M"> and Py(cosp)

]Xi = W (6)  were assumed to be replaced by their entropically fa-

vorable values <P;""> . and Py mp(cosp), respec-
where J;; denotes the integrated intensity for the i-po-  tively [11, 24]. In fact, the values of <P at high
larized excitation and j-polarized scattered light. The  extensional ratios are very close to that of <P;hain>,
terms a and b were associated with the principal el- for HDPE [11, 24], iPP [13], and poly(ethylene
ements of the Raman tensor [15, 22]. terephthalate) [24]. Then, at high extensional rates,
The crystalline chain of iPP has C3 symmetry, because ~ Equation (7) for / = 2 and 4 can be written as Equa-
of'its 31 helical conformation. Thus, the forms of the  tions (8) and (9):
Raman tensor were classified mainly as type A or E

[15]. Raman bands classified as type A can be used (Pstany = (P (8)
to calculate the orientation parameters [13, 22-24], so P,(cos B)

the Raman bands at 809 and 975 cm™! were used. Both v AP

of these are classified as type A, and were sufficient- (Pi)= P, (cos ) ©)

ly strong to calculate the orientation parameters.
respectively. The most-probable values <Ps>p,, were
2.4. Tilt-angle correction determined to maximize the information entropy, and
The orientation parameters obtained by solving Equa-  approximately written as the polynomials of <P,> as
tions (3)—(6) provided information on the orientation  Equations (10) and (11) [24, 25]:
of the principal axis of the Raman tensor, but not on (P, =— 0.083(P) +1.366(P,y —

the orientation of the molecular chain axis. Given that 1.899(P.Y +1.616(P.Y (10)

3, helical chains were formed in the crystalline phase ' Moo :

of iPP, a correction for the tilt angle between the prin-  for positive <P,> values, and

cipal and molecular axes was required [13, 17, 19]. (P =—0.052(P,)+ 1.574(P,} +

The /-th orientation parameters <PM™> corrected o 3' 968¢ P2)3 N 8' 058( ]32 y (11)

for the tilt angle 4 can be written as shown in Equa- ' : ' :

tion (7) [13, 17]: for negative <P,> values. By combining Equa-

(P) tions (8)—(11), the tilt angle S was estimated from the

(Pehainy = P(TIS,B) (7)  experimental <P,> and <P,;> at high extensional ra-
l tios. Thus, Equation (7) with the obtained value of

where Py(x) is the /-th Legendre polynomial. gives the tilt-angle correction for the orientation pa-

The values of the tilt-angle 5 of several Raman bands  rameters. It is noteworthy that the present method
of iPP had been determined by using the results of  provides the corrected orientation parameters from
the WAXD experiments [13]. They had successfully  a set of polarized Raman spectra of specimens under
estimated the value of <P,*h"> for drawn specimens  stretching with no auxiliary experiments.

of iPP for the Raman band at 998 cm™!, though they

had failed to use the Raman band at 810 and 1221 cm™!  2.5. Orientation distribution function (ODF)
[13]. To determine the value of f solely from the = The ODF N(#) which represented the angular distri-
Raman spectra in a self-consistent manner, we as-  bution of the molecular orientation was defined asby
sumed that the molecular orientation at high extension- ~ Equation (12) [15, 25]:
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N(O) = E:(M)(Pf““‘“m (cos0) (12)

1=0 2

Although the polarized Raman spectrum gives only
two orientation parameters (<P,M"> and <P,chain>),
the orientation parameters at higher ranks can also be
determined by maximizing the information entropy
[13, 25]. The most probable orientation distribution
function was described asby Equation (13) [13, 25]:

exp[A, P, (cos0) + A, P, (cosO)]
'sinBd0 exp[A, P (cos 0) + A, P, (cos6)]

(13)

where the Lagrange multipliers 4, and A4 are deter-
mined to satisfy the following two constraints, de-
scribed by Equations (14) and (15) for the experimen-
tal values of <P,haim> and <p,chain.

N(©)=
/

0

(Psry= ['sin6d6 P,(cosOIN(O) (14)

(P iny = [ $in0do P, (cos O)N() (15)

3. Results and discussion

Figure 4 shows the strain dependences of the orien-
tation parameters for the principal axis of the Raman
tensors of the symmetric and anti-symmetric C—C
stretching modes. While the orientation parameters
show similar strain dependence, the values for the
809 cm™! band are substantially smaller than those
for the 975 cm™! band.

30 T T T 1.0
0.8
20 06
W
o e
= 3
a 04
- e
0 e
10 0.2
0.0
0 L L L -0.2
0 2 4 6 8
a) Strain

Table 2. Tilt angle S calculated from Raman spectroscopy

and WAXD data [13]
Raman band
[em™] S (Raman) S (WAXD)
809 29.2 ~28.0
975 16.0 16.6

In Table 2, the tilt angles S obtained by the tilt-angle
correction with Equations (8) and (9) are compared
with those previously determined by WAXD [13].
These values agree well with each other, suggesting
that the present analysis can be safely applied for the
tilt-angle correction of iPP.

In Figure 5, the orientation parameters for the mo-
lecular chain are obtained with the tilt-angle correc-
tion with Equation (7). The values of <P,*"*"> and
<Pyhains for the Raman band at 809 cm™! agree well
with those for the 975 cm™! band. This suggests that
the apparent difference in the orientation parameters
in Figure 4 is caused by the tilt angle. The slight dif-
ference in the orientation parameters between these
two bands seems to result from uncertainty in the
curve fitting. This is because fitting of the 809 cm™!
band is slightly affected by a nearby weak broad peak
of the amorphous phase [9]. The consistency of the ori-
entation parameters and the close agreement of tilt
angles demonstrate that the present tilt angle correc-
tion gives <P,"4"> and <P, solely from a set of
rheo-Raman spectra in a self-consistent method.

In the elastic region, <P,*""> remains almost zero,
indicating that the orientation of the crystalline chain
remains random. While the macroscopic stress loaded

30 T T T

1.0
® P>
u <P

= Stress | 0.8

N
o
o
[}

o
a

Stress [MPa]
PR, <P

-
o
o
[N}

0.0

b) Strain

Figure 4. Stress—strain curves and strain dependences of the orientaion parameters for the principal axis of the Raman tensor

of the Raman bands at (a) 809 and (b) 975 cm™!
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Figure 5. Stress—strain curves and strain dependences of the orientaion parameters for the molecular chain axis calculated

from the Raman bands at (a) 809 and (b) 975 cm™

on the specimen sharply increases with increasing
strain, no orientational change is observed for the
crystalline chains. This suggests that microscopic de-
formation takes place only in the amorphous phase.
The amorphous phase in spherulites is reportedly
mainly deformed in the elastic region [26, 27]. Recent
in situ micro-SAXS measurements indicate that the
thickness of the amorphous layers in spherulites is
drastically changed; thickening and thinning of the
amorphous layers in the polar and equatorial zones,
respectively [28]. The inhomogeneous changes in the
amorphous phase in spherulites have been assigned as
the dominant mechanism during elastic deformation.
<P,hain> hegins to increase after the first yield point
(the maximum point of stress at around a strain of 0.5),
and then sharply increases after the yielding region.
This behavior of <P,h"> indicates that the crys-
talline chains are oriented toward the stretching di-
rection after yielding. In the strain-hardening region,
<P,hain> reaches an asymptotic value of ~0.8. The
strain dependence of <P,*™"> under uniaxial stretch-
ing is in good agreement with previous results from
in situ IR spectroscopy studies, [7, 29] and Raman
spectroscopy results of drawn samples [9, 13].
While the values of <Ps®""> remain constant in the
elastic region, <P4™"> decreases with increasing
strain and exhibits a minimum in the yielding region.
This behavior of <P,*""> during yielding has also
been observed for HDPE. [10, 11] After the yielding
region, <P4"> shows similar strain dependence
with that of <P,*™"> The values of <P4h%"> at high

extensional ratios are also consistent with those of
highly drawn iPP films and fibers [13, 30].

Figure 6 shows the ODF values calculated from the
orientation parameters for the 975 cm™! band. In the
elastic region, the ODF is constant irrespective of the
polar angle, indicating that the crystalline chain has
a random orientation. In the yielding region, where
<P,hain> shows a minimum, the ODF shows a broad
peak at an intermediate angle of = 30-70° from the
stretching direction. This orientational behavior during
yielding has also been observed for HDPE [10, 11, 5].
It has been interpreted as the orientation of crys-
talline chains being hindered by rigid and bulky
stacked lamellae (lamellar cluster units) [10, 11, 5].
The interpretation of lamellar cluster units appears
to also be valid for iPP, because these units have also
been observed in iPP [31]. The peak of the ODF at

15 T T

0 30 60 20
Polar angle, 6 [°]

Figure 6. Orientation distribution functions of iPP at various
strains
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Stretching
direction

Figure 7. Schematic illustration of reorientation of the
lamellar cluster units in the yielding region

30-70° for iPP in the yielding region is slightly shaper
than that for HDPE, which may be explained by the
size of their lamellar clusters (61 nm for iPP, 40 nm
for HDPE) [11, 31, 32]. Reorientation of the lamellar
cluster units is considered to be the dominant mech-
anism of molecular orientation in the yielding re-
gion, and the orientation of the crystalline chains to-
ward the stretching direction is suppressed because
one lamellar cluster units is surrounded by other
cluster units as shown in Figure 7 [33]. Therefore,
the reorientation of larger units for iPP is likely to be
more hindered.

In the strain-hardening region, each ODF has a promi-
nent peak at the stretching direction, and the ODF val-
ues above 6 = 60° are practically zero. These observa-
tions indicate that the crystalline chains are oriented
towards the stretching direction. The unimodal dis-
tribution around the stretching direction is consistent
with those of drawn iPP films and rod samples de-
termined from WAXD experiments [34, 35].

4. Conclusions

The molecular orientation of the crystalline chains
of iPP under uniaxial deformation was investigated
by rheo-Raman spectroscopy. A new method of tilt-
angle correction between the molecular chain axis and
principal axis of the Raman tensor was proposed,
and the real-time monitoring of the molecular orien-
tation of iPP under stretching was performed. By using
this method, the orientation parameters of the crys-
talline chain were calculated from the symmetric C—C
stretching mode at 809 cm™!, as well as the anti-sym-
metric C—C stretching mode at 975 cm™. The molec-
ular orientation of the crystalline chains started after
the first yield point, and proceeded rapidly in the
yielding region. The ODF exhibited a broad peak in
the yielding region, suggesting that molecular orien-

tation was suppressed. This was attributed to the re-
orientation of bulky rigid lamellar cluster units being
hindered by their large exclude volume. The assump-
tion of entropically-favorable orientations for highly-
stretched specimens seems to be valid in many poly-
meric systems. Thus, rheo-Raman spectroscopy com-
bined with the present tilt-angle correction can be
widely utilized to elucidate orientational behavior at
the molecular level. This methodology is currently
being applied to other semi-crystalline polymers in
our laboratory.
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Abstract. Comparative investigations are reported on poly(N-isopropylacrylamide) (PNIPA) gels of various carbon nanotube
(CNT) and graphene oxide (GO) contents synthesized under identical conditions. The kind and concentration of the incor-
porated carbon nanoparticles (CNPs) influence the swelling and stress-strain behaviour of the composites. Practically inde-
pendently of the filler content, incorporation of CNPs appreciably improves the fracture stress properties of the gels. The
time constant and the swelling ratio of the shrinkage following an abrupt increase in temperature of the swelling medium
from 20 to 50 °C can be adjusted by selecting both the type and the amount of nanoparticle loading. This offers a means of
accurately controlling the deswelling kinetics of drug release with PNIPA systems, and could be employed in sensor appli-
cations where fast and excessive shrinkage are a significant drawback. Both CNTs and GO enhance the infrared sensitivity
of the PNIPA gel, thus opening a route for the design of novel drug transport and actuator systems. It is proposed that the in-
fluence of the CNPs depends more on their surface reactivity during the gel synthesis rather than on their morphology. One
of the important findings of this study is the existence of a thermally conducting network in the GO filled gels.

Keywords: polymer composites, nanocomposites, polymer gels, nanocarbon hybrids, thermal relaxation

1. Introduction such as weak mechanical strength, which restricts
Smart hydrogels display a marked response under applications involving repetitive loading. Composite
changes in certain external factors [1, 2] such as com-  hydrogels that incorporate nanoparticles in the ma-
position of the solvent mixture [3], pH [4], temper-  trix may offer a solution. Nanoparticles can either be
ature [5], photons, electric or magnetic fields [6]. Their ~ physically trapped within the hydrogel matrix or
softness, biocompatibility, excellent swelling prop-  cross-linked into the network structure by surface
erties and ability to deform reversibly, make them functionalities, resulting in nanocomposite materials
desirable as vehicles for controlled drug delivery [7, that possess not only improved mechanical strength
8], sensors [9] or actuators [10]. Poly(N-isopropy-  but also well-defined optical, thermal, electronic,
lacrylamide) (PNIPA) based hydrogels are among  magnetic, etc. properties [13].

the most studied temperature-responsive systems, as  The outstanding mechanical and conductive proper-
they exhibit a volume phase transition around 34°C, ties of carbon nanoparticles (CNPs), together with their
close to the temperature of the (human) body. This  unique structure and low density, place them among
property can be of use in biomedical applications the most common fillers. Carbon nanofiber and car-
[11, 12]. These systems nevertheless have drawbacks, bon nanotubes (CNT) [14-20] as well as graphene
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and its derivatives [21-24], mainly graphene oxide
(GO), have attracted marked interest in the last few
years. In biomedical applications, however, the un-
certainty surrounding the toxicity of CNTs [14]
could affect choices of nanocarbon filler. GO, by
contrast, is reported to be non-toxic and highly bio-
compatible [14].

In addition to mechanical reinforcement, the strong
light absorption of nanocarbons can add new func-
tional sensitivity to composite gels [25]. Fast re-
versible optical response has been observed under
near infrared (NIR) laser excitation in CNT [26, 27]
and GO [25] containing composite PNIPA hydrogels.
NIR irradiation causes strong warming of the GO
composite gels, while in hydrogels without GO no
heating is observed [25].

CNP containing composite systems have been wide-
ly investigated in the recent years. In most cases, a syn-
ergetic effect is clearly observed upon incorporation
of nanofillers into a polymer matrix, although in cer-
tain cases negative synergy has been reported. The
preparation process and the type of carbon filler used
determine the interactions between the filler particles
as well as between the fillers and the polymer matrix
[28]. Investigations regarding CNT [29-31] and GO
[32—-34] containing PNIPA based composite systems
show improved mechanical properties (elastic mod-
ulus and compressive strength). As these gels were in-
vestigated with a variety of cross-link densities and/or
with different co-monomers, as well as diverse con-
ditions of synthesis, it is not possible to evaluate the
effects of the different nanoparticles.

In this paper we describe results from CNT and GO
containing PNIPA gels synthesized under identical
conditions. This allows a direct comparison of the
macroscopic (swelling and stress-strain behaviour)
and microscopic (scanning electron microscopic)
properties of these systems. The application related
performance of these composites is characterized by
their infrared sensitivity and the kinetic response of
their volume after an external temperature jump.

2. Materials and methods
2.1. Carbon nanoparticles
Typical images of the CNPs investigated are shown
in Figure 1. The dispersibility of the CNTs in aque-
ous medium was improved by oxidizing commercial
multi-wall CNT (external diameter: 10-20 nm,; length:
10-30 pm according to the supplier) produced by
Chengdu Organic Chemicals Co. Ltd. (Sichuan,
China) in concentrated HNO3 (65%, Merck) (3 hours,
110°C) in accordance with the procedure (including
purification) of ref [35]. The oxidation process had
practically no effect on the external diameter of the
CNTs. The C/O ratio of the CNT (from X-ray pho-
toelectron spectroscopy XPS) and the surface area
Sget (determined from low temperature nitrogen ad-
sorption applying the Brunauer-Emmett-Teller model)
were respectively 11.2 and 221 m%/g.

Graphene oxide (GO) was obtained from natural
graphite (from Madagascar) by the improved Hum-
mer method [36]. The pristine GO suspension was
purified by successive centrifugation (Jouan BR4i
Multifunction Centrifuge, Thermo Scientific, USA;

b)

Figure 1. High resolution transmission electron microscopy (HRTEM) images of oxidized CNT (a) and GO (b)
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5000 min~") and thorough washing with 1 M HCI
and doubly distilled water. The stock suspension con-
tained 0.2 w/w% GO. The C/O ratio and Sggr meast
respectively.

2.2. Gel synthesis

The PNIPA polymer gel was synthesised from N-iso-
propylacrylamide (NIPA) monomer (Tokyo Chemi-
cal Industry Co., LTD., Tokyo, Japan) and N,N'-
methylenebisacrylamide (BA) cross-linker (Sigma
Aldrich) in aqueous medium with nominal molar
ratio of [NIPA]/[BA] = 150 at 20°C by free radical
polymerization. The reaction was initiated by am-
monium persulphate (APS, Sigma Aldrich) and
N,N,N'N' tetramethylethylenediamine (TEMED,
Fluka). A detailed description is given elsewhere
[37]. All chemicals were used as received except
NIPA, which was recrystallized from toluene-hexane
mixture prior to the synthesis. 2 mm thick films and
10x10 mm isometric cylinders were cast. Doubly dis-
tilled water was used in all experiments, including
both synthesis and dialysis.

To obtain composite gels the aqueous CNP suspen-
sion of the required concentration was mixed with
the precursor solution. For the CNT containing com-
posites ultrasonication was used to ensure homo-
geneity of the dispersion. Gels with >20 mg GO/g
NIPA content were prepared by adding in succession
solid NIPA and BA to the GO suspension. The reac-
tion medium was stirred in an ice-bath for 15 min after
addition of each component. The precursor suspen-
sions were polymerised and purified in the same way
as the nanoparticle-free PNIPA gel. No external field
was applied. The films were stored in the swollen state
for later use, unless mentioned otherwise.

2.3. Scanning electron microscopy (SEM)

Dialysed gel films fully swollen at room temperature
were frozen in liquid nitrogen and broken immediate-
ly (Figure 2) prior to lyophilization (Scanvac Cool-
safe freeze dryer, Lynge, Denmark; 7 =25 °C, p =
1072 mbar, 24 hours). After coating with metal alloy
(atomic ratio Au:Pd = 1.5:1), SEM images were taken
with a Hitachi SU6600 analytical variable pressure
scanning electron microscope equipped with a ZrO/W
Schottky field emission electron source and an en-
vironmental secondary electron detector (Hitachi
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Figure 2. Preparation of gel films for SEM observation. The
upper cartoon shows how the film was broken
prior to freeze-drying. The lower cartoon shows
how the sample was fixed on the SEM sample
holder and gives the tentative thickness of the wall
and bulk regions, respectively.
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Ltd., Tokyo, Japan). The size distribution of the pores
was determined from 80—100 data for each sample.

2.4. Macroscopic characterisation

To determine the equilibrium swelling degree m/my
(where m and m are the mass of the swollen and the
dry gel sample, respectively), 7 mm diameter discs
cut from the dialysed swollen film were dried to con-
stant mass in a desiccator over concentrated H,SOy,
and then re-swollen to equilibrium in excess water
at 20.0+0.2°C.

Stress-strain studies were performed on fully swollen
isometric (10x10 mm) gel cylinders with an IN-
STRON 5543 (INSTRON, Norwood, USA) mechan-
ical testing equipment at ambient temperature. Sam-
ples were compressed until fracture, in steps of
0.1 mm in the small deformation region (<10% of
their initial height) and in steps of 0.5 mm thereafter.
The relaxation time and force threshold was 4x4 s
and 300 N, respectively. The elastic modulus was de-
termined by the method of Horkay and Zrinyi [38]
in the small deformation region.

2.5. Kinetics of temperature induced phase
transition

Prior to the measurements disks of 13 mm diameter
were cut from the swollen film and kept at 20+0.2 °C
for 2 days to allow them to reach equilibrium. The
samples were then plunged into a water bath at
50«1 °C. The shrinkage induced by the thermal shock
was recorded photographically by monitoring the di-
ameter D of the disks. D values are given as the aver-
age of five different measurements read from the im-
ages by JMicroVision software and compared to the
initial diameter Dy of the fully swollen gels.
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2.6. IR sensitivity

The surface of 10x10 mm swollen gel films, placed
on a glass plate, was exposed to a CO, laser beam
(wavelength: 10.6 um, power: 0.500 W, spotsize:
15 mm). Thermal maps were recorded at ambient
conditions as video files by a Testo 890 thermal im-
aging camera (Testo, Alton, UK) for 30 seconds prior
to the irradiation, then during the 2 minute period of
laser exposure. After irradiation the cooling of the
gels was monitored for 2.5 minutes. During the irra-
diation the gel samples collapsed in a circular zone
of 5 mm around the centre of the incident beam. The
temperature of the irradiated gels was determined as
the average temperature of 20 positions within this
zone.

3. Results and discussion

3.1. Characterization

When CNPs were incorporated the transparent PNIPA
gel became either brown (with GO), or black (with
CNT). In CNT@PNIPA gels macroscopic hetero-
geneity due to aggregation can be observed (Figure 3).
A ‘wall region’ and an ‘inner region’ are clearly dis-
tinguishable in the images (not shown here). Typical
SEM images of both regions are displayed in Fig-
ure 4. In pure PNIPA films these two regions are very
similar: wide amorphous pores separated by thin poly-
mer walls. In the composite samples the morphology
depends on the type of CNP. Both with CNT and GO
the wall and inner regions, respectively, are signifi-
cantly different, indicating that the orientation of the
CNPs might be influenced by interaction with the
wall. Nevertheless, the heat transfer during the freezing
process may also lead to layer formation. In the com-
posite gel cylinders further morphological differ-

12CNT@PNIPA

ences developed along the axis, as a consequence of
sedimentation during gelation, particularly with CNT.
The pore size distributions of the CNT containing
composites are not very different from pure PNIPA.
By contrast, the influence on the pore structure of
the GO content is unmistakably stronger (Figure 5).
Interestingly, the effect at lower GO content is more
marked.

On comparing the swelling degree and the elastic
modulus of the hydrogels significant differences ap-
pear between the two sets of composites (Figure 6).
CNT reduces the swelling degree slightly but mo-
notonically, possibly in part due to the loss of vol-
ume occupied by the carbon. CNT has practically no
effect on the elastic modulus of these gels.

A more pronounced, non-linear, effect is observed in
the GO composites. Even 15 mg GO/gnipa content
caused an abrupt drop by ca. 33% in the swelling de-
gree. Further increase of the GO content has no ob-
servable effect on the swelling (Figure 6a). Such be-
haviour arises when the concentration of filler parti-
cles reaches the percolation threshold. The elastic
modulus increases monotonically in the whole con-
centration range examined (Figure 6b). A similar ob-
servation has been reported by Fan et al. [39] for
sodium alginate/polyacrylamide (PAM) hydrogels
with comparable GO content (0.5-5 w/w%). PNIPA
systems with significantly higher cross-link ratio and
1-10 w/w% GO content exhibit a contrary trend
[34]. Figure 6c illustrates the influence of water con-
tent on the modulus. Incorporation of the CNPs sub-
stantially improves the compressive strength of the
gels (Figure 6d). CNT@NIPA gels tolerate greater de-
formation before they break, while GO@PNIPA gels
withstand higher stress at smaller deformation. The

10GO@PNIPA

Figure 3. Digital optical microscopic images of the lyophilized cross section of the lyophilised gel films
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Wall region

Inner region

12CNT@PNIPA

Figure 4. SEM images of CNP@PNIPA gel films dried in cryogenic conditions. Scale bar 50 pm.

effect of loading on the compressive strength with
both fillers is plotted in Figure 6e. When GO is incor-
porated the compressive strength in PNIPA gels in-
creases by almost an order of magnitude, and is in-
dependent of GO content; with CNT@NIPA gels the
enhancement is slightly smaller.
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3.2. Deswelling kinetics

On immersion in warm water disks of CNT@NIPA
and GO@NIPA samples immediately turn white, sim-
ilarly to pure PNIPA. Figure 7 shows that the pres-
ence of CNPs appreciably modifies the kinetic re-
sponse of the PNIPA gel. During the temperature-
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Figure 5. Pore size distribution of the bulk of CNP@PNIPA gel films dried in cryogenic condition
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jump the behaviour of the composite gels is strongly  curves were fit to a modified exponential decay func-
affected by both the quality and quantity of the CNPs.  tion shown in Equation (1):
To quantify the effects the experimental shrinkage- (LY
D _(D ()
= +Ae (1)
Do~ \ Do Jin
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Figure 7. Deswelling kinetics of CNT@PNIPA (a) and GO@PNIPA (b) at 50 °C. Note the order of magnitude difference in
range of the x-axis scales. Symbols are experimental data, continuous lines are fits to Equation (1).

where (D/Dy)sn is the final relative diameter, 4 is a
pre-exponential constant and 7 is the time constant of
the overall volumetric thermal response. The results
are listed in Table 1. The shrinkage curve of the pure
PNIPA could be fit by a compressed exponential
function (p > 1), indicating possible jamming behav-
iour, with a time constant in good agreement with
previous observations [40]. The time constants of the
CNT@PNIPA systems are shorter, i.e., CNT slightly
accelerates the response of the pure PNIPA gel [40].
(D/Dy)sin correlates with the CNT content: higher
loading results in more limited shrinkage. The value
of exponent p decreases systematically and signifi-
cantly with increasing CNT loading, a sign that
deswelling becomes more complex at higher CNT
concentrations (Table 1). In 24CNT@PNIPA (the
highest CNT content tested) stretched exponential
behaviour (p > 1) was found, characteristic of multiple
relaxation processes with different timescales.

Whereas 2000 s was largely sufficient for the relax-
ation of CNT@PNIPA composites, a timeframe of
even an order of magnitude longer was insufficient for

Table 1. Fitting parameters of the temperature induced phase
transition from Equation (1)

D
Sample (E)ﬁn :‘ ’ P R?
%] (%] [s]
PNIPA 51.4 47.5 334 | 2.14 ]0.995
3CNT@PNIPA 55.6 43.2 348 | 2.58 |0.997
6CNT@PNIPA 71.0 29.1 211 | 1.60 | 0.990
[12CNT@PNIPA 76.3 25.4 241 | 1.15 | 0.987
24CNT@PNIPA 84.9 16.0 259 10.721 | 0.971
2GO@PNIPA 90.5 9.5 1437 | 0.266 | 0.932
20GO@PNIPA 76.5 23.7 1470 | 0.412 | 0.994
50GO@PNIPA 342 60.1 | 53762 | 0.286 | 0.992

(D/Dy)sin: relative diameter, 4: pre-exponential factor; z: time con-
stant of deswelling response; p: exponent; R%: coefficient of deter-
mination
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the GO@PNIPA gels (Figure 7). For the GO@PNIPA
samples the values of the fitting parameters (Table 1)
can be used only for qualitative comparisons, as the
absence of a measured asymptotic value of (D/Dy)sin
makes the fitting parameters uncertain. It can never-
theless be concluded that, unlike CNT, the lowest GO
content has the strongest effect on deswelling kinetics.
Substantial slowing down of the thermal response is
observed at all three concentrations (Figure 8),
which resembles the effect of increased cross-linking
density in pure PNIPA gels [40]. All curve fits yielded
a stretching parameter p < 1, indicating multiple
processes.

3.3. IR sensitivity

Recent experimental and theoretical studies found
that the presence of network structure increases ther-
mal diffusivity in PNIPA gels compared to pure water.
It was also observed that latent heat influences ther-
mal diffusivity [41].

Carbon materials including nanoparticles are known
for their high IR absorption. As expected [25-27],

100
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2
© 804
(7] .
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E
2
o 704 % !
o
5 3
4
60 - % *
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Figure 8. Average temperature values of PNIPA composites
during IR laser exposure
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Figure 9. Temperature (7) profile of PNIPA composites upon IR laser exposure (#: observation time) at 20 °C (a, b), temper-

ature profile of pure PNIPA with error bars (c)

addition of both CNT and GO results in enhanced IR
sensitivity (Figures 8 and 9). The doped systems, how-
ever, display significant differences according to the
type and concentration of nanoparticle incorporated.
Fast shrinkage on exposure to IR laser irradiation,
and quick recovery of the gels after exposure is ob-
served in all cases. During the exposure the gel sam-
ples collapse in a circular zone of diameter 5 mm cen-
tred around the incident beam. The measured tem-
perature fluctuations may be attributed to the low ther-
mal conductivity of the gel, even in the presence of
CNPs (Figure 9a and Figure 9b). In both sets of sys-
tems a monotonic correlation was found between the
nanoparticle content and the temperature of the sam-
ple, but with different trend. In the CNT@PNIPA sys-
tems the temperature rise in the gels with increasing
CNT concentration was proportionally higher (Fig-
ure 8). Incorporating a small amount of GO into
PNIPA resulted in the same enhanced response as
CNT@NIPA with a similar CNT content, but further
addition of GO systematically reduced the effect.

3.4. Discussion

The differences observed between the effects of the
two different types of CNPs may stem more from
their chemical behaviour than their geometrical shape.
Multiwall carbon nanotubes contain Russian doll-
like concentric tubes consisting of graphite like car-
bon arrays. The outermost cylinder is decorated with
O-containing surface functional groups, but their con-
centration is relatively low. Therefore the functional
groups do not significantly modify the aromatic
graphitic structure. That is, during the PNIPA syn-
thesis, the reactivity of the CNTs present in the rad-
ical polymerization is modest. However, as their sur-
face is predominantly hydrophobic, they tend to ag-
gregate, even after intense ultrasonication. GO, by

contrast, is composed of a few strongly damaged
graphene sheets richly decorated with O. The delo-
calised electron system is therefore severely disrupt-
ed and most of the electrons are localised as C=C
double bonds, which are reactive in radical reactions.
The hydrophilic surface also ensures good dispersibil-
ity. Owing to their surface chemistry, the GO platelets
are well distributed in the polymerisation medium,
which allows them to form a percolating GO net-
work, consisting of hubs that are each covalently
linked to several polymer chains; this outcome is less
probable with the CNT aggregates. This difference in
behaviour affects the response of the loaded gels dur-
ing the swelling and stress-strain observations. While
GO units build up to form an interpenetrating net-
work that is strongly connected to the polymer chains,
the CNTs act as ‘free’ aggregates. Increasing the CNT
content increases the number of aggregates in the pre-
cursor solution. Hydrophilic GO forms bulky, ran-
domly oriented GO clusters only at high concentra-
tions.

The difference in electron structure also leads to the
different heat conductivity and IR absorption per-
formance of the gels when the two CNPs are present.
At low concentration CNT has only a limited influ-
ence on the deswelling kinetics. Although increasing
the CNT content may improve the heat conductivity,
higher amounts of CNT filler delay the relaxation
and increase the time constant. The chains must relax
in the vicinity of more and more aggregates. Also,
with CNTs, the higher their amount in the gel the
greater is their IR absorption.

In the GO@PNIPA systems, the complexity of the
deswelling process is reflected by the p <1 relation
that appears already at the lowest concentration. Sev-
eral process may superimpose: i) increasing the GO
units increases the number of potentially reactive
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double bonds with no increase in the NIPA and BA
concentration; ii) at a certain threshold concentration
the GO platelets percolates and forms a connected
interpenetrating network; iii) overall gel collapse is
a slow process that requires ordering or stacking of
the platelets. The strong IR absorption at low GO
concentration and weaker absorption at high concen-
tration than with CNT is further evidence of its con-
nected network structure. In spite of the lower intrin-
sic thermal conductivity of GO, its percolating net-
work inside the gel conducts heat more efficiently
from the polymer matrix into the substrate than do
the isolated CNT clusters [42].

4. Conclusions

Incorporation of CNT and GO into PNIPA hydrogels
produces different effects on the behaviour of the hy-
brids. Apart from influencing the porous morpholo-
gy of the composites, their effect on the swelling de-
gree and the elastic modulus shows a different trend.
The elastic modulus of PNIPA gel is enhanced by
GO, while the swelling degree of the GO@PNIPA
systems decreases significantly. By contrast, the
swelling and mechanical properties of CNT@PNIPA
composites are similar to those of pure PNIPA. Both
types of particle substantially enhance the fracture
stress tolerance of the PNIPA hydrogel.

Significant differences are observed in the thermal
response of the two systems. The time constant and
swelling ratio of the temperature-induced shrinkage
can therefore be adjusted by selecting the type and
amount of nanoparticle loading. This could provide
a means for accurately controlling deswelling kinet-
ics, e.g., in the drug release profile of PNIPA sys-
tems. This capacity could also be employed in sensor
applications, where fast and excessive shrinkage can
be a significant drawback. Both CNT and GO en-
hance the infrared sensitivity of the PNIPA gel, thus
opening a route for constructing novel drug transport
and actuator systems. The novelty of the present find-
ings is to show that the influence on the gel behav-
iour of CNT and GO is different. This difference
stems both from their different chemical reactivity
during the gel synthesis and from their different
geometry. In the one case the CNTs aggregate into
separate clusters, while in the other the GO disperses
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in the gel to form a percolating, thermally conduct-
ing, network.
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