
Extruded Superparamagnetic Saloplastic Polyelectrolyte
Nanocomposites
Jingcheng Fu, Qifeng Wang, and Joseph B. Schlenoff*

Department of Chemistry & Biochemistry, The Florida State University, Tallahassee, Florida 32306-4390, United States

*S Supporting Information

ABSTRACT: Iron oxide nanoparticles of diameter ca. 12 nm
were dispersed into polyelectrolyte complexes made from
poly(styrenesulfonate) and poly(diallyldimethylammonium).
These nanocomposites were plasticized with salt water and
extruded into dense, tough fibers. Magnetometry of these
composites showed they retained the superparamagnetic
properties of their constituent nanoparticles with saturation
magnetization that scaled with the loading of nanoparticles.
Their superparamagnetic response allowed the composites to
be heated remotely by radiofrequency fields. While the
modulus of fibers was unaffected by the presence of
nanoparticles the toughness and tensile strength increased
significantly.
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■ INTRODUCTION

Many applications for magnetic iron oxide nanoparticles
(IONs) have been reported, including targeted drug delivery,1

biosensors,2 magnetic resonance imaging contrast agents,3 data
storage,4 and lithium ion battery anodes.5 Incorporating
nanoparticles into polymers can produce composites with
enhanced capabilities. The polymer matrix immobilizes nano-
particles for extended use and protects them from the external
environment. For example, dispersing nanoparticles as a
composite can enhance their performance as catalysts.6

Composites made of biocompatible polymer resins have been
used for antibacterial applications.7 Conversely, including
nanoparticles can optimize the properties of the host polymer,
such as mechanical-to-electrical conversion efficiency.8

Magnetic nanoparticle/polymer composites may be shaped
into many different forms including thin films: Gass et al.
reported spin coating superparamagnetic poly(methyl meth-
acrylate)/polypyrrole bilayers with Fe3O4 nanoparticles.9

T a c c o l a e t a l . f o u n d t h a t p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) ultrathin films with iron oxide nanoparticles can
be used as humidity sensors.10 Polyacrylonitrile/Fe3O4 nano-
composite fibers with low bead content can be prepared by
electrospinning.11 Similarly, wet spinning of alginate/Fe3O4
yields nanocomposite fibers with potential use as hyperthermia
materials.12 Ultrathin composite films are produced by layer-by-
layer assembly.13

Bulk methods to make polymer/nanoparticle composites,
such as melt blending,14 in situ polymerization,15,16 and sol−gel
routes,17,18 face the challenge of minimizing particle aggrega-
tion. In situ polymerization consists of mixing nanoparticles

with monomer and then polymerizing the latter.19 Surface
pretreatments help the nanoparticles disperse better in the
polymer matrix. The sol−gel route, which avoids heating the
nanoparticles, yields high-purity composites with better nano-
particle distribution at low temperature.20

Polyelectrolyte complexes, PECs, consist of blends of
oppositely charged polyelectrolytes. They are made by simple
aqueous coprecipitation of components

+ ⇌ + ++ − − + + − − +Pol Cl Pol Na Pol Pol Cl Naaq aq p aq aq (1)

where Pol+ and Pol− are polyelectrolyte cation and
polyelectrolyte anion repeat units, respectively. The subscript
p refers to the PEC phase. We have recently shown that PECs,
when plasticized by salt and water, may be efficiently extruded
using standard laboratory extruders.21 It is possible to mix
components, such as magnetic particles, with polyelectrolytes
to make “saloplastic” materials with specialized properties.22

In the present work, we explore straightforward methods of
making composites with IONs and PECs. The complexes
themselves are biocompatible, as demonstrated by the extensive
use of PECs in the “multilayer” format at the biology/materials
interface.23 In addition, the modulus of saloplastics is in the
range from 0.1 to 10 MPa, giving them more flexibility than
metals or ceramics. Saloplastics thus are suitable for bioimplants
and tissue engineering.24 IONs are incorporated to illustrate
blend-extrusion principles and allow the composite to be
heated remotely, as might be required to release biologically
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active molecules trapped in them, or for hyperthermia
applications.
The optimal nanocomposite would retain the properties of

the host (PEC) and guest (ION) while maintaining good
dispersion of the nanoparticle. IONs/polyelectrolyte fluids have
been prepared with polyanions, such as poly(styrenesulfonate),
PSS,25 or polycations, such as poly(diallyldimethylammonium),
PDADMA.26 These two polyelectrolytes are excellent materials
for saloplastic processing, since their PEC glass transition
temperature, Tg, when fully hydrated is in the range of 40−50
°C.27 Doping with salt decreases this Tg.

27

■ EXPERIMENTAL SECTION
Materials. Iron(III) chloride hexahydrate (Alfa Aesar), iron(II)

chloride tetrahydrate (Avantor), and ammonium hydroxide (28−30%
NH3 in water, Sigma-Aldrich) were used as received. PSS was supplied
by AkzoNobel (VERSA TL130, molecular weight, MW, ca. 200 000 g
mol−1) and PDADMAC by Ondeo-Nalco (SD 46104, MW ca.
400 000 g mol−1). Sodium chloride (Aldrich) was used to plasticize
polyelectrolyte complexes. Potassium bromide (ACS reagent, ≥99%),
hydrochloric acid, hydroxylamine hydrochloride (ACS reagent, 98%),
sodium acetate trihydrate (ReagentPlus, ≥99%), 1,10-phenanthroline
(≥99%), and sulfuric acid were from Aldrich. Deionized water
(Barnstead, E-pure) was used to prepare all solutions.
Nanoparticle Synthesis. Nanoparticles were synthesized follow-

ing the method developed by Massart.28 50 mL of 0.70 M ammonia
was added to a mixture of 1.0 mL of ferrous chloride (2.0 M in HCL
2.0 M) and 4.0 mL ferric chloride (1.0 M) under sonication for 30
min.
PSS in 0.25 M NaCl and PDADMAC (without NaCl) solutions

were prepared at a concentration of 0.125 M with respect to their
monomer units. Nanoparticles were separated from 2.24, 11.2, and
22.4 mL of their suspensions in ammonia using a Nd magnet. Each
batch of nanoparticles was then peptized using 100 mL of PDADMA
solution, and 1.46 g of NaCl was added. Each 100 mL of PDADMA/
nanoparticles suspension was poured simultaneously with 100 mL of
PSS solution into a 500 mL beaker with stirring to yield ION-PEC
composite loaded with different amounts of nanoparticle. The ION-
PEC was then chopped into pieces ca. 8 mm in size and soaked in 1.0
M NaCl for 24 h.21 Fully hydrated ION-PEC was added into the
hopper of a laboratory extruder (Model LE-075 Custom Scientific
Instruments). The following parameters were used for extrusion: rotor
temperature, 95 °C; header temperature, 96 °C; gap space, 3.8 mm;
rotor speed, 110 rpm. A model CSI-194T take-up reel with a 3 cm
diameter drum was used to continuously collect the extruded ION-
PEC fiber at 10 rpm. PEC without nanoparticles was also prepared by
the same method. Dry PECs swell 30−40 vol. % (10−15% in
diameter) when immersed in water.21

Determination of Iron Content. Approximately 7 mg of each
ION-PEC fiber was dried under vac for 24 h at room temperature.
ION-PEC fiber, 0.8 ± 0.1 mm diameter, was weighed and submerged
in 15 mL of 2.5 M KBr in a vial over a permanent magnet for 24 h to
dissolve the complex, whereupon all nanoparticles were collected at
the bottom of the vial. The KBr supernate was removed by pipet, and
0.15 mL of 3 M H2SO4 was added to the vial to dissolve the
nanoparticles. After 24 h, iron was determined following a literature
method:29 0.1 mL of 10% NH2OH was added to each vial to neutralize
and reduce the iron(III) to iron(II). Then 1 mL of phenanthroline
0.25% (w/v) solution was added to form phenanthroline ferrous
complex. A 10% amount of NaOAc was added as a buffer. The
absorbance was taken at 510 nm. Calibration curves were made using
ferrous sulfate standards.
Measurements. To image the ION-PEC fibers, samples were

soaked in DI water and cut into 10 μm thick slices with a cryostat
microtome (Leica CM 1850) and imaged with a Nikon Eclipse Ti
inverted microscope. ION-PEC fiber was cut into 70 nm slices and
mounted on a copper grid. Transmission electron microscopy (TEM)
images were obtained with a JEM-ARM200cF at 80 kV.

Magnetic susceptibility measurements on ION-PEC fibers were
performed with a superconducting quantum interference device
(SQUID)-based magnetometer (Quantum Design). ION-PEC fiber
was chopped into 0.5 cm lengths and fixed in a plastic straw with
diamagnetic tape. Zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves were recorded.

An induction heating system (Easyheat RHS, Ameritherm Inc., 1
kW) was used to heat ION-PEC samples in a radiofrequency field
using a copper coil with three loops of 17.5 mm inner diameter and 28
mm outer diameter. A 0.3 g amount of fiber was wrapped around the
tip of an alcohol thermometer and inserted into the middle of the coil.
Each fiber was equilibrated for 30 s before the RF field (304.8 A, 351
kHz) was applied. Each fiber was heated 3 times for 450 s. The first
heating cycle was considered a “pre-heat” to remove water from fibers,
which would affect the heating rate of fibers. The last two heating
cycles were used to calculate the initial or maximum heating rate over
the first 30 s. The heat generated was estimated using the total heat
capacity and temperature rise of the sample and thermometer. Heat
capacities were as follows: iron oxide nanoparticles, 0.75 J g−1 K−1;
polyelectrolyte complexes, 1.5 J g−1 K−1; glass of thermometer, 0.84 J
g−1 K−1; and the liquid in thermometer, 2.0 J g−1 K−1.

The equilibrium modulus was tested for all ION-PEC fibers and
pure PEC fiber via stress relaxation with a TH2730 (Thümler GmbH)
tensile testing unit equipped with 100 N load cell. Residual stress
introduced by extrusion was first removed by soaking (annealing)
samples in 1 M NaCl for 24 h. Samples were immersed in 0.1 M NaCl
during tests to ensure they were fully hydrated. Samples with diameter
1 mm and length 10 mm were elongated to a strain, ε, of 2% at a speed
of 5 mm min−1 (50% strain per minute), and the relaxation of the
stress was recorded. Equilibrium stress, σ0, was obtained when stress vs
time reached a plateau. The equilibrium modulus is determined by E0
= σ0/ε.

Strain to break tests at a speed of 5 mm min−1 were performed
using annealed samples immersed in 0.1 M NaCl.30,31 True strength,
σ, and true strain, ε, were calculated as

ε σ= =
⎛
⎝⎜

⎞
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L
L

FL
A L

ln
o o o (2)

where L is the instantaneous length of the fiber, L0 is the original
length, F is the force, and A0 is the original cross section area of the
fiber. Toughness (U) of the fiber was calculated by integrating the area
under the stress−strain curve.

■ RESULTS AND DISCUSSION
Imbedding Nanoparticles in PEC. PSS/PDADMA

polyelectrolyte complex was obtained by mixing the respective
solutions, Scheme 1.21 Efficient blending of polymer
components is driven by ion pairing between charged repeat
units.32 In the present case, the challenge is to optimize the
dispersion of the third component, the nanoparticles, within the
polyelectrolyte matrix.

Scheme 1. Two-Step Mixing Procedure To Make ION-PEC
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Dispersions of iron oxide nanoparticles in solution require
electrostatic stabilization at high pH or low pH, since the pKa of
the Fe3O4 surface is close to 7.33,34 Under the basic solution
conditions (ammonia) employed for synthesis the surface will
be negatively charged. Initially it was believed that IONs would
interact with and be precipitated by PDADMA but remain
stable in PSS. A number of trials with different polymers,
concentrations, and molecular weights showed the IONs were,
in fact, the most stable (against precipitation) in solutions of
0.125 M PDADMA. This result is reasonable, given the
structural similarity of PDADMA to the tetraalkylammonium
ions often used to stabilize (peptize) IONs at high pH.35

Also, unexpectedly, it was discovered that PDADMAC with
“high” molecular weight (MW ca. 400 000) was better at
stabilizing IONS than either “medium” (200 000−300 000) or
“low” MW (100 000−200 000). Because NaCl also destabilized
ION dispersions no salt was added to PDADMA solutions,
while they were mixed with IONs. Instead, the appropriate salt
concentration was added immediately before mixing with PSS.
Morphology. ION-PEC fibers of diameter 1.1 ± 0.2 mm

containing 0.5, 2.1, and 4.5 wt % iron oxide loading, as
determined from the phenanthroline colorimetric assay,
prepared by extrusion are shown in Figure 1. The higher %
ION samples were black, consistent with the color of Fe3O4,

36

while the reddish color (normally associated with maghemite,
γFe2O3) seen in the 0.5% sample comes from the pale yellow
color of the PEC itself. The color of the fiber did not change for
6 months in ambient, suggesting the magnetite nanoparticles
were stable in PEC fibers and were not oxidized to maghemite.
Fibers were sectioned for optical and electron microscopy.
Figure 2 shows optical micrographs of cross sections. On a
millimeter scale the ION was well dispersed, but on the 10 μm
scale seen in Figure 2 evidence of clustering is apparent.
Localized aggregation of IONs is clearly seen on a 100 nm scale
in the TEM image in Figure 3. The diameter of the
nanoparticles was 11.6 ± 2.7 nm, in agreement with the
diameter of IONs made with the Massart method.37,38 Though
partially aggregated, the IONs still exhibited superparamagnetic
behavior equivalent to separated particles (see magnetic
characterization below). The TEM in Figure 3 indicates a
defect-free interface between the host polymer and the
nanoparticles.

Magnetic Properties. Zero-field-cooling (ZFC) and field-
cooling (FC) magnetization curves for ION-PECS were
obtained with a SQUID at 100 Oe from 1.8 to 400 K. ION-
PECs with different loadings of ION behaved similarly, with a
blocking temperature (below which samples are ferri- or
ferromagnetic) of around 270 K. Figure 4 shows the ZFC and
FC curve of 2.1% ION-PEC fiber. Similar magnetization curves
and blocking temperature have been observed for Fe3O4 IONs
of the same size well dispersed in polypyrrole.9

The nature of the magnetism in the nanocomposites was
characterized via magnetization vs field strength (M−H) scans
at 300 K over the range from −20 to +20 kOe. Figure 5A and
5B shows M−H curves before and after data were corrected by
the nanoparticle weight percentage. Figure 5A indicates that all
of the three PECs are close to their saturation magnetization
values, Ms, at extremes of applied field, and those with greater
nanoparticle content have higher Ms. The ratio of the Ms of the
three loadings is 1:4.5:8.9, consist with the ratio of the
nanoparticle content 1:4.2:9, which means the magnetizations,
when normalized for weight loading of IONs (Figure 5B), are
similar (54.5, 61.4, and 54.4 emu g−1 for 0.5, 2.1, and 4.5 wt %
ION-PECs, respectively). These values are close to an Ms of ca.
60 emu g−1 of Fe3O4 nanoparticles with similar size at 300 K.39

The slightly lower Ms values in the three samples, compared
to Ms limiting values (60−70 emu g−1) for magnetite
nanoparticles with diameters less than 20 nm,40 can be partially
explained by the (diamagnetic) contribution of the polymer
matrix. This is especially noticeable for the ION-PEC with the
lowest loading, which leads to a negative slope at high H. The
near-zero coercivity, typical of the superparamagnetic behavior
of IONs, remained in all ION-PEC nanocomposites (co-
ercivities ≤ 20 Oe of 15.00, 15.07, and 11.47 Oe or 0.5, 2.1, and
4.5 wt %) as shown in Figures 6 and S1, Supporting
Information.

Radiofrequency Field Heating. For practical applications
this nanocomposite has the potential to be heated by remotely
applying a radiofrequency (RF) field.41 The ability for remote
heating would be useful in applications of the composite in
drug carriers or implants which release their payload on
heating.42,43 When swollen by water and salt polyelectrolyte
complexes are plasticized.44 The glass transition temperature
for PSS/PDADMA PEC in 0.15 M NaCl (i.e., physiological

Figure 1. Images of extruded ION-PEC fibers. (Left to right) Nanoparticle contents are 0.5%, 2.1%, and 4.5% by weight.
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conditions) is slightly above room temperature.27 Transport
through PSS/PDADMA is strongly temperature dependent.45

Therefore, release by external RF heating of a drug captured
within the hydrated ION-PEC is possible.
ION-PEC fibers were heated by inserting them into the coil

of an induction heating system operating at a field strength of
ca. 40 000 A m−1 and a frequency of 351 kHz. Feasibility tests
were performed on dry samples since the water content and
heat transport rates depend on the surroundings of the
composite. Each fiber was heated three times following the
same procedure. The temperature−time heating curves of all 3
cycles for 2.1% ION-PEC fiber are shown in the Supporting
Information, Figure S2. Compared to the first trial, the second
and third trials had identical heating curves with higher

maximum temperatures and initial heating rates, showing that
the first heating drove off water and reduced the heat capacity.
The maximum temperature attained by the 2.1% fiber was 70
°C for both second and third heating trials, while it was 65.5 °C

Figure 2. Optical micrographs of cross sections of ION-PEC fibers of
0.5 (A), 2.1 (B), and 4.5 wt % ION (C). The thickness of the slices is
10 μm.

Figure 3. TEM image of the cross section of 2.1% ION-PEC fibers.

Figure 4. Zero-field-cooled (⧫) and field -cooled (▲) magnetic
moment versus temperature at 100 Oe for ION-PEC fibers with 2.1 wt
% IONs.

Figure 5. M−H curve for the ION-PEC fibers based on the weight of
the composite (A) and Fe3O4 nanoparticles (B): 0.5 (solid line), 2.1
(dashed line) and 4.5 (dash and dot line) wt % at 300 K.
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for the first heat trial. The initial heating rate was calculated by
taking the slope of the linear part of the curve over the first 30
s. The heating rate was 0.3 °C s−1 for the second and third
trials, while it was 0.2 °C s−1 for the first trial. Thus, for each
fiber, the first heating was considered a “preheat”, and data
from the second and third trials were averaged and compared.
Heating curves for the three loadings of IONs under the

same conditions are shown in Figure 7, along with a control

(containing no IONs). All nanocomposites showed a relatively
steep heating slope followed by a plateau from steady-state
transport of heat energy away from the fiber. The control with
no IONs showed no temperature change. All ION-PECs
approached their maximum temperature (Tm) within 450 s. For
0.5%, 2.1%, and 4.5% nano-PEC fiber the Tm was 42, 71, and
102 °C and the initial heat rates within the first 60 s were 0.1,
0.3, and 0.7 °C s−1, respectively. Thus, both the heating rate
and the ultimate steady-state temperature may be tuned by the
ION content of the nanocomposite.
The initial power produced for each fiber during RF

irradiation was estimated from the temperature change and
heat capacities as described in the Experimental Section. The
initial slopes in Figure 7 translate to heating powers of 0.39,
1.15, and 2.68 W per gram of composite in each sample of
ION-PEC fiber with 0.5%, 2.1%, and 4.5% nanoparticle
content, respectively.
Mechanical Properties. The equilibrium modulus for all

fibers immersed in 0.10 M NaCl was tested using strain
relaxation (raw data in Figure S3, Supporting Information).
Fibers with different nanoparticle content were strained rapidly
to 2% of the fiber length (within the liner viscoelastic range),
and the stress was allowed to relax over the course of a few
minutes to steady-state (“equilibrium”) values. Using several
samples of each ION loading it was determined that the fiber

equilibrium modulus was 5 ± 2 MPa with no statistically
significant difference between different loadings of ION. Given
the low wt % loadings of IONs, which translate to
correspondingly smaller volume % (0.1%, 0.5%, and 1% for
the three samples), there is no reason to expect a significant
dependence of modulus on ION loading.
The toughness of nanocomposites was measured, while they

were immersed in 0.1 M NaCl, which is the salt concentration
at which we found PSS/PDADMA PECs to have maximum
toughness.21 ION-PEC fibers were strained to break in 0.1 M
NaCl after they were conditioned in this same electrolyte for 24
h. True stress vs true strain curves for ION-PEC fibers and a
control without nanoparticles are shown in Figure 8. The

stress−strain response is similar for all PECs, with an initial
higher modulus in the linear viscoelastic regime followed by a
long plastic deformation. Toughness was obtained from the
area under the curves. Toughness and tensile strength are
compared in Figure 9. Fibers with nanoparticles showed better
ductility and thus better toughness and tensile strength than
those without nanoparticles.

While the toughness of the ION-free PEC fibers was good,
the significant (3-fold) improvement in toughness with addition
of a small amount of ION was unanticipated. Within the
nanocomposite, the well-blended polyelectrolyte components
PSS and PDADMA clearly make up the continuous phase. For
effective toughening, IONs or their aggregates must relieve or
absorb the stress at failure points as the material is starting to
reach its limit of extension. With the right kind of matrix/

Figure 6. Magnification of the M−H curve near zero field of 2.1%
Fe3O4 ION-PEC fiber.

Figure 7. Temperature versus time for ION-PEC fibers containing (a)
0.0%, (b) 0.5%, (c) 2.1%, and (d) 4.5% ION exposed to 1 kW RF field.

Figure 8. Strain to break test for nano-PEC fiber immersed in 0.1 M
NaCl solution for 24 h using true stress and true strain for 0 (dotted
line), 0.5 (solid line), 2.1 (dashed line), and 4.5 (dash−dot line) wt %
IONs.

Figure 9. Tensile strength (solid columns) and toughness (striped
column) of ION-PEC nanocomposite fibers from Figure 8. Error bars
are ±1 standard deviation.
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particle interface, nanoparticles are known to behave as a stress
“transformer,” taking up the majority of force applied on the
composite and lowering the force on the continuous phase.46

Since Fe3O4 nanoparticles are much tougher than the base
polymer, ION-PEC fibers are able to tolerate more stress and
absorb more energy before they break. Good interfacial
interactions between nanoparticles and polymer are essential
to improving the tensile strength.47 Interfacial adhesion is
required to transfer stress from polymer matrix to inorganic
nanoparticle, NP
Our result indicates that PDADMA interacts well with the

IONs without additional functionalization (again perhaps a
consequence of strong adsorption of tetraalkylammonium onto
ION). As an example of NP-induced toughening, it was
reported that the tensile strength of polyamide-6 polymer
increased 55% with addition of only 4.2 wt % of exfoliated
montmorillonite nanoclay.46 Ou et al. found that the
mechanical properties, such as tensile strength, of nylon-6
reached their maximum values when loaded with 5 wt % of
silica NPs.48 Similarly, Xie et al. found that an optimal tensile
strength of poly(vinyl chloride)/calcium carbonate (CaCO3)
nanocomposite was achieved at 5 wt % of CaCO3.

49 Although
the loading of IONs for optimal toughness was not determined
here, it may be that 4.5 wt % is close to optimum.

■ CONCLUSIONS

Though they were dispersed throughout the PEC, the
aggregation of IONs was observed on a nanometer scale.
This level of aggregation impacted neither the superparamag-
netic properties nor the RF-induced heating of the nano-
composite. The processing conditions (elevated temperature
and salt concentration) under which ION-PEC composites
were extruded into fibers also did not measurably change the
properties of the IONs. The temperature rise caused by an
external RF field was sufficient to take the hydrated material
through its glass transition temperature, which would result in
much faster transport of small molecules through the PEC.45

This strong temperature dependence of molecular diffusion
makes ION-PECs good candidates for externally activated
carriers for drug release.
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