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Twenty-first century space and aerospace technologies
require the development of new lightweight inexpensive
polymeric materials for applications that require tai-
lored mechanical response as well as high electrical or
thermal conductivity.1 Nanostructured material sys-
tems2-6 offer a very promising alternative to conven-
tional material options for these multifunctional ap-
plications. For polymeric-based nanocomposite systems,
two general fabrication strategies have emerged: (a)
controlled dispersion of preformed constituents, such as
passivated nanoparticles7 or organically modified mica-
type silicates,8 and (b) in situ chemical formation of the
nanoscopic phase within or at interfaces (so-called
templating), such as organized surfactant assembles,9
block copolymers,7b,c,10 or porous and intercalated
materials.8c,11 However, relatively few efforts 12-14 have

been reported that attempted to control the chemical
composition and shape as well as complex spatial
distribution of the inorganic phase in the bulk. For
applications that require connectivity or percolation of
a secondary phase, such as electrical or thermal con-
ductivity, spatial control of the distribution of the
nanoscale constituents is critical on many length scales.
For example, random percolation of conductive nano-
particles is not optional and results in unacceptably high
loadings which adversely affect mechanical proper-
ties.15,16

In this report we demonstrate in situ deposition of
metal nanoparticles during wet-fiber spinning to form
a connected, interpenetrated polymer-metal network
parallel to the fiber axis which results in high-perfor-
mance, highly conductive fibers. By considering the
morphological development of the fiber during process-
ing, spatial control of the metal deposition on a robust
microfibrillar template may be achieved through con-
trolled fiber swelling and infiltration of metal precursors
and reduction agents.

Specifically, metal infiltrated polymer (MIP) fibers
with conductivities exceeding 104 S/cm are formed using
wet-spinning of a lyotropic liquid crystalline solution of
rigid-rod poly(p-phenylenebenzobisthiazole) (PBZT) in
conjunction with precipitation of silver. PBZT is a
member of the heterocyclic-aromatic rigid-rod17-19 and
ladder20 polymers which have been extensively exam-
ined for structural and optoelectronic applications.21-26

Fibers are prepared by a coagulation process where
the polymer is precipitated from a protic acid solution
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by a nonsolvent, producing a wet fiber with a swollen
microfibrillar network. The nanocomposite fibers were
formed via infiltration of solubulized metal salts into
an acid-swollen fiber, resulting in precipitation of
insoluble precursor nanocrystals whose spatial distribu-
tion can be controlled by the rate of diffusion and
solution concentration.27,28 Swelling and infiltration is
general, applicable to various rigid-rod, semiflexible, or
flexible polymers, and not restricted to special synthesis
of metal-containing or complexing polymers. In con-
trast, the incorporation of solubulized metal precursors
in the polymer solution 14,29 prior to fiber spinning is
restricted by the solubility of the precursor and the finite
number of complexation sites. These limit total metal
precursor loading and many times provide inadequate
control of the final precursor distribution which is
generally homogeneous.

The PBZT fibers were first prepared from a nematic
liquid crystalline solution [13.7 wt % in polyphosphoric
acid (PPA)] by conventional extrusion and coagulation
in a 10 wt % phosphoric acid bath.30 This process forms
highly oriented fibers with a densely packed microfibril-
lar network, resulting from the mesostructure of the
liquid crystalline solution.31 The wet-spun fiber was
placed in an aqueous solution (30-70 wt %) of silver
nitrate (Englehard Industries) at room temperature to
allow silver ions to infiltrate the fiber. As indicated by
the WAXD measurements, silver phosphate precipitated
in the fiber due to the local silver and phosphate ion
concentration exceeding their ionic product. Most im-
portantly, the PBZT molecules were uniaxially oriented
in the stretching direction and the orientation was not
significantly altered by the incorporation of the silver
phosphate.

Silver salts can be readily reduced to silver metal by
chemical,29,33 thermal,14 or photo34 reduction methods.
In this study, the silver phosphate-containing fiber was
briefly rinsed with deionized water and then placed in
a 0.5 wt % sodium borohydride aqueous solution for up
to 60 s to ensure complete reduction. Figure 1 shows
the WAXD of the resulting silver-infiltrated fiber. The
retention of equitorial reflections of the PBZT molecules

indicates that the infiltration and reduction processes
do not disrupt the uniaxial orientation of the polymer
chains. Two strong X-ray reflections at the d spacing
value of 2.04 and 2.36 Å correspond well to the char-
acteristic (200) and (111) reflections of the face-center
cubic silver crystalline structure. The absence of silver
phosphate reflections indicates that the aqueous solu-
tion of sodium borohydride has diffused into the core of
the fiber and completely reduced the silver salt. In fact,
the majority of silver phosphate was readily converted
to silver in less than 10 s. A simple Fickian model of
diffusion into a cylinder of a diameter of 12 µm showed
that significant accumulation of salt concentration in
the core of the fiber occurs within 0.01 s using a
diffusivity of 10-5 cm2/s. The rapid process suggests
that complete infiltration of a commercial fiber can be
achieved in an in-line production process.

The silver-infiltrated fiber showed a distinct metallic
luster in comparison to the otherwise dark brown PBZT
control fiber. Scanning electron microscopy indicates
that only a few isolated silver aggregates are present
on the exterior of the fiber. Furthermore, the fiber
appeared to maintain the similar surface contour of the
control fiber. Figure 2 shows a bright field transmission
electron micrograph of a microtomed (∼90 nm) cross
section of the fiber, indicating that the Ag nanoparticles
were formed in the microfibrillar network as intended.
With the aforementioned processing conditions, a thick-
ness of 2-3 µm of dense silver deposition was observed
near the fiber skin, whereas only a small amount of
silver aggregates was present in the fiber core. The
silver infiltration depth is fairly uniform around the
fiber surface, regardless of the irregular surface con-
tours. In general, the particles are elongated with 200-
400 nm in the long axis and 50-100 nm in the short
axis. Furthermore, a very thin layer of extremely fine
silver particles on the order of 20 nm were observed
right at the fiber surface. Coagulated rigid-rod fiber
possesses a skin-core morphology in which the skin
contains a much denser microfibrillar network than that
of the core due to the coagulation process.31 In the skin
region, the space between the microfibers is smaller
than that in the core area of the fiber. The morphologi-
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Figure 1. The wide-angle X-ray diffraction patterns of silver-
infiltrated PBZT fiber.
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cal distribution of the silver particles suggested that
formation and networking of the silver nanoparticles
were controlled by the robust PBZT fiber matrix tem-
plate.

The electrical conductivity of the MIP fibers was
determined by a two-point probe measurement on silver-
reduced PBZT fibers that where subsequently rinsed in
deionized water for 15 min and vacuum-dried for greater
than 12 h. The infiltrated fiber was 40 µm in diameter
and contained approximately 23 vol % silver. For the
processing conditions discussed above, an optimal d.c.
conductivity of 2.5 × 104 S/cm was obtained for the
composite silver-PBZT fiber35 (Table 1). This is 16
orders of magnitude greater than for the pristine fiber.
In addition, even though the reactants are ionic, the
electrical characteristics of the final washed and dried
MIP fiber are overwhelmingly electronic. Ionic conduc-
tivity on the order of 10-1 S/cm is observed for wet fibers
at intermediate processing steps, such as the initial
protic acid swollen fiber. However, dried fibers at
intermediate processing steps, such as the silver phos-
phate-containing fiber, exhibited conductivities less than
10-10 S/cm.

Because of the high thermooxidative stability of the
PBZT base fiber, the electronic conductivity can be
further enhanced by thermal annealing of the fiber

under tension to improve the metal network. Addition-
ally, since the metal is distributed within the mi-
crofibrillar matrix of the fiber, the metal/polymer in-
terface adhesion is strongly enhanced by an interlocking
mechanism. Twisting and bending of the fiber does not
result in silver flaking and loss of electrical properties.

A major advantage of the rigid-rod heterocyclic fiber
is its exceptional mechanical properties. The tensile
strength of the commercially available rigid-rod PBO
fiber is 23 times stronger than that of high-strength
copper core (665 MPa). Preliminary tensile properties
of current test PBZT fiber are listed in Table 1.36 The
MIP fibers are lighter weight and exhibit mechanical
properties exceeding pure metal fibers. The tensile
strength of the controlled PBZT base fiber (0.9 GPa) and
silver-infiltrated PBZT composite fiber (1.05 GPa) are
comparable, indicating that the fiber mechanical integ-
rity was not affected by the silver infiltration and
reduction process. The incorporation of the silver
phosphate and silver particles presumably disrupts the
packing efficiency of the PBZT microfibular network,
reducing the fiber modulus (∼46% lower) while increas-
ing the maximum strain (∼66% larger). Improvement
of the silver-infiltrated fiber’s modulus by heat treat-
ment under tension and adaptation of a continuous fiber
spinning process with silver infiltration and chemical
reduction is currently under investigation.

By exploiting the morphological development during
polymer processing, we have demonstrated a general
procedure to control the secondary phase distribution
in polymer hosts via controlled diffusion of precursor
and template chemical reaction in confined areas within
the polymer.27,37 It is hoped that such approaches will
facilitate the extension of the unique properties of
nanoscale materials from surface and thin film applica-
tions to multifunctional, bulk consolidated materials. By
incorporating and subsequently reducing chemical pre-
cursors, whether metallic, ceramic, or polymeric, in a
swollen microfibrillar network, high-performance com-
posite fibers with embedded nanosized networks of
functional secondary phases can be produced.
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Figure 2. The transmission electron micrographs of the cross
section of PBZT/Ag composite fiber that was prepared by
infiltrating the PBZT fiber with 70 wt % silver nitrate solution
and then reducing the silver salt to silver with 0.5 wt % sodium
borohydride aqueous solution.

Table 1. Mechanical and Electrical Properties of PBZT
Control Fiber and Silver Infiltrated Fiber

modulus
(GPa)

strength
(GPa)

strain
(%)

conductivity
(S/cm)

PBZT control fiber 95.2 0.90 1.98 10-12-10-14

PBZT/Ag composite fiber 51.8 1.05 3.29 2.5 × 104
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