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ABSTRACT

Bilayer polyimide film with superparamagnetic response and conductive surface has been
exploited as an important candidate for electromagnetic interference shielding material. Poly-
imide matrix was derived from 4,4-oxydianiline and 3,3’4,4-benzophenonetetracarboxylic
dianhydride. Iron (III) 24-pentanedionate (Fe(acac),) and (1,1,1-trifluoro-24-pentadionato)
silver(I) (AgTFA) were chosen as magnetic nanoparticles precursor and silver source, respec-
tively. At magnetic polyimide layer, in situ method allowed the Fe(acac), to decompose to
7-Fe,O,, exhibiting typical superparamagnetic response. The conductive surface-silvered poly-
imide layer was prepared via in situ single-stage self-metallization technique by thermal cur-
ing of the AgTFA-contained poly(amic acid). The reduction of silver(I) and further aggregation
of silver atoms gave the conductive polyimide surface. The surface square resistance for the
bilayer film of 0.1 Q/square could be obtained. The structure and the properties of final bilayer
film were characterized by X-ray diffraction, scanning and transmission electron microscope,

magnetic and conductive measurements.
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1. Introduction

Electromagnetic interference (EMI), such as radio
noise, electronic noise, radio-frequency interference, etc.,
has been invisible electron pollution with the increasing
use of electronic products and communication instru-
ments. Polymer composites with conducting fillers,
such as metal particles, metal flakes, carbon particles,
and carbon fibers, because of their light weight and easy
processing, have been extensively studied to provide
EMI prevention [1-4]. However, the dispersion of nano-
size fillers is always challengeable. In order to develop
versatile and effective EMI shielding materials, the ideal
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combination would be to have a magnetically or elec-
trically tunable microwave material, the properties of
which can be obtained by adjusting the composition
and microstructure. Intrinsically conductive polymers
such as polyaniline and polypyrrole/ magnetic particles
nanocomposites have been identified as candidates for
EMI-shielding materials [5,6]. However, the applica-
tion was restricted because the intrinsically conducting
polymers bear a high cost of preparation and have
unstable conductivity. Another novel approach is to
develop bilayer structures of magnetic polymer nano-
composites with a conductive surface layer. Such a
structure would ensure that the topmost layer has a high
conductivity, resulting in a large shielding effectiveness,
while the magnetic nanocomposite bottom layer can
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be used to assist in improving device characteristics by
providing better impedance matching and tenability [7].

Polyimide offers many advantages such as high ther-
mal stability, superior chemical resistance, and excellent
mechanical property [8,9]. In recent years, in attempt
to present materials with electrical and/or magnetic
properties, polyimide films containing metal or metal
oxide particles have been prepared respectively [10-13].
Typically, various synthetic routes have been applied to
obtain metal/metal oxide modified polyimides: deposi-
tion, sol-gel, and in situ method [14-16]. Among these
methods, the in situ method is considered as a most
prospect one because of its processing simplicity and out-
standing adhesion at the polymer-metal or polymer-metal
oxide interface compared with external deposition meth-
ods. For example, the highly reflective and conductive
silvered polyimide films have been fabricated through
the in situ single stage self-metallization method. More
than 90% reflective 3,3’,4,4’-benzophenonetetracarbox-
ylic dianhydride (BTDA)/4,4’-oxydianiline (4,4'-ODA)
based polyimide films were fabricated with a surface
electrical resistivity less than 0.1Q2/sq [17]. Taylor’s group
also reported that iron oxide polyimide composite films
with magnetic properties had been synthesized by the in
situ method [18]. Therefore, in situ method provides an
effective way to realize the preparation of multifunctional
polyimide film to meet the requirement of EMI-shielding
application.

The work describes the preparation of bilayer poly-
imide composite films by in-situ technique. The bottom
layer prepared by the incorporation of iron complex into
a solution of poly(amic acid)(PAA) exhibited typical
superparamagnetic response, while the topmost layer
prepared by the incorporation of silver complex solu-
tion into the solution of PAA showed surface electrical
conductivity with excellent silver-polyimide interfacial
adhesion due to the mechanical interlocking mecha-
nism. Therefore, both highly metallic electrical conduc-
tivity and superparamagnetism can be realized in the
bilayer polyimide films.

2. Experimental section
2.1. Materials

3,3’ 4,4’ -Benzophenonetetracarboxylic dianhydride
(BTDA) was purchased from Acros Organics and used
without further purification. 4,4’-oxydianiline (4,4-
ODA) was obtained from the Shanghai Research Insti-
tute of Synthetic Resins and recrystallized in ethyl
acetate prior to use. N,N-dimethylacetamide (DMAC,
analytical pure, water content <0.1%) was purchased
from Tianjin Fu Chen Chemicals Reagent Factory and
used after distillation. Silver acetate(AgAC) (analytic

pure, 299.0%) and 1,1,1-trifluoro-2,4-pentanedione
(TFAH) (=98%) were purchased from Shanghai Shiyi
Chemicals Reagent Co. Ltd. and Acros Organics, respec-
tively, and used as received. Iron (III) 2,4-pentanedio-
nate (Fe(acac),) was provided by Shanghai Suocheng
Chemical Co. Ltd. and used as received.

2.2. Film preparation

The following procedures were used to prepare
bilayer polyimide composite film. PAA synthesis was
performed in DMAC, 20% solids concentration. 4,4’-
ODA was added to a flask with DMAC and stirred until
dissolved. The dianhydride was added, and consequent
pale yellow solution was mechanically stirred for 1 h.
Iron complex incorporated PAA solution was made by
adding Fe(acac), and stirring for at least 0.5 h. Film was
made by casting the solution onto a dust free glass sub-
strate, and then cured under air atmosphere at 80°C for
20 min and at 100°C, 200°C, 300°C and 320°C for 1 h
each.

The (1,1,1-trifluoro-2,4-pentadionato) silver(I) (AgTFA)
complex was freshly produced by dissolving AgAC in
a small volume of DMAC containing TFAH with three
times mole equivalent to the AgAC. AgTFA complex
was then added to PAA solution. Films were cast on
the already thermally cured PAA/ Fe(acac), films and
stayed for 12 h at room temperature before thermal cur-
ing. The cure cycle involved heating to 135°C over 1 h
and holding for 1 h, heating to 300°C over 2 h, and hold-
ing at 300°C for varying times.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained with
an X-ray diffractometer (D/Max2500VB2+/PC, Rigaku,
Japan). Scanning electron microscope (SEM) was per-
formed on a Hitachi 5-4700 instrument. All the sam-
ples were coated with a ca. 5 nm platinum layer prior
to measurement. Cross-sectional transmission electron
micrograph (TEM) images were obtained with a Hitachi
H-800 transmission electron microscope. The hysteresis
loop of the film was determined with Model 4HF VSM
from ADE Corporation. The surface square resistances
were measured with a RTS-8 four point probes meter
produced by Guangzhou Semiconductor Material Aca-
demic in China.

3. Results and discussion

Fig. 1 outlines the procedure for the bilayer poly-
imide film via in-situ method. The magnetic layer, that
is the bottom layer, was prepared by incorporating
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Fig. 1. Schematic illustration of the present process for the
bilayer polyimide films.

Fe(acac), into the solution of PAA, and then film was
cast on the glass substrate. Thermal curing of the precur-
sor film converted the PAA into its polyimide form with
concomitant decomposition of Fe(acac), to form mag-
netic nanoparticles. For clarity, the surface close to the
substrate side was referred to as the substrate-side sur-
face, and the other side close to the air was referred to
as the air-side surface. The conductive layer, that is the
topmost layer, was formed by incorporating of AgTFA
into the solution of PAA, and then film was cast on the
bottom layer. During the Thermal curing process, silver
(I) was reduced to silver atoms and near-atomic silver
clusters, which can diffuse and aggregate to give con-
ductive surface. The conductive surface was marked air-
side surface.

Fig. 2. shows the XRD patterns of PAA /Fe(acac), pre-
cursor film cured at 320°C for 1 h and the final bilayer
polyimide composite film. Five distinct diffraction
peaks in Fig. 2a suggest that conversion of the Fe(acac),
to either »Fe,O, or Fe,O, has occurred. Fe,O, can be oxi-
dized to y-Fe,O, by heating Fe,O, to 300°C for one hour in
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Fig. 2. XRD patterns of (a) y-Fe,O,-contained polyimide film
and (b) bilayer polyimide film.

the same atmosphere in which the films were cured [19].
Therefore, we believe that only y-Fe,O, is produced by
the thermal decomposition of Fe(acac), in the polyimide
matrix. XRD pattern in Fig. 2b for the bilayer polyimide
film exhibits five distinct diffraction peaks at 26=38.0°,
44.2°, 64.3°, 77.3° and 81.4°. The peaks can be indexed
as the diffraction from the (111), (200), (220), (311) and
(222) planes of the face-centered-cubic(fcc) silver metal,
indicating the formation of metallic silver of zero-valent
state and the crystallization of sliver in the film.

TEM was performed to detect the dispersion of
formed ¥Fe,O, nanoparticles as shown in Fig. 3a. Mor-
phological image of sample cured at 320°C for 1 h shows
that, upon thermal curing at this temperature, Fe(acac),
were decomposed to cubic yFe,O, nanoparticles which
were uniformly dispersed in the particles contained
region.

For the bilayer composite film thermally cured at
300°C for 7 h, Fig. 3b showed that a well-established
continuous silver layer, about 400 nm thick, was formed
on the air-side surface upon silver aggregation. The pos-
sible mechanism of the formation of silver layer on the
polyimide film surface is that the initially generated sil-
ver(0) clusters are unstable as a result of their high sur-
face free energy. Spontaneously, they start to aggregate
to produce a thermodynamically stable silver layer [20].
Furthermore, the binding energy between silver par-
ticles is higher than that between silver and polyimide
substrate. Therefore, silver layer would result at the
polyimide surface [21]. SEM image in Fig. 3c exhibited
that the aggregation of silver clusters formed a continu-
ous “netlike” surface of the film.

The well-defined silver layer on the surface of
bilayer polyimide film results in the excellent conduc-
tivity. The compact netlike morphology of film surface
gives the surface square resistance of 0.1Q2/square due
to the effect of silver aggregations at 300°C for 7 h.

Magnetic hysteresis loop for the bilayer polyimide
film at iron content of 3 wt% is shown in Fig. 4 measured
at room temperature. The magnetization loop does not

Fig. 3. Cross-sectional TEM images of (a) magnetic nanopar-
ticles- contained polyimide films cured at 320°C, (b) bilayer
polyimide film near the air-side surface, and (c) SEM image
of bilayer polyimide film of air-side surface cured at 300°C
for 7 h.
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Fig. 4. Magnetic hysteresis loop of bilayer polyimide film.

show hysterethesis (zero coercivity and remanence),
consistent with the characteristic behavior of superpara-
magnetic particles. Thus, the bialyer film contained iron
oxide nanoparticles small enough to exhibit superpara-
magnetic response. Both the magnetism and resistance
characterization results indicate that the bilayer films
are highly conductive and superparamagnetic, which
are the most important targets of our work.

4. Conclusion

In summary, bilayer polyimide film with both super-
paramagnetic and highly conductive property has been
readily prepared via the in situ technique. The bottom
layer containing y-Fe,O, nanoparticles was formed by
the thermal decomposition of Fe(acac), precursor in
the polyimide matrix, exhibiting the typical superpara-
magnetic response. For the topmost layer, under ther-
mal treatment circumstance, silver ions derived from
the Ag(TFA) precursor was reduced to metallic silver.
Further migration and aggregation of silver clusters
with high surface free energy give rise to the formation
of continuous silver layer. Optimum surface electrical
resistance reaches to the value of 0.1Q/square.
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