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Porous polymer nanocomposites with a density of only <0.26 g cm™> and robust flexibility have been
prepared by ionic self-assembly of gold nanoparticles (NPs) on the charged polymer skeleton made of
poly(pyridobisimidazole)-grafted-poly(dimethyl diallyl ammonium chloride) (PIPD-g-PDDA) composite
nanofibers. Toward electromagnetic interference (EMI) shielding, a shielding effectiveness of over
—64.9 dB in the frequency range of 250 MHz-1.5 GHz was demonstrated in the as-obtained nanocomposites
with a thickness of only 20 um. The equivalent gold thickness of these films was 10-50 times thinner than
the skin depth of 6-12 um for the bulk gold in the same frequency range. The electrical conductivity
of these composites was around 15890 S cm™! with the volume fraction of gold nanoparticles at 40.5%.
The added nanoparticles enhanced the tensile strength by 12.4% as compared to the pure polymer films.
No obvious degradation in electrical conductivity was observed even after repeatedly bending 1000 times
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1. Introduction

Modern electronics with highly integrated circuits often generate
severe electromagnetic radiation waves, which can cause inter-
ference and thus malfunctioning of highly sensitive precision
electronic equipment. Thus, effective protection from electro-
magnetic radiation is needed. The shielding of electromagnetic
interference (EMI) can be achieved by either absorption or
reflection, which can protect people from electromagnetic radia-
tion and transport the electromagnetic signals away from the
desired electronics. Great efforts have been made to develop
high-performance EMI shielding materials.'” Although absorp-
tion can permanently annihilate the microwave propagation, it
normally generates heat from eddy current loss and can cause
the degradation of the shielding performance. Reflection can
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internal reflection of electromagnetic radiation (SEw).

overcome the interference with much less heat generation, and
can be used for the normal operation of electronics.

Besides high EMI shielding performance, light weight and
flexibility are two important additional parameters considered
for practical EMI shielding, especially in the areas of aircrafts,
aerospace and flexible electronics such as portable electronics
and wearable devices.? In the preparation of conductive, light-
weight and flexible EMI shielding materials, the common
strategy involves the design of robust and flexible polymer
skeletons, followed by mixing, coating and/or depositing EMI
shielding components.®™** In such a design, various structures
including polymeric foams,”*"'®'” membranes'® and porous
networks'® have been reported. The most popular design is mainly
focused on the preparation of polymeric foams or networks, where
electrically conductive fillers, such as Fe,**** Ag,'* Ni,” carbon
fibers,” carbon nanotubes (CNTs)**** and graphene,***” are
embedded in the polymer matrix. However, these conductive fillers
are often randomly distributed inside the polymer matrix and
surrounded by the electrical insulating polymer chains that are
detrimental to the electrical conductivity. The primary reason is
that the electrical conductivity strongly relies on the electron
percolation of the separated conductive fillers. As a result, a high
loading and well-defined dispersion of these fillers are usually
required to form an electrically conductive interconnected
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network in the insulating polymer matrix. Hence, the required
high electrical conductivity of these materials can be achieved to
realize high EMI shielding effectiveness. In addition, thick samples
are also necessary for these composites to shield EMI effectively.
For example, graphene/polymethylmethacrylate (PMMA) com-
posite foams showed a specific EMI shielding effectiveness of
17 dB cm® g~ with a thickness of more than 2 mm."? However,
these foam structures suffered from poor electrical conductivity
because of low quality and/or high inter-sheet junction contact
resistance of the fillers.

The simple blending of electrically conductive fillers in most
intrinsic  insulating polymeric matrices could dramatically
suppress the electrical conductivity of their final composites. EMI
shielding performance was limited even though lightweight robust
polymer composites could be produced. As a consequence, the
corresponding skin depth toward attenuating electromagnetic
waves would be considerably enlarged.>***>° In this situation, a
thicker structure would be needed to reach the same shielding
performance with similar materials showing a smaller skin depth.
For example, Chen et al. used a template-directed CVD method to
fabricate conductive graphene foams with a 3D interconnected
network structure, exhibiting lightweight and high EMI shielding
performance.”® However, this porous graphene foam was
not flexible enough and the electrical conductivity was also
low compared with metals. Highly conductive network nano-
structures decorated on a porous flexible polymer skeleton are
promising for EMI shielding and have rarely been reported.

Herein, we report flexible porous polymer nanocomposites
with a highly electrically conductive 3-D gold network on
the polymer skeleton prepared by ionic self-assembly of gold
nanoparticles (NPs) on the charged polymer skeleton made of
poly(pyridobisimidazole)-grafted-poly(dimethyl diallyl ammonium
chloride) (PIPD-g-PDDA) composite nanofibers. The composite
nanofibers were synthesized through grafting poly(dimethyl
diallyl ammonium chloride) (PDDA) on the surface of poly(pyrido-
bisimidazole) (PIPD) nanofibers. The morphology of the nano-
composites was studied using scanning electron microscopy
(SEM) and the particles were observed by atomic force microscopy
(AFM). The thermal stability of these nanocomposites was eval-
uated. The mechanical properties were studied by the tensile test
and the cyclic durability test. The electrical conductivity of the
nanocomposites with different gold coatings was measured. Both
real and imaginary permittivities were measured as a function of
frequency for the nanocomposites with different coatings. The
EMI shielding performance of these obtained composites was
studied. The shielding mechanisms were revealed by compara-
tively studying the reflection from the material surface (SEg), the
absorption of electromagnetic energy (SE,), and multiple internal
reflections of electromagnetic radiation (SEyy).

2. Experiments
2.1 Sample preparation

The synthesis of porous PIPD-g-PDDA/Au composites is illu-
strated in Scheme 1. The PIPD nanofibers were chosen to build
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interconnected 3D scaffolds as templates for the self-assembly
of gold nanoparticles because of their high physicochemical
performances including a strength of 4.5 GPa, a modulus of
400 GPa, thermal stability at higher than 480 °C, and excellent
chemical resistance.*" PIPD has many polar side groups ~-OH
and skeleton groups -NH-, which make the macromolecular
interaction very strong. The intermolecular hydrogen bonding
network can be formed in the fiber form.*> However, like most
organic fibers, PIPD fibers show a fibrillar structure under
shearing and compressive loads,*® especially for the as-spun
PIPD fibers which contain a lot of residual polyphosphonic acid
solution. Meanwhile, the hydrogen bonding network in the
as-spun PIPD fibers is not well-defined. In dimethyl sulfoxide
(DMSO), the as-spun PIPD fibers without any treatment were
found capable of being swelled easily at 95 °C under strong ultra-
sonication and shearing, and were then stripped layer by layer.
The PIPD nanofibers were obtained using this strategy and the
morphology changes are shown as Fig. S1 (ESIt). Different from
the reported Kevlar nanofibers,>*>® no potassium hydrate was
used and fewer PIPD macromolecules were degraded into small
molecules, thus the nanofiber yield could reach ~97%. The PIPD
nanofibers with different diameters were obtained by changing
the stripping time, and the porous membranes were made by
filtration of PIPD/DMSO solution. Similar to the reported
results,”” > the specific surface area of the porous film increases
sharply with decreasing the diameter, and the mass transport
of water in the membrane decreases greatly with decreasing the
nanofiber diameter.

Considering the specific surface area and mass transport
necessary for further decorating gold nanoparticles, the PIPD
nanofibers with an average diameter of 250 nm were chosen
as the 3D skeleton in this study. To generate an ionic self-
assembly of gold nanoparticles on the PIPD nanofibers, posi-
tively charged PDDA was introduced onto the surface of PIPD
nanofibers by using grafting technology. Briefly, the PIPD
nanofibers were chemically bonded with 2-bromopropionyl
bromide followed by free radical polymerization of PDDA.
The PIPD nanofibers grafted with 2-bromopropionyl bromide
(PIPD-Br) in the first step were used to initiate the polymeriza-
tion of PDDA on the surface of PIPD-Br nanofibers.*’
The bromoester groups formed from the reaction of hydroxyl
groups on the surface of the PIPD backbone and 2-bromo-
propionyl bromide were known as efficient initiators of atom
transfer radical polymerization (ATRP) of PDDA.*' PIPD-g-
PDDA copolymers with different PDDA contents were synthe-
sized by controlling the reaction time. The obtained copolymers
were denoted as PIPD-g-PDDA1, PIPD-g-PDDA2, PIPD-g-PDDA3,
PIPD-g-PDDA4 and PIPD-g-PDDA5, corresponding to the reac-
tion time of 1, 1.5, 2, 4 and 6 h. According to the structural
analysis of the products (Fig. S2, ESIf), the PIPD-g-PDDA
nanofibers were successfully fabricated, and the PDDA mass
fractions were calculated to be 1.2, 5.1, 9.2, 13.8 and 15.3 wt%,
respectively. Meanwhile, the zeta potential reached a stable
value in a reaction time of 6 h, indicating that the grafting of
PDDA had reached a maximum value. Thus PIPD-g-PDDA5
nanofibers were chosen as the skeleton and made into porous

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C6TC04780G

Published on 01 December 2016. Downloaded by University of Tennessee at Knoxville on 02/02/2017 15:51:37.

Journal of Materials Chemistry C

View Article Online

Paper

H
N N

*R r\/[ \>—©—}* PIPD polymer
NN n

O
PIPD nanofiber + Br)\/Br

PIPD nanofiber-graft-

CH3 \
o
\X)K(Br

CH3

PIPD-g-PDDA

/ inwhich X: N or O
W N cf y
O

~~ PIPD nanofiber
~ PDDA chain

in which

b)

PIPD-g-PDDA nano fiber coated with gold NPs

PIPD membrane
¢)

PIPD-g-PDDA Sketch

Gold NPs Network on
PIPD-g-PDDA Sketch

Scheme 1 (a) Synthesis of PIPD-g-PDDA, (b) assembly of negatively charged gold NPs on the positively charged surface of PIPD-g-PDDA nanofibers,

and (c) formation of porous gold composites.

membranes by filtration of their aqueous solution (0.5 mg mL ™)
and the thickness was determined by SEM (Fig. S3, ESIt).

The membranes were further washed with DI water thoroughly
to remove the residual PDDA monomers that were absorbed on
the nanofibers. Finally, aqueous solution of gold nanoparticles
(0.428 mg mL ") with an average size of 9.7 nm and a zeta
potential of ~—48 mV (Fig. S4, ESIt) was filtered through the
PIPD-g-PDDA5 membrane repeatedly until the degree of gold
self-assembly reached saturation conditions. The obtained soft
and porous membranes were denoted as PIPD-g-PDDA/Aul,
PIPD-g-PDDA/Au2, PIPD-g-PDDA/Au3, PIPD-g-PDDA/Au4, PIPD-
g-PDDA/Au5 and PIPD-g-PDDA/Au6. The corresponding gold
volume fractions were calculated to be 1.3, 4.1, 9.5, 14.2, 23.9
and 40.5 v%, respectively. Here, the gold volume fraction was
defined as Vyo1a/(Vgold + Verppg-popa)s in Which Vgoiq represents

This journal is © The Royal Society of Chemistry 2017

the volume of gold nanoparticles and Vpipp.¢.pppa is the volume
of the PIPD-g-PDDA skeleton. The gold volume contents were
determined by TGA.

2.2 Characterization

The morphologies and gold distributions of the membranes
were observed using a SEM (S-4800, Hitachi Instrument, Inc.
Japan) equipped with an Energy Dispersive Spectrometer (EDS).
All the PIPD-g-PDDA/Au samples were investigated without gold
plating. A voltage of 10 kV and a current of 0.54 nA were chosen.
The morphology and size of gold NPs were examined using a
JEOL JEM-2010 TEM at an accelerating voltage of 120 kV.
The morphology and size of gold aggregates on the surface of
PIPD-g-PDDA nanofibers were examined using AFM (Solver-P47H,
NT-MDT, Russia) in tapping mode.
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The FT-IR spectra of the samples were recorded on an
AVATAR 360 ESP FT-IR spectrometer (Nicolet, U.S.A.) equipped
with a MKII Golden Gate. 'H NMR spectra of samples were
obtained on a JEOL JNM-ECA 300 NMR spectrometer using
DMSO-ds and D,O as the solvents. UV-visible light absorption
spectra (UV-vis, Beijing Purkinje General Instrument Co., Ltd,
China, TU-1901) were used to characterize the UV response PIPD
and PIPD-g-PDDA copolymers. The zeta potential of gold NPs
and PIPD-g-PDDA copolymers was measured using a Zetasizer
2000 from Malvern Instruments (Southborough, MA, USA).

Thermal stability and compositions of the samples were
examined on a TGA 2050 Thermogravimetric Analyzer
(TA Instruments Inc., U.S.A.) at a heating rate of 10 °C min~"
under an air atmosphere. All samples were dried under vacuum
at 80 °C for 24 h prior to TGA measurements.

The X-ray diffraction (XRD) patterns of the samples were
recorded on a Rigaku D/Max-2200/PC X-ray diffractometer. The
EMI shielding effectiveness was measured in the 250 MHz-1.5 GHz
frequency range by using an Agilent E4440A PSA High-Performance
Spectrum Analyzer.

Conductivity measurements using two-probe and four-probe
methods were collected by using a 34401A Digital Multimeter
(Agilent Technologies, 6K Digit). The mean values of at least
five measurements for every set of films were calculated.
An Agilent vector network analyzer (VNA) was employed to
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evaluate the EMI shielding characteristics of the PIPD-g-
PDDA/Au composites in the frequency range of 0.25-1.5 GHz.
The porous samples with diameters of 10 mm and thicknesses
of 15-50 um were placed between two waveguide parts that
were connected to separate ports of the VNA. The power of
input microwave radiation was controlled to 600 mW m~> and
the EMI data were obtained.

3. Results and discussion

Fig. 1a and b shows the images of membranes made of PIPD
nanofibers and PIPD-g-PDDA5 nanofibers coated with gold
nanoparticles, respectively. The SEM images of PIPD-g-PDDA/
Au5 nanofibers and the corresponding energy-dispersive spectro-
scopy (EDS) elemental mapping are displayed in Fig. 1c-e. The
red color in the EDS map represents the Au; characteristic
radiation. Apparently, the PDDA chains on the PIPD nanofibers
successfully facilitated the ionic self-assembly of gold nano-
particles on the PIPD framework. From the atomic force micro-
scopy (AFM) images (Fig. 1f-h), a gold layer formed by the
aggregates of gold nanoparticles with a diameter of 20-120 nm
was observed. Fig. 2a—-c shows the gold network structures of
PIPD-g-PDDA/Au2, PIPD-g-PDDA/Au4 and PIPD-g-PDDA/Au6
membranes, respectively. Meanwhile, the XRD patterns in

b)

Fig.1 (a and b) Photography of PIPD and PIPD-g-PDDA/AuU5 porous films. The PIPD nanofibers are yellow due to the sputter coated gold for SEM
imaging. (c and d) SEM of PIPD-g-PDDA/Au with different magnifications. (e) The corresponding EDS mapping of (d). (f and g) AFM images of the gold
layer located on PIPD-g-PDDA/AuU5 composites at different magnifications. (h) Corresponding height profile of the trace between A and B shown in (g).
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(a—c) SEM images of PIPD-g-PDDA/Au2, PIPD-g-PDDA/Au4 and PIPD-g-PDDA/Au6 composites, respectively; (d) XRD patterns of PIPD and

PIPD-g-PDDA/Au films, the inset is the enlarged part of PIPD-g-PDDA/AuU6; and (e) conductivity of the film versus gold contents.

Fig. 2d were used to confirm the presence of both PIPD and
gold crystals in those porous films. The diffraction peaks at
around 26 = 11.9° and 25.8° of the PIPD nanofibers correspond
to the (200) and (100) reflections of the PIPD crystal unit cell in
the nanoscale domains.**™** Meanwhile, the diffraction peaks
at around 20 = 38.4° and 44.5° were assigned to the (111) and
(200) reflections of the gold crystal unit cell, respectively.*>*®
The highly porous nature leads to an ultralow density
(0.26 g cm™®) in the as-obtained PIPD-g-PDDA/Au network,
about 10 times lighter than the solid polymer composites.
Despite its ultra-light weight, the porous membrane is highly
conductive due to the interconnected 3D gold network, provid-
ing a fast electron transport channel within the PIPD-g-PDDA/
Au network. The electrical conductivity (o) of all the porous
PIPD-g-PDDA/Au membranes was tested. ¢ is observed to
increase with increasing the gold content, Fig. 2e, indicating
that the ¢ of the network increased due to the construction of a
thicker gold layer. However, the thickness of gold nanoparticles
on the PIPD-g-PDDA nanofibers should be carefully chosen
because thin deposition gives smaller crystal grains and more
defects or voids,"” while thick deposition makes a perfect gold
network but reduces the surface area of the gold nanoparticles.
Interestingly, the ¢ of the porous membrane with a gold
content of 40.5 v% reached 15890 + 742 S cm™ ', which is
~4 orders of magnitude higher than the conventional polymer
nanocomposites.** ™ To the best of our knowledge, it is the
highest ¢ value of polymer composites reported in the related
ref. 51. The high ¢ is attributed to the continuous charge
transport pathway given by the connective gold network formed
on the nanofibers. Similar conductive network structures have

This journal is © The Royal Society of Chemistry 2017

been reported in previous work,>>>> but they showed much
lower ¢ owing to the severe structural defects and/or high
inter-sheet junction contact resistance. Generally, the junction
resistance can be significantly reduced using post-treatment
methods such as thermal annealing, wet chemical coating,
nano-plasmonic welding, and electrowelding.’®*® For the gold
network formed on the PIPD-g-PDDA nanofibers, there are no
structural defects and high junction contact resistance
observed. As discussed above, the chemically bonded PDDA
chains on the surface of PIPD-g-PDDA nanofibers made them
positively charged in water. Once the negatively charged gold
nanoparticles were added, they would absorb on the PIPD-g-
PDDA nanofibers through strong ionic bonding. The voids of
the junction area and other areas of PIPD-g-PDDA nanofibers
were occupied by the introduced gold nanoparticles gradually.
Theoretically, the PDDA chains could be distributed equally on
the surface of PIPD nanofibers. Therefore, once there was a
void site of gold on the surface of PIPD-g-PDDA nanofibers, a
group of free PDDA chains or segments would adsorb a group
of free gold nanoparticles to fill in this area. Finally, gold
networks with good connection were created.

Nevertheless, the PIPD-g-PDDA/Au film cannot reach the
theoretical ¢ of a gold layer with a thickness of more than
30 nm at room temperature due to the contact resistance caused
by the ligand layer on the gold nanoparticles, which was con-
firmed by the following heat treatment. The enhanced ¢ of the
PIPD-g-PDDA/Au6 was observed to be 18300 4+ 1008 S ¢cm ™’
when the film was treated at 300 °C for 20 min under a nitrogen
atmosphere. The enhanced ¢ was attributed to the removal of
ligands on the gold nanoparticles followed by the increasing

J. Mater. Chem. C, 2017, 5, 1095-1105 | 1099
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Fig. 3 (a) SEM images of the PIPD-g-PDDA/Au6 composites after heating
at 300 °C for 20 min; (b) scheme of the gold network changes during
the heating process. Gold nanoparticles were fused together when the
absorbed ligands were degraded and removed; (c) SEM images of the
PIPD-g-PDDA/Au6 composites after pressing (F) at 3 MPa for 2 h;
(d) scheme of the gold network changes during the pressing process.
Gold nanoparticles are arranged tighter after geometrical deformation of
the nanofibers.

gold connection and gold fusion. When the gold content was
less than 14.2 v%, the ¢ of the porous composites was observed
to decrease after heat-treatment. The lower the gold content,
the faster the decrease in conductivity. For the PIPD-g-PDDA/Au
film with a high gold content, taking PIPD-g-PDDA/Au6 for
example, the weight of the membrane was decreased by ~0.8%
after incubation, and the surface morphology of the film was
changed, Fig. 3a. The gold nanoparticles were observed to be
fused together and a consolidated gold network was formed,
Fig. 3b and Fig. S6 (ESIT). The loss of ligand upon heating has
been previously documented for planar gold surfaces and gold
nanoparticles.”’™® The interactions between the polymer,
ligands and the gold surface are complex, and their relative
individual contribution to gold nanoparticle network is difficult
to determine precisely. However, the substantial decrease in
the number of charges per nanoparticle (as inferred from the
loss of ligands) is responsible for the bridging joints of nano-
particles. Furthermore, the loss of ligands may enhance the
polymer PDDA~gold interactions because the amine salt groups
of PDDA may chemisorb on a more exposed gold surface,®**
thereby preventing the macrophase separation of the nano-
particles from the block copolymer. Meanwhile, the loss of
ligands from the nanoparticles increased the volume fraction of
gold in the nanoparticles and thus improved the ability of the
membrane to survive the pyrolysis.

In addition to the heat treatment, compression is another
effective way to improve the ¢ of the membrane. The ¢ of the
PIPD-g-PDDA/Au6 film was increased to 22240 4+ 998 S cm ™"
under a pressure of 3 MPa for 2 h. Fig. 3c and Fig. S5 (ESIf)
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show the morphology of composites. Under the compression
treatment, the ¢ of the membrane was improved in two main
ways. On one hand, the gold nanoparticles were arranged
more tightly due to the intersecting structure changes of the
PIPD-g-PDDA nanofibers from circle to oblate, which lowered
the contact resistance of the gold network (Fig. 3d). On the
other hand, the decrease of the film thickness by 16.3% also
facilitated the increase of o, expressed as o = 1/(R¢ x t),65 where
Ry is the four-electrode resistivity and ¢ is the thickness of
the films.

The thermal stability of PIPD-g-PDDA/Au nanofibers with
different gold contents was also studied, Fig. 4a. All the curves
show two-step degradation. The first one at about 224-312 °C
and the second one at about 475-550 °C, Fig. 4b, are attributed
to the degradation of organic PDDA chains and PIPD chains.
Obviously, the nanocomposites show a much lower initial
degradation temperature than the PIPD fibers, which is caused
by the unstable PDDA chains in the composites. Also, the PIPD
nanofibers showed a weaker thermal stability than PIPD fibers
because of the decreased size and significantly increased
-OH, -NH, and -COOH groups on the surface. However, the
stabilities of PDDA and PIPD nanofibers were improved by gold
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Fig. 4 (a) TGA curves and (b) of PIPD-g-PDDA/Au with different gold
contents (in air).
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Fig. 5 Mechanical properties of (a) PIPD-g-PDDA5/Au and (b) PIPD-g-
PDDAS.

nanoparticle coating. The gold nanoparticle coating formed
a thermal protection layer on the PDDA chains and PIPD
skeletons and the gold with good thermal conductivity favored
the transfer of heat to the surrounding when the composites
were heated.

The effect of gold on the mechanical properties of the
membrane was investigated, Fig. 5. Owing to the weak interactions
between the PIPD-g-PDDA nanofibers, the membrane shows a
tensile strength of 19.3 MPa and an elongation at break of
5.68%. After the loading of the gold nanoparticles, the tensile
strength was increased to 21.7 MPa because of the gold coating
on the surface of the skeleton, which is similar to the enhanced
tensile strength observed in the carbon nanotube adsorbed
polyamide nanofibers.®*” Meanwhile, the elongation at break
was decreased to 4.43%. These membranes are observed to
exhibit a behavior of plastic deformation. The addition of gold
nanoparticles in the polymer increased the tensile strength by
12.4% as compared with the pure polymer membranes.

The mechanical flexibility is another advantage of these
polymer-based gold composites. As shown in Fig. S7 (ESIY),
The cyclic bending test up to 1000 cycles was conducted for
the PIPD-g-PDDA/Au composites to quantitatively investigate
their flexibility and durability. It can be seen that the ¢ of the
PIPD-g-PDDA/Au composites with different Au loadings was
maintained after bending, Fig. 6. Taking PIPD-g-PDDA/Au6
(the most rigid membrane in PIPD-g-PDDA/Aul-6 because
of its highest gold content) as an example, superior bending
durability was observed while the ¢ was decreased only by
~7.8% after the whole 1000 bending test. Three main reasons
are responsible for the high flexibility of the gold network.
Firstly, the freezing point of the PDDA layer that adhered both
PIPD nanofibers and gold nanoparticles is only —2.8 °C. These
PDDA layers behave as fluid at room temperature and work as
plasticizers for the gold network.®®®’? The PDDA layer deforms
easily according to the force and thus absorbs part of the
bending energies, aiding the maintenance of the connective
gold network. Secondly, the gold nanoparticles adsorbed on the
PDDA coils are ductile because the adhesion interaction by

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper
18000
PIPD-g-PDDA/Au6
160004 - 0 e 00—
—O0——0O—__ o
«~ 140004
‘e PIPD-g-PDDA/Au5
8 120009 o0 —o—0—o0—90—0—0—0 o
0 PIPD-g-PDDA/Au4
< 10000 — OO —O—
§ O—> O>— O——0—0
2 8000k T
o
=
T
3
O 20004 PIPD-g-PDDA/Au3
*\ﬁ/ﬁ\ﬁﬁﬁ\ﬁ\ﬁ/ﬁ/ﬁ\ﬁ/ﬁ
PIPD-g-PDDA/Au2
0 p < —
L]

0 200 400 600 800 1000

Bending Cycle

Fig. 6 Film conductivity change after different bending cycles. The bending
radius is 1 cm.

sodium citrate among gold nanoparticles is not strong. The
formed gold network can be destroyed and reconstructed during
the bending, similar to the carbon nanotubes and graphene
reinforced polyurethane nanocomposites.®”” Finally, the porous
PIPD nanofiber structures can absorb most of the deforming
energy and withstand a larger degree of deformation.*”

The electromagnetic properties of PIPD-g-PDDA/Au compo-
sites were determined by complex permittivity (¢ = ¢’ — i¢”) and
permeability (u = ¢’ — iu”).°® The microwave properties of PIPD-
g-PDDA/Au composites are mainly due to the reflection effort.
In addition, the 3-D structure of the gold network as well as
the large surface area of the PIPD-g-PDDA/Au composites
promotes multiple reflections of the incident microwaves inside
the composites. However, due to the absence of the magnetic
component, only relative complex permittivity is available,
while the relative complex permeability is = u' + y”’ =1 + 0",
The real part of the EM parameters (¢') is a measure of the
amount of polarization taking place in the material and repre-
sents the capability for electric storage, while the imaginary
part (¢”) represents the energy loss ability. Fig. 7a shows the real
parts of the complex permittivity of the PIPD composites. As is
shown, ¢’ decreases with the increase of frequency, showing
a frequency-dependent dielectric response. For instance, the
¢’ value of PIPD-g-PDDA/Au3 reaches 8.12 at 250 MHz, and the
¢’ of PIPD-g-PDDA/Au6 shows the maximum of 9.07 at the same
frequency. This behaviour is caused by the lag of the induced
electric field reversed external electric field at high frequency.®’
Fig. 7b shows the imaginary parts of the complex permittivity of
the composites. Similarly, the ¢’ values improve significantly
with increasing the gold content. Higher permittivity leads
to higher dielectric loss due to the presence of a conductive
gold network.

The EMI shielding effectiveness (SEr) of the composites is
defined as the logarithmic ratio of P; to outgoing power P, of
radiation, including the reflection from the material surface
(SEg), the absorption of electromagnetic energy (SE,), and the
multiple internal reflection of electromagnetic radiation (SEy).
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When SE, > 10 dB, SEy, can be neglected. Hence, the EMI SE of
the material can be expressed as follows:*®

SEr = 10 log(Py/P,) = SE4 + SEg (1)
SEA = 8.686d+\/nfou (2)

SEg = 20log (%) 3)
0

where d is the average thickness of the composite films, fis the
frequency of the electromagnetic waves, ¢ is the electrical
conductivity of the materials, 1 is the magnetic permeability of
the materials with a relationship of u = o (1o =4n x 107" Hm™ ¥,
e = 1 in this case), &, = 8.854 x 10> Fm™ "

These highly conductive flexible composites demonstrated
high EMI shielding performance, Fig. 8a and Fig. S8 (ESIt). The
EMI shielding effectiveness of the PIPD-g-PDDA/Au6 is mea-
sured to be —64.9 dB over 0.25-1.5 GHz. The PIPD-g-PDDA/Au3
composites with a smaller ¢ show an EMI shielding effective-
ness of —33.7 dB over 0.25-1.5 GHz. It is worth noting that
PIPD-g-PDDA/Au composites are more than 50 times thinner
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PIPD-g-PDDA/AuU network with different gold contents measured in the
frequency range of 0.25-1.5 GHz.

than the composites reported in the previous study (as shown
in Table 1) while exhibiting a higher shielding effectiveness.
Importantly, the gold networks showed a lower equivalent gold
thickness than the skin depth of bulk gold in this frequency
range. For example, if all the gold was extracted from the PIPD-
g-PDDA/Au3 composites and made into gold wafer of the same
radius, the thickness of the wafer will be as small as 0.13 pm.
This value is 50 times smaller than the skin depth of the gold
film (6) at this frequency calculated by ¢ = 1/squrt(r-p-fo)
(where f is the frequency, ¢ the electrical conductivity, and u the
magnetic permeability of the materials),’* indicating that the
PIPD-g-PDDA/Au composites are much more effective than
the gold film for EMI shielding.

To shed light on the EMI shielding mechanism of the PIPD-
g-PDDA/Au composites, Fig. 8b shows SE, and SEg in the range
of 0.25-1.5 GHz. The contribution of SEg to SE is observed
to be much larger than that of SE,. These results suggest
that the PIPD-g-PDDA/Au composites are both reflective and
absorptive to electromagnetic radiation in this frequency range,
and the reflection is the dominant shielding mechanism.
Scheme 2 depicts the electromagnetic wave transfer across

This journal is © The Royal Society of Chemistry 2017
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Table 1 EMI shielding effectiveness of different materials
Materials Thickness (mm) Electrical conductivity (S cm™") Shielding performance (dB) Ref.
MWCNT/PCL foam 20.00 — 60.0 2
CNT/polystyrene 4.00 30.0 7
Aluminium flakes/PES 2.90 — 39.0 1
Graphene/PMMA 2.40 8 25.0 24
SWCNT/epoxy 1.50 — 20.0 63
Graphene/PDMS foam 1.00 2 30.0 9
CNF-GN networks 0.27 8 28.0 64
PIPD-g-PDDA/Au 0.02 15890 66.9 This work
Incident Wave Incident Wave No obvious conductivity degradation was observed even after

Surface Wave

Surface Wave Secondary Wave
Reflection Reflection

Porous
Gold

\

i 2 .
Inwhich gy :

\
\ Wave Transmission
Wave scattering inside.

Scheme 2 Electromagnetic wave transfer in (a) gold bulk and (b) porous
PIPD-g-PDDA/Au composites.

the PIPD-g-PDDA/Au composites. Similar to the EMI shielding
mechanism of the carbon nanofibers, multi-wall and single-
walled CNT/polymer composites,®>* where the reflection is the
major contribution of the EMI shielding. The 3-D structure of
the gold network, as well as the large surface area of the PIPD-g-
PDDA/Au composites, promote multiple reflections of the
incident microwaves inside the composites and consequently
are responsible for the reflective-dominant EMI shielding. To
further improve the EMI shielding effectiveness of the compo-
sites, multiple membranes were stacked together. As expected,
the stacked membrane showed a much better EMI shielding
effectiveness than one single membrane. More than 93 dB
shielding effectiveness in the X-band frequency range was
achieved by stacking 4 layers of PIPD-g-PDDA/Au6 membranes
together when the total thickness was about 0.1 mm.

4. Conclusion

Ionic self-assembly was used to prepare conductive gold compo-
sites with PIPD-g-PDDA nanofibers as the templates. The formed
junction-free gold networks greatly enhanced the conductivity of
the membrane, as well as the big gold active surface. The
porous PIPD-g-PDDA/Au composites demonstrated extremely
lightweight and outstanding EMI shielding effectiveness and
mechanical flexibility. Meanwhile, these porous composites
had a density of <0.26 g cm™* and showed excellent softness.

This journal is © The Royal Society of Chemistry 2017

repeatedly bending to a radius of 1 cm for 1000 times. The
shielding effectiveness of those membranes reached 64.9 dB in
the 0.25-1.5 GHz frequency range when the thickness of the
membrane was only 20 um, which far surpassed the best values
of the metals and carbon-based composite materials. The excellent
flexibility of these composites also gave it a stable EMI shielding
performance under mechanical deformation. The good flexibility,
high conductivity and excellent EMI shielding performance enable
the potential use of this thin lightweight PIPD-g-PDDA/Au
membrane as high-performance EMI shielding materials in next-
generation flexible electronics, such as soft portable electronic
products, roll-up displays, wearable devices, and conformable
health-monitoring electronic skins.”®”*
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