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ABSTRACT: The preparation and characterization of elec-
trospun polyacrylonitrile (PAN) /platinum(II) acetylacetonate
composite nanofibers were investigated. The solution proper-
ties, such as viscosity, surface tension, and conductivity, of
Pt-acetylacetonate-added PAN solutions in N,N-dimethylfor-
mamide were measured, and their influences on the resulting
fiber structure were also determined. At low Pt salt concen-
trations, the addition of Pt salt increased the fiber diameter
but did not change the fiber diameter distribution. However,

the fiber diameter decreased, and the fiber diameter distribu-
tion became broader when the Pt salt concentration went
beyond a critical value. The structure of the electrospun
fibers was determined by the formation of polymer—salt-
solvent interactions, which changed the balance among the
viscosity, surface tension, and conductivity of the solutions.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 116: 895-901, 2010
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INTRODUCTION

Polymer fibers, with diameters ranging from tens of
nanometers to several micrometers, have aroused con-
siderable interest for various applications, such as com-
posite systems, thin filters, and biomedical applica-
tions."™ Electrospinning, which produces continuous
polymer nanofibers through the action of an external
electric field imposed on a polymer solution or melt,
has been considered a simple and effective method for
producing polymer fibers. Under an external high volt-
age, a pendent droplet of a polymer solution or melt at
the nozzle of the spinneret becomes highly electrified,
and the induced charges on the surface make the drop-
let deform into a Taylor cone. When the applied electric
field overcomes the surface tension of the droplet, a
charged stream of polymer solution or melt is ejected.
The stream grows longer and thinner because of bend-
ing instability or splitting until it is deposited on the
collector in the form of nanofibers.””

Electrospinning is a process involving polymer
science, applied physics, fluid mechanics, and rheol-
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ogy.® The morphology of the fibers depends on the
process parameters, including the applied voltage,
tip-to-collector distance, and solution concentration.
The fiber structure is also influenced by the addition
of salt additives, which can change the solution
properties, such as viscosity, surface tension, and
conductivity, by the introduction of complicated
polymer-salt-solvent interactions.”'® For example,
Choi et al." found that by adding small amounts of
benzyl trialkylammonium chloride to poly(3-hydrox-
ybutyrate-co-3-hydroxyvalerate) (PHBV) solution,
they decreased the average diameter of electrospun
PHBYV fibers because of the change in the PHBV so-
lution conductivity.

To date, many polymers have been electrospun to
form ultrafine fibers, including poly(ethylene oxide),
nylon, poly(ethylene glycol), poly(ethylene terephtha-
late), and polyacrylonitrile (PAN).*** Among these
polymers, PAN is a relatively tough, insoluble, and
high-melting-temperature polymer with good resistan-
ces to aging, chemicals, water, and cleaning solvents;
this makes it widely used in many applications, such
as engineering plastics, ultrafiltration membranes, and
sensors.!> ™ Moreover, PAN is also an excellent pre-
cursor for the production of carbon fibers because of
its high dielectric constant, and the resulting fibers
have wide applications ranging from lithium ion bat-
teries and fuel cells to biological/chemical sensors.”>"
** Compared with other polymer carbon precursors,
such as pitch and rayon, PAN-based fibers are the
most suitable precursors for the production of high-
performance carbon fibers because of their higher
melting point and greater carbon yield.
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Figure 1 FTIR spectra of Pt-salt-added PAN/DMF solu-
tions with different Pt salt concentrations: (a) 0, (b) 1.0, (c)
1.5, (d) 2.0, (e) 2.5, and (f) 3.0 wt %. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

In this article, the preparation and characterization
of PAN/platinum(Il) acetylacetonate [Pt(acac),] com-
posite nanofibers by the introduction of Pt salt into a
PAN/N,N-dimethylformamide (DMF) electrospin-
ning solution are discussed. The formation of inter-
molecular interactions among the Pt salt, polymer,
and solvent was investigated. The structure of the
resulting nanofibers was controlled by the selective
adjustment of the solution properties, such as viscos-
ity, surface tension, and conductivity, through the
formation of polymer—salt-solvent interactions.

EXPERIMENTAL
Chemicals and reagents

PAN (weight-average molecular weight = 150,000),
DMF, and Pt(acac), were purchased from Sigma-Aldrich
(St. Louis, MO), and they were used without further pu-
rification. Deionized water was used throughout.

Solution preparation

Pt(acac), salt was added to DMF solutions of 8 wt %
PAN at 60°C with mechanical stirring for at least 5 h
to form homogeneous solutions. The Pt(acac), salt con-
centrations were 0, 1.0, 1.5, 2.0, 2.5, and 3.0 wt % (i.e.,
0, 254, 38.1, 50.8, 63.5, and 76.2 umol/g), respectively.

Solution characterization

Viscosity measurements were performed at room
temperature with a TA Instruments (New Castle,
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DE) AR-2000 stress-controlled rheometer with pri-
marily cone-and-plate geometry. A Fisher Scientific
(Hanover Park, IL) model 21 surface tension tensi-
ometer was used to measure the surface tension of
the solutions, and a Gamry Reference 600 potentio-
stat (Warminster, PA) was used to measure the solu-
tion conductivity. At least six samples were used for
each Pt salt concentration to ensure the reproducibil-
ity of the solution property measurements.

Electrospinning of the PAN/Pt(acac), nanofibers

Electrospinning was conducted with a Gamma
ES40P-20W/DAM variable high-voltage power sup-
ply (Ormond Beach, FL) under a voltage of 15 kV.
Under high voltage, a polymer stream was ejected
through a syringe and accelerated toward the nano-
fiber collector, during which time the solvent was
rapidly evaporated. Aluminum foil was placed over
the collector plate to collect the electrospun PAN/
Pt(acac), fibers.

Morphologies of the PAN/Pt(acac), fibers

The structures of PAN and the PAN/Pt(acac), nano-
fibers were evaluated with a JEOL (Tokyo, Japan)
JSM-6360LV field emission scanning electron micro-
scope at 15 kV. The electrospun samples were coated
with Au/Pd layers by a Quorum Technologies K-
550X sputter coater (Kent, UK) to reduce charging.
We determined the diameters of the electrospun
nanofibers by measuring 53 randomly selected fibers
with a Revolution Systems software package (York,
UK).

Fourier transform infrared (FTIR) and thermal
analysis of the PAN/Pt(acac), fibers

FTIR spectra were collected from a Nicolet Nexus
470 FTIR spectrophotometer in the wave-number
range 4000-700 cm ' at room temperature. We
achieved adequate signal-to-noise ratios by conduct-
ing 32 scans.

Thermogravimetric analysis (TGA) was also used
to determine the weight loss of the composite nano-
fibers at 10°C/min from 25 to 800°C in an air envi-
ronment with a TA Instruments Hi-Res TGA 2950.

RESULTS AND DISCUSSION

Interactions in the Pt-salt-added PAN/DMF
solutions

The interactions among PAN, DMF, and Pt salt mole-
cules were studied by FTIR spectra (Fig. 1). Two
major characteristic IR bands were found in the
PAN/DMF solution at 1655 cm ™' for the —C=0
stretching of DMF and at 1370 cm ™' for the —C=N
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Figure 2 Schematic illustration of the interactions among
PAN, DMF, and Pt(acac), molecules in the solution.

stretching of PAN molecules. These peaks were
shifted to slightly higher values when Pt salt was
added to the PAN/DMF solution. For example, after
the addition of Pt salt, the —C=O stretching shifted
from 1662 to around 1670 cm™!, and the —C=N
stretching increased from 1369 to about 1385 cm ™ ;
these changes were due to the formation of DMF-Pt
salt and PAN-Pt salt complexes, respectively. Similar
shifts were also found by Phadke et al.'® for ZnCl,-
added PAN/DMEF solutions. The shifted wave num-
bers of both —C=0 stretching and —C=N stretching
were independent of salt concentration. Normally,
there are two kinds of interactions in PAN/DMF solu-
tions, that is, DMF-DMF [Fig. 2(a)] and DMF-PAN
[Fig. 2(b)] interactions. When Pt salt molecules were
introduced into the PAN/DMF solution, the Pt?* and
acetylacetonate ions interacted with DMF and PAN
molecules; this led to the formation of two complexes
[Fig. 2(c,d)], which, in turn, caused an increase in the
frequency of the —C=O0 stretching in DMF and the
—C=N stretching in PAN.

Solution viscosity

Figure 3 shows the concentration—viscosity relation-
ship for the Pt-salt-added PAN/DMF solutions. The
solution viscosity increased with increasing Pt salt
concentration and then deceased after it reached a
maximum at a Pt salt concentration of 2.0 wt % (50.8
pmol/g). The changes in solution viscosity were
caused by the formation of PAN-Pt(acac), and
DMF-Pt(acac), complexes in the Pt-salt-added solu-
tions. As shown in Figure 2, the Pt*" ions had the
potential to form complexes simultaneously with
multiple oxygens in DMF and nitrogens in PAN,

and the acetylacetonate ions strengthened the com-
plex formation; hence, they reduced the mobilities of
both PAN and DMF, which, in turn, resulted in a
higher solution viscosity when the Pt salt concentra-
tion increased.”®> However, when the Pt salt concen-
tration increased beyond 2.0 wt %, Pt?* and acetyla-
cetonate ions started to form neutral ion pairs or
charged ion aggregates, which weakened the inter-
molecular interactions and reduced the solution vis-
cosity. In addition, excess ions at high salt concentra-
tions could have caused a decrease in the polymer
coil dimensions. A similar effect was also reported
by Shinde et al.*® when LiCl or ZnCl, salt was
added to a PAN/DMF solution. As a result, the so-
lution viscosity (n) decreased because the viscosity
was proportional to the root-mean-square-chain end-
to-end distance (), which is shown in Eq. (1):

K(2)*?

o M

n =
where K is a universal constant and M is the PAN
polymer molecular weight (g/mol).

Solution surface tension

The surface tension, caused by the attractive intermo-
lecular force between the molecules in the solution,
played an important role in the formation of the elec-
trospun fibers because the surface tension needed to
be overcome by the applied electric field during elec-
trospinning. Figure 4 shows the relationship between
the surface tension and Pt salt concentration in the Pt-
salt-added PAN/DMF solutions. When the Pt salt
concentration was lower than 2.0 wt %, the surface
tension increased with increasing Pt salt concentra-
tion; this was caused by the formation of DMF-
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Figure 3 Relationship between the solution viscosity and

Pt salt concentration for the Pt-salt-added PAN/DMF
solutions.
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Figure 4 Relationship between the solution surface ten-
sion and Pt salt concentration for the Pt-salt-added PAN/
DMF solutions.

Pt(acac), and PAN-Pt(acac), interactions. However,
the surface tension decreased after the Pt salt concen-
tration exceeded 2.0 wt %, which was attributable to
the fact that the Pt*" and acetylacetonate ions tended
to form neutral ion pairs or charged ion aggregates at
high salt concentrations. This may have, in turn, led
to weaker intermolecular interactions in the solution
and smaller surface tensions.””

Solution conductivity

The influence of the Pt salt concentration on the con-
ductivity of the Pt-salt-added PAN/DMF solutions
is shown in Figure 5. The solution conductivity
increased with increasing Pt salt concentration, and
a maximum conductivity was reached when the so-
lution concentration was 2.5 wt %. A further
increase in salt concentration led to reduced conduc-
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tivity. Generally, the solution conductivity (o) of a
salt solution is governed by the following equation:

O = ZFZ]},[]C] (2)

where F is the Faraday constant (96485 C/mol), z; is
the charge, y; is the electrochemical mobility (m”
V1ts), and ¢ is the concentration (mol/L) of ion
j.?® When Pt salt was added, more Pt*" and acetyla-
cetonate ions were introduced, and hence, the solu-
tion conductivity increased. However, from Eq. (2),
we also saw that the mobilities of Pt*" and acetyla-
cetonate ions also played an important role in deter-
mining the solution conductivity. When the Pt salt
concentration increased beyond 2.5 wt %, the DMF-
Pt(acac), and PAN-Pt(acac), complexes began to ag-
gregate, which restricted Pt*" and acetylacetonate
ions from motion and, as a result, caused a decrease
in the solution conductivity.

FTIR spectra of the PAN/Pt(acac), fibers
FTIR spectra of the PAN/Pt(acac), composite fibers

recorded in the spectral range 4000-750 cm ™' are
shown in Figure 6. The spectrum of the pure PAN
nanofibers contained prominent peaks at 2937, 2246,
and 1454 cm™' due to the stretching vibrations of
methylene and nitrile groups and the bending vibra-
tion of methylene, respectively.”” However, three
new characteristic IR bands of PAN/Pt(acac), com-
posite fibers were found at 1284, 1382, and 1533

cm !, which were related to the —C—O stretching,
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Figure 5 Relationship between the solution conductivity
and Pt salt concentration for the Pt-salt-added PAN/DMF
solutions.
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Figure 6 FTIR spectra of PAN/Pt(acac), composite fibers
with different Pt(acac), concentrations: (a) 0 (pure PAN),
(b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and (f) 3.0 wt %. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 7 Scanning electron microscopy images of PAN/Pt(acac), nanofibers prepared with different Pt salt concentra-

tions: (a) 0, (b) 1.0, (c) 2.0, and (d) 3.0 wt %.

—CHj; symmetrical deformation, and —C=0 stretch-
ing vibrations in the Pt(acac), salt, respectively.

Morphology of the PAN/Pt(acac), fibers

Figures 7 and 8 show scanning electron microscopy
images and diameter distributions of the PAN/Pt(a-
cac); nanofibers prepared with different Pt salt con-
centrations, respectively. The morphology of the poly-
mer nanofibers did not change much after the
addition of Pt salt. The average nanofiber diameter
increased slightly from 280 to 307 to 322 nm when the
Pt salt concentration increased from 0 to 1.0 to 2.0 wt
%, respectively. However, when the Pt salt concentra-
tion increased to 3.0 wt %, the average fiber diameter
decreased to 293 nm. In addition, the diameter distri-
bution of the composite nanofibers became much
boarder at a Pt salt concentration of 3.0 wt %.

During electrospinning, a higher solution viscosity
typically leads to a larger fiber diameter because of
the greater resistance of the solution to be stretched
by the charges in the electrospun jet, and an increase
in the conductivity results in a smaller diameter
because of the increase in the stretching of the jet. A
suitable surface tension is also needed to obtain uni-
form fibers.’*! As shown in Figures 3-5, when the
salt concentration increased from 0 to 2.0 wt %, the
change in the solution viscosity was significant (an
increase of 25%), but those of the surface tension

and conductivity were only 0.3 and 12%, respec-
tively. Therefore, at low Pt salt concentrations, the
increasing viscosity was the dominant reason for the
electrospun PAN/Pt(acac), nanofibers to have larger
diameters when the Pt salt concentration increased.
For a similar reason, the fiber diameter decreased at
high Pt salt concentrations because the decrease in
the viscosity (13%) was significantly larger than the
decrease in surface tension (0.2%) and the increase
of conductivity (4%) when the salt concentration
increased from 2.0 to 3.0 wt %.

To obtain uniform fibers, a high solution conduc-
tivity is desired because the electrostatic repulsion
must overcome the surface tension of the solution at
the tip of the spinneret. It is also easier to obtain a
steady jet without splitting if the solution viscosity is
relatively large. When the Pt salt concentration
reached 3.0 wt %, the relatively large decrease (15%)
in the solution viscosity resulted in unsteady jets
and, hence, the splitting of the fibers during electro-
spinning, which was responsible for the broader dis-
tribution of the fiber diameters at the high Pt salt
concentration of 3.0 wt %.

Thermal analysis of the PAN/Pt(acac), nanofibers

Thermal studies of the PAN/Pt(acac), nanofibers
were carried out with TGA in an air atmosphere
(Fig. 9). Compared with the pure PAN nanofibers,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Diameter distributions of PAN/Pt(acac), nanofibers prepared with different Pt salt concentrations: (a) 0, (b) 1.0,
(c) 2.0, and (d) 3.0 wt %. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

which degraded around 320°C, the PAN/Pt(acac),
nanofibers began losing weight at a lower tempera-
ture of around 200°C, which was due to the decom-
position of Pt(acac), in the composite nanofibers.
The decomposition of Pt salt also destroyed their
interactions with the PAN chains and accelerated
the oxidative reactions of the PAN nanofibers, which
resulted in the lower decomposition temperature of
PAN in the PAN/Pt(acac), nanofibers.>?

Detailed information on the decomposition of the
PAN/Pt(acac), nanofibers between 675 and 800°C is
shown in the inset of Figure 9. As shown, the final
weight percentage of the pure PAN nanofibers was
almost zero; this meant that the PAN nanofibers
completely decomposed in the air. However, the
final weight percentage of the PAN/Pt(acac),
composite nanofibers did not reach zero because of
the leftover Pt particles after the decomposition of
the Pt(acac), salt. When an inert environment is
used during the heat treatment, PAN can transfer to
carbon.?*** This opens up opportunities for produc-
ing  Pt-particle-loaded carbon nanofibers for
various applications, such as fuel cells, sensors, and
catalysts.

CONCLUSIONS

We prepared PAN/Pt(acac), composite nanofibers
with well-defined morphologies by electrospinning

Journal of Applied Polymer Science DOI 10.1002/app

Pt-salt-added PAN/DMF solutions. At low Pt salt
concentrations, the addition of Pt salt increased the
fiber diameter because of the predominant influence
of the increasing solution viscosity; however, the
fiber diameter decreased at higher Pt salt concentra-
tions because of the decreased solution viscosity and
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Figure 9 TGA thermograms of PAN/Pt(acac), composite
nanofibers with different Pt salt concentrations: (a) 0 (pure
PAN), (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, and (f) 3.0 wt %. Inset:
Detailed information of the decomposition between 675
and 800°C. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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increased solution conductivity. The FTIR results
confirm the formation of the interactions among the
Pt salt, PAN, and DMF, and the TGA data showed a
decreased thermal stability of the PAN/Pt(acac),
composite nanofibers compared with the pure PAN
nanofibers; this resulted from the decomposition of
Pt salt in the composite nanofibers.
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