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ABSTRACT: Nanoparticle synthesis (~10—50 nm) of HCI-
doped polyaniline elucidates the impact of limiting solvent
(water) and oxidizing agent (ammonium peroxydisulfate) on
morphology (XRD and TEM), chemical structure (FTIR),
conductivity (two-point DC) and electromagnetic shielding
effectiveness (SE) in microwave frequencies (i.e., X-band S-
parameter measurements). Detailed comparison of these
properties with respect to three distinct polymerization
environments indicate that a solvent-free or limited solvent
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polymerization accomplished through a wet grinding solid-phase reaction produces superior conductivity (27 S/cm) with
intermediate crystallinity (66%) for the highest EM shielding—an order of magnitude improvement over conventional
polymerization with respect to EM power transmission reduction for all loadings per shielding area (0.04 to 0.17 g/cm?). By
contrast, the classic oxidation of aniline in a well-dispersed aqueous reaction phase with an abundance of available oxidant in free
solution yielded low conductivity (3.3 S/cm), crystallinity (54%), and SE, whereas similar solvent-rich reactions with limiting
oxidizer produced similar conductivity (2.9 S/cm) and significantly lower SE with the highest crystallinity (72%). This work is
the first to demonstrate that limiting solvent and oxidizer enhances electromagnetic interactions for shielding microwaves in
polyaniline nanopowders. This appears connected to having the highest overall extent of oxidation achieved in the wet solid-

phase reaction.
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1. INTRODUCTION

The proliferation of electronic devices in the world has caused
electromagnetic interference (EMI) to become a vital concern.
Although all electronics emit magnetic and electrical energy, if
this energy unintentionally interacts with another device and
causes it to malfunction, then it is considered interference.' In
fact, EMI has become a serious dilemma impacting almost all
contemporary electrical and electronic systems from daily life to
space exploration.” A device is considered electromagnetically
compatible—having low EMI with its surroundings—if it does
not interfere with other devices or itself and it is not affected by
emissions from other devices.> Therefore, good shielding
materials should prevent both incoming and outgoing EML
Its shielding effectiveness (SE), expressed in decibel (dB) units,
is considered adequate for many applications at roughly 30 dB,
corresponding to 99.9% attenuation of the EMI radiation.* The
standard requirements for any application are specific to
frequency range and geometry.

Various shielding methods have been developed not only to
reduce the probability of EMI occurrence but also to increase
device lifetime and efficiency.' Traditional approaches to EMI
shielding rely on the use of metallic materials, which generally
provide excellent SE. However, conventional metallic shields
impose severe weight penalties, especially for aerospace
applications.” Intrinsically conducting polymers (ICPs) are
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more attractive materials due to their lightweight, versatility,
low cost, and processability.” ICPs have relatively high
conductivities (o) and dielectric constants (&,) that are easy
to control or design through chemical processing.” Moreover,
ICPs have significant EMI shielding through absorption that
also improves shielding against potential internal EMI, which
differs from the dominant metal and carbon-based shielding
mechanism of reflection.® Among the host of ICPs is
polyaniline (PANI), regarded as a promising conductive
polymer because of superior conductivity control through
doping with relatively easy polymerization of large quantities
and its other electromagnetic parameters being flexibly
adjustable through both oxidation and protonation states.””""

Typically, PANI can be made chemically or electrochemically
by oxidative polymerization of aniline.'’ Electrochemical
methods have the merit of easier control over morphology
and electrical properties but difficulty in mass production.
Chemical methods are generally more effective for commercial-
scale mass production.'>'® The conventional chemical syn-
thesis of PANI is based on mixing aniline with an oxidant in

1 . 10,14
aqueous, or nonaqueous, acidic media.
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Recently, attention has been paid to the preparation of
doped-PANI via solvent-free reaction approaches accomplished
in a solid state.">™*' This has obvious advantages by eliminating
the solvent costs and complications associated therein,
including separation, recovery, reuse and proper waste
treatment as well as reducing the overall volume and mass
per final product quantity. Furthermore, a solvent-free reaction
is the more environmentally benign method.'® However, the
EM properties of solvent-free PANI and their controllability
remain largely unstudied, and the electromagnetic shielding
potential of PANI nanoparticles or nanopowders synthesized
by a solvent-free reaction is not evident in available literature.

The present study details the physicochemical characteristics
of PANI doped with HCI synthesized via a wetted solid state
polymerization under mechanical grinding, referred to as a
“solvent-free” protocol (SF), compared with two conventional
chemical approaches for both fast (CF) and slow (CS)
oxidation conditions in aqueous solutions of ammonium
peroxydisulfate (APS)—the same oxidizing agent used in the
solvent-free route—evolving into lyophobic colloidal suspen-
sions. After careful determination of chemical and morpho-
logical structures through analysis of Fourier transform-infrared
(FTIR) spectra, X-ray diffraction (XRD), and transmission
electron microscopy (TEM), the three nanopowders as
compressed disks and annuli are tests for conductivity (DC)
and electromagnetic wave propagation, respectively, in order to
correlate nanomaterial properties with bulk behaviors relevant
for EMI shielding. The first comparison of shielding
effectiveness (SE) is made on a basis of mass loadings required
per area of shielding material to be used within the microwave
X-band frequency range (8—12 GHz) for the three conducting
nanopowders. This type of synthetic, analytic, applications-
oriented process sequence is crucial for the future advancement
of affordable, lightweight EMI shielding formulations with these
types of nanopowders as filler components in polymer or
ceramic matrices, such as for coatings, films, sheets, and paints.

2. THEORY OF ELECTROMAGNETIC INTERFERENCE
SHIELDING

Shielding effectiveness (SE) is the ratio of residual energy to
impinging energy, usually equivalent to the total electro-
magnetic (EM) radiation transmitted (subscript T) through the
shielding divided by the incident (subscript i) wave. This can be
calculated from any of the energy intensities: electric (E),
magnetic (H), electromagnetic power (P)z’22
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The EMI attenuation is dependent on frequency, distance
between shield and interfering source, shield thickness, and of
particular interest, shield material. SE is normally expressed in
decibels (dB).”

There are three primary EM/material interaction mecha-
nisms contributing to SE. Part of the incident radiation is
reflected from the front surface of the shield, part is absorbed
within the shield material, and part is reflected from the rear
surface to the front, where it can either aid or hinder the
effectiveness of the shield depending on its phase relationship
with the incident wave, as shown in Figure 1. Therefore, the
total effectiveness of a shielding material (SEr,) equals the
sum of the absorption losses (SE,), the reflection losses (SEy),
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Figure 1. Attenuation schematic of an electromagnetic wave by
shielding material.

and a correction factor (M) to account for multiple reflections,
which may be significant in thin shields*

SE, 1 = SEy + SEg + M @)

The multiple reflection factor M is usually neglected where the
absorption loss is greater than 10 dB. For simplified
calculations, it may be neglected for electric fields and plane
waves. Furthermore, absorption losses are a function of the
physical characteristics of the shield and are independent of
source field type.”> The absorption, or decay, loss occurs
because currents induced in the medium produce ohmic losses
and heating of the material.' On the other hand, the reflection
loss is related to the relative mismatch between the incident
wave and the surface impedance of the shield. Moreover,
multiple reflection correction factors can be mathematically
positive or negative (in practice, it is always negative) and
become insignificant when SE, > 6 dB. It is usually only
important at low frequencies (i.e, below approximately 20
kHz)” after therefore of insignificant impact to the present
study concerning the microwave X-band.

In a two-port network analysis, EMI SE can be expressed in
terms of scattering parameters that quantify the way currents
and voltages travel in a transmission line when encountering a
discontinuity caused by differing impedances between air and
the obstruction or in the dielectric media.** In a waveguide, a
radiated wave undergoes shielding (reflection, absorption, and
transmission) when the incident wave at a point i passes toward
another point j, and these wave scattering values are expressed
as S;. For example, S,; is the energy acquisition at point 2
having originated from point 1 Therefore, the scattering
parameters S;; and S,, designate the amount of reflected energy
and transmitted energy, respectively. To investigate the
contributions of absorption and reflection to the total EMI
SE, the transmittance (T,,.), reflectance (R.), and
absorbance (A, coefficients can be correlated to S
parameters as follows

total

Toet = [ET/EJZ = Slz2 = 8212 (3)
Rees = [ER/E1]2 = 5112 = 5222 4)
Acoef =1- Téoef - Rcoef (5)

Here, the term A is given with respect to the power of the
incident EM wave. If the effect of multiple reflections between
both interfaces of the material is negligible,26 the relative
intensity of the effectively incident EM wave inside the
shielding layer after reflection is based on the value of (1 —
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R.oop)- Therefore, the effective absorbance can be described as
follows
1-T Rcoef

A = coef
eff 1—-R

coef

(6)

Hence, by applying the power balance data, SE and SE, can be
expressed in terms of transmittance and reflectance, respec-

tively”’

] + 10log(1 — R_..¢)

SER = lOlog(l - Rcoef) (7)

’Iéoef

SE, = 10log(1 — A_,.f) = IOIOg(
1 (8)

coef
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3. MATERIALS AND METHODS

Batches of HCl-doped polyaniline nanoparticles were produced from
three different synthesis protocols to make approximately S g of
recovered product per batch using aniline (99.5%, ACS reagent §rade,
Aldrich) purified by distillation with zinc dust before use.”®* The
inorganic acid dopant hydrochloric acid (37.43%, ACS reagent grade,
EMD Chemicals) and the oxidant ammonium peroxydisulfate (98%,
ACS reagent grade, Aldrich) were used as received. Ammonium
peroxydisulfate (APS) was selected from a wide array of potential
chemical oxidants based on a summative assessment of the relevant
literature indicating generally higher polymer conductivities from APS
than others, in conjunction with being a common and affordable
chemical.

HCl-doped polyaniline (PANI) nanoparticle samples were prepared
by solvent-free (SF) and conventional (solvent-based) chemical
oxidations under slow (CS) and fast (CF) production rates as
controlled by the addition of aqueous ammonium peroxydisulfate
(APS), both described below in detail. All reaction protocols are
designed for an targeted 50% level of dopant, which is expected to
maximize conductivity in the products, where amine site Frotonation
occurs above 50% and imine sites deprotonate below 50%.'> However,
the precise level of doping achieved is not easily determined and may
be an additional source of uncertainty in interpreting physicochemical
behavior. Because all three protocols involve the same constituents,
only varying the methods of mixing, an operating hypothesis for
similar chemical mechanism(s) producing systematically different
product yields is reasonable. In the solvent-free extreme case, local
reactant concentrations are maximized, compared to the much more
dilute and uniform reaction conditions of the two conventional
processes.

Polyaniline doped with HCl is reported to be quite stable regarding
thermal and environmental stability.">*%** It should be noted for
safety precautions that benzidine is a well-known carcinogen and
intermediate product of the electrochemical mechanism for preparing
polyaniline, though it is highly susceptible to copolymerization and
does not persist in detectible amounts under final reaction conditions
with APS. This is perhaps an important, secondary motivation for
avoiding electrochemical methods to alleviate any environmental and
health concerns; however, this topic deserves continued awareness and
vigilance in the laboratory, for waste management, and potential future
technology developments.

3.1. Solvent-Free (SF) Synthesis. It should be first noted that the
“solvent-free” label refers to the aniline monomer and oxidant (APS)
being used in their as-prepared and as-received states without first
dissolving them in a reaction medium (solvent), though certainly the
SF reaction chemicals are not completely void of solvent since the
dopant (HCl) is applied from the standard aqueous concentrate. A
typical solvent-free polymerization procedure at room temperature
(~18—24 °C) was followed with freshly distilled aniline (0.05 mol per
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batch) poured into a porcelain mortar, and then 0.1 mol of the doping
acid, ie, concentrated HCl was added dropwise while grinding
manually for 10 min. The acid was added in very small dropwise
portions in order to minimize the released fumes and prevent the
overheating of the reaction medium since aniline reacts violently with
strong acids.®® The reactant mixture became a white paste after
grinding.

Separate grinding of 0.05 mol of APS in another porcelain mortar
produced a fine powder, which was subsequently added in small
portions to the white paste reactant in order to avoid overheating from
the highly exothermic oxidative polymerization.*"** Approximately 0.5
g of APS was added in between grinding the reactant mixture for ~1—
2 min in cycles until the entire batch was uniformly ground and finally
attained the appropriate dark green color indicative of the HCl-doped
PANI nanoparticles. This product was transferred to a 2 L beaker
where 100 mL of acetone, 100 mL of ethanol, and 800 mL of DI were
added then mixed for 1 h in order to quench the polymerization
reaction and to dissolve oligomeric impurities.>>">* An excess volume
of water was used to ensure a thorough washing for materials analysis.

A 5 uL sample of the mixture was taken and diluted with 10 mL of
ethanol for morphological characterization. The rest of the product
mixture was filtered and washed with acetone, ethanol, and distilled
water, in series, until the initially brown filtrate became colorless in
order to confirm the adequate removal of unreacted chemicals and
excess acid.>**” Less than 500 mL of DI water was typically required
for washing. A slower soaking process produced similar results with
only 100 mL of acetone, 200 mL of ethanol, and 100 mL of DI water.
It is likely that ethanol and acetone requirements may be further
reduced through future optimizations for practical materials
applications for combined quenching and washing. The powder was
dried at 40 °C for 48 h.

Although typical molecular weights for polyaniline prepared by
chemical oxidation can be expected of 30 000 g/mol,*® it will be very
important for future work to consider a comparative molecular-weight
distribution study of the solvent-free products against the conventional
products of the present study.

3.2. Conventional Chemical Synthesis: Fast (CF) and Slow
(CS) Oxidations. The same freshly distilled aniline in 0.05-mol doses
was dissolved in 1000 mL of DI water followed by dropwise addition
of 0.1 mol of HCI concentrate with mixing on a magnetic stirrer (1000
rpm) for 15 min. Then 0.05 mol of APS dissolved in S0 mL of DI was
added. In case of conventional chemical oxidation with fast reaction
(CF), the oxidizing APS solution was added all at once. On the other
hand, the slow reaction procedure (CS) added the same APS solution
amount with constant rate 0.1 mL/min. Both reaction protocols were
conducted at room temperature (~18—24 °C). The reaction mixtures
were mixed for 12 h after APS addition. Then 100 mL of acetone and
100 mL of ethanol were added and mixed for 1 h, similar to the SF
samples above except that no additional DI water is needed for the
conventional solvent-rich synthesis.** > As before, 5 yL samples of
these mixtures were also taken and diluted with 10 mL of ethanol for
comparative morphological characterizations with the SF samples. The
remaining products were filtered, washed, and dried identically to the
SF samples. However, it must be noted that these conventional
chemical synthesis products required in excess of three liters of DI
water per batch to wash at the same level of filtrate clarity as the
solvent-free product, as well as 500 mL of ethanol and 300 mL of
acetone with clear room for process optimization.

4. CHARACTERIZATION METHODS

4.1. Chemical: FTIR. The doped PANI samples as dry powders
were characterized for chemical constituencies with a ThermoNicolet
Avatar 370 FTIR spectrometer equipped with an attenuated total
reflectance (ATR) attachment. The 16 spectra for each sample type
were collected between 1800 cm™ and 650 cm™ at a resolution of 4.0
cm™" and averaged.

4.2. Morphological: TEM. Morphological characterization was
carried out by transmission electron microscopy (TEM-JEOL JEM
2010) operating 200 kV. A drop of diluted suspension of each sample
was applied to a copper grid coated with carbon film (FCF-150-Cu).
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4.3. Crystallinity: XRD. A Siemens DS000 powder X-ray
diffractometer was used for XRD characterization using a copper
target (Cu Ka) and wavelength (1) of 0.15418 nm. Data were
collected in the range of 26 = 10—60° at a resolution of 0.02° per step
with a 1 s integration time per step. The crystallinity of the PANI
nanostructures were calculated by “DIFFRACplus EVA” software and
obtained as the crystalline area divided by the sum of crystalline and
amorphous areas.>*

The d-spacings were deduced from the angular position (26) of the
observed peaks according to the Bragg formula:* A = 2dsin . The
crystalline domain size, or the extent of order L, of the highest
intensity crystallite peak was estimated using the Scherrer formula:** L
= kA/(Pcos 0), where k is the shape factor for the average crystallite (=~
0.9), and f is the peak’s full width at halfmaximum (fwhm) in
radians.*® The interchain separation length (R), corresponding to the
most intense crystallite peak of Bragg diffraction patterns from the
PANI samples, was determined from the relation given by Klug and
Alexander:*' R = 51/(8sin 6).

4.4. Electrical Conductivity. Electrical conductivity of the
samples was measured at room temperature on pressed pellets by a
two-point probe technique.'”**** Typically, 0.1 g samples were
pelletized at 70 MPa for 3 min using a hydraulic press.** The obtained
pellet dimensions were 13-mm diameter and 1-mm thickness. Three
pellets were prepared for each sample. Current—voltage (I-V)
measurements were carried out via a Keithley 4200 SCS semi-
conductor parameter analyzer. Dual sweep mode was operated within
a voltage range —1 to 1V, and 0.01 V stepwise. Five physical locations
were measured on each pellet side to confirm consistency within each
sample: one location at the center of the pellet and four others nearer
the edge in the four adjacent quadrants. Each I-V measurement was
repeated five times at least for every location for reproducibility
confirmation. The values reported are averaged over 25 readings for
each sample.

4.5. Electromagnetic Shielding. Electromagnetic shielding
measurements used an Agilent E8363A PNA vector network analyzer
in the X-band (8.2—12.4 GHz). Two open-ended waveguides filled
with Teflon at the waveguide end and the sample holder were
employed (Figure 2).** The dimension of the cross-section of the
waveguide and the sample holder is 22.86 mm X 10.16 mm.”* The
length of the sample holder is 7 mm. The sample holder was filled with
the PANI nanoparticle samples of known masses to specified depths
by manual compaction for consistent density between replicates with
excellent reproducibility due to careful measurements described below.
No matrix material was added. The holder is inserted into the two
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Figure 2. EMI waveguide measurement setup.
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waveguides; see the Supporting Information for photographs of the
waveguide sample holder.

To quantify the S-parameter accurately using the vector network
analyzer, the measurement system was calibrated by the Thru—
Reflect—Line (TRL) calibration.**** To investigate the EM shielding
potential of the HCl-doped PANI nanopowders prepared from
different synthetic approaches, seven different mass loadings of each
sample type were used: 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 04 g,
corresponding to sample areal concentrations, or areal densities, of
0.04, 0.06, 0.09, 0.11, 0.13, 0.15, and 0.17 g/cm? respectively. This
notation was selected to provide a more direct standard for mass
loading comparisons with SE trends, since SE is proportional to the
shield thickness and areal density factors out the thickness. The 0.1 g
samples were compacted to 1.6 mm sample thickness for the
conventional nanopowders (CF and CS) and 0.9 mm for the
solvent-free product. Each additional 0.05 g of nanoparticles increased
the sample thicknesses by 0.8 mm and 0.5 mm, respectively.
Compacting depth was measured to within +0.05 mm. Each sample
was tested for the SEp of the HCl-doped PANI at different mass
loadings as a function of frequency measured in the 8—12 GHz range
for the purpose of discussing the dependence of SE; on absorption
and reflection losses and the EM shielding potential as a function of
the areal concentration with respect to the synthesis conditions.

5. RESULTS AND DISCUSSION

5.1. Morphology. TEM micrographs show that fast
oxidation of HCl-doped PANI nanoparticles (PANI-HCI-CF)
leads to the formation of very regular nanopolygons as well as
some irregular spherical nanoparticles (Figure 3a). The average

A Y (c) .
P ° L ] . i
2
(] ] .
® S . .
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Figure 3. TEM images of HCl-doped polyaniline: (a) fast oxidation,
(b) slow oxidation, (c) solvent-free formulation. Note scale bars of 50
nm in a and b but 20 nm for c.

particle size is less than 50 nm. There is an obvious contrast
with the slow oxidation products (PANI-HCI-CS) giving much
larger aggregates with more irregularities to the nanopolygon
morphologies and a broad particle size distribution. The largest
primary particles typically observed for both CF and CS
samples generally do not exceed 50 nm with many more fused
clusters in the CS samples. The solvent-free samples (PANI-
HCI-SF) consisted of regular nanopolygons and nanospheres
with an estimated particle size of 20 nm and less (note the
smaller scale in Figure 3c from the CF and CS micrographs). It
is intriguing that previous studies on solvent-free and solid-state
synthesis approaches reported nanofibers rather than the
nanoparticles produced in this work.">"®

5.2. Current—Voltage (/-V) Characterization. The
current—voltage (I-V) curves of the HCl-doped PANI samples
are shown in Figure 4, indicating ohmic behavior in all types at
room temperature.*® All sample types behaved as perfect ohmic
conductors with the electrical resistance increasing as follows:
SF < CF < CS. The highest conductivity was for SF (27.19 +
0.26 S/cm) followed by CF (3.28 & 0.25 S/cm) with CS (2.94
+ 0.14 S/cm) slightly lower. The differences are of course due
to the impact of the formulation conditions on the final
chemical structure and material crystallinity, which will be

dx.doi.org/10.1021/am401695p | ACS Appl. Mater. Interfaces 2013, 5, 4648—4658
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Figure 4. I-V curves from two-point probe measurements on three

polyaniline sample types doped with HCL

discussed later. The experimental values of conventional HCI-
doped PANI (CF and CS) fitted within in the range of
conductivities previously reported for PANL>** However, the
nearly order of magnitude increase in conductivity for the SF
samples is higher than recently reported.’®'”?!

5.3. Fourier Transform Infrared (FTIR) Spectroscopy
Analysis. Representative FTIR spectra of the PANI samples
prepared (SF, CF, and CS), are shown in Figure S. The
positions of the bands differ only within experimental error
from the positions measured by others.*” > These previous
interpretations of PANI spectra together with corresponding
references are summarized in Table 1 and associated with the
three sample types studied herein.

FTIR spectra are characterized by two major regions I and IL
Region I (1100—1700 cm™), in which the C—C and C—N
stretching and C—H bending are expected of molecules
containing aromatic rings.*” The pair of bands near 1580
cm™" and 1490 cm™' are attributed to C=C stretching of
quinonoid (N=Q=N) and benzenoid (N=B=N) ring-
stretching vibrations, respectively.*”*' Moreover, C—N bending
vibration modes are observed near 1295 cm™ for aromatic
amines.*”>? Furthermore, the bands characteristic of conduct-
ing protonated PANI are found at ~1245 cm™', which
corresponds to (C—N"e) stretching vibration in the polaron
structure.”’

The broad band centered at 1148 cm™" has been assigned to
the vibration mode of the —NH'= structure and is associated

with the vibrations of the charged polymer units Q=NH"—B
or B-NH"e—B and/or to the aromatic hydrocarbon (C—H)
in-plane deformation.>® The absorption band increases with
increasing degree of protonation in the PANI backbone. This
band has been related to the high degree of electron
delocalization in PANI as well as to strong interchain (NH'—
N) hydrogen bonding.*”** The peak located near 1040 cm™
suggests the presence of sulfonate or bisulfate groups, possibly
from the oxidizing agent, attached to the aromatic
rings.**%3¥35 Alternately, it could be attributes to C—H in-
plane bending,*3%¢

The PANI-HCI-CS spectrum has two absorption bands of
particular interest. The first at 1445 cm™', which is attributed to
the skeletal (C=C) stretching vibration of substituted aromatic
rings,*%*%3 supports the presence of ortho-coupled and
phenazine-like units.”>*® The second is a weak band at 1375
cm™), which is characteristic of standard PANI base material
(i.e, undoped) and assigned to C—N stretching in the vicinity
of a quinonoid ring,ss’6 also an indication of the existence of
phenazine-like structures.*”**

Region II (<1100 cm™'), which corresponds to ring
deformation,”” contains the modes related to ring deformations
with select C—H out-of-plane vibrations.*” The observed band
near 820 cm™' is due to the C—H out-of-plane bending
vibrations of two adjacent hydrogen atoms on a 1,4-
disubstituted benzene ring.47’49’58 This confirms the dominant
para-coupling of constitutional units in the PANI chains. In
particular, the PANI-HCI-CS spectrum shows significant
amounts of 1,2,4-trisubstituted benzene ring, appearing in
bands at 881 and 862 cm™' indicative of the formation of
branched and/or substituted phenazine-like segments53’67 in
addition to absorption band at 796 cm™, which is attributed to
C—H out-of-plane bending vibrations of 1,2-disubstituted
benzene ring.47’50

Based on the previous data in which the quinonoid and
benzenoid units were identified, the intensity ratio of these two
absorption bands around 1580 cm™' and 1490 cm™' is
indicative of the average extent of the oxidation state of the
polymer, which reflects the content of the quinoid and benzene
ring structures.”” The intensity ratio R is calculated as Iuinoid

over I.penoia- Table 2 shows that the ordering of R values is SF

—FF
—CF
—cs

T~AN

C(

J

Absorbamce

v Quinonoidring
v Benzenoidring

=C) aromatic(arthadioked)
v(C-N)ofsecondary aromatic

_¥(Cs=

?)

v C=bIY)

A(C-H)aramatic/Sulfonated aramatic
¥(C-H)1,2, 4 Trisubstituted
H)1,2, 4 Trisubstituted

Vibration mode of =NH-
¥(C-

G(C-H) aromatic

1 v(c-N)

1750 1650 1550 1450 1350

1250

3 ¥(C-H)1 4 disubstituted
¥(C-H) 1,2 disubstituted

-
-
(4.}
o
-
o
(5]
o
w
15))
o

850 750 650

Figure 5. FTIR spectra (in wavenumbers of cm™') of HCl-doped polyaniline prepared with different synthesis conditions: SF (top), CF (middle),

CS (bottom).
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Table 1. The main IR bands for PANI-HCI nanoparticles by synthesis condition

wavenumber (cm™!)

no. SF CF CS assignment ref
1 797 C—H out-of-plane ring bending 1,2-disubstituted 47,50
2 815 823 819 C—H out-of-plane ring bending (1,4 disubstituted ring) 47,49,57,58
3 862 C—H out-of-plane ring bending (1,2, 4 trisubstituted ring) 51,54,5,60
4 881 C—H out-of-plane ring bending (1,2, 4 trisubstituted ring) 51,54,59,60
5 1035 1043 1077 C—H in plane bending 49,5056
sulfonated aromatic ring (HSO,/SO,”) 47,50,53,55
6 1121 1147 1140 C—H in plane bending s36L62
vibration mode of —NH"—
1240 1248 1248 C—N stretching (C—N"e) 47,54
1290 1302 1298 C—N stretching secondary aromatic amine 475463
1375 C—N stretching (Q=N-B) 47,5561
10 1445 C=C aromatic ring or N=N Stretching +
C=C aromatic ring (ortho-linked) 55,6465
11 1479 1487 1489 benzenoid (B) ring-stretching 17,32,47,61,65
12 1556 1580 1588 quinonoid (Q) ring-stretching 17,32,47,61,65

Table 2. Absorption Intensities and Their Ratios for PANI-
HCI Samples

synthesis method Liuinoid Thenzenoid R
CF 0.922 0.957 0.963
CS 0.885 0.948 0.934
SF 0. 955 0.980 0.974

> CF > CS. The results suggest that there is a difference in the
extent of oxidation state of the prepared samples depending on
the synthesis approach, since the reactants and oxidizer ratios
are fixed. The relatively lower oxidation extent in the CS
samples could be attributed to its structure, which according to
the previous interpretation supports the suggestion of increase
in nonlinear chains due to the presence of cross-linking
structures from coupling in the ortho- position.***> The CS
approach may be favorable for cross-linking and branched
PANI allowed by the slower oxidation, which means PANI
chains growing with other existing chains, with higher

probability of structural defects impacting the electrical and
electronic behavior.*®%°

5.4. XRD Characterization. Even though all the three
PANI sample types are doped with HCI for the same chemical
composition, the XRD patterns show distinct differences
between each as shown clearly in Figure 6. The similarity
between the XRD patterns of the SF and CS samples is
relatively clear with sharper peaks compare to the fast oxidation
product (CF), which confirms the presence of high crystallinity
and/or ordering in the samples with significant rate-limiting
conditions imposed on their reactions. In order to visualize the
peaks better and separate the contributions of different
crystalline and amorphous constituencies in the XRD pattern,
Figures 6b—d employ a single-line method using Voigt
function.®®® The results agree with what has been mentioned
in the literature; within 26 from 10 to 60°, that the three main
diffraction peaks of emeraldine salt were resolved. In addition,
two weak peaks rise at approximately 27 and 29° seen in

Arbitrary Units

WWWMWMW

"

i

Arbitrary Units Arbitrary Units

Arbitrary Units

a0

Figure 6. XRD patterns of HCl-doped polyaniline nanoparticles from different syntheses.
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Table 3. XRD Data Analysis Summary

sample 20 d (A) domain size L(A) interchain separation (A) (hkI) crystallinity (%)
PANI-HCI-CF 13.90 6.36 (010) 53.8 £ 0.3
19.67 4.51 (100)
24.36 3.65 46.33 + 8.12 4.51 (o11)
PANI-HCI-CS 14.54 6.09 (010) 732 +£29
19.70 4.51 (100)
25.60 348 132.32 + 9.02 4.34 (011)
PANI-HCI-SF 14.64 6.05 (010) 659 + 2.1
20.94 4.24 (100)
25.24 3.53 121.63 + 9.09 4.41 (o11)
25
ASF y’: 120.34x
20 R?*=0.8851
g 15 ASF Out of trend
% y=79.973x
® 10 OCF R2=0.9454
& X
o 5 | y = 64.898x
< 8CS g2-0.8845
0
0.00 0.05 0.10 0.15 0.20
Aerial Concentration (g/cm?).
20
- (b) ASF - y=108.96x
% 15 R?=0.9639
<
% 10 ncs y’=771.691x
o R?*=0.9845
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Figure 7. Shielding effectiveness (SE) averaged over the tested X-band range of 8—12 GHz: (a) total (SEy), (b) absorbance component (SE,), and
(c) reflectance component (SEy), identifying linear trends for CF, CS, and SF type HCl-doped PANI nanopowders. Error bars represent standard

deviations.

PANI-HCI-CS (Figure 6c). The observed d-spacing of the
Bragg reflections are compatible with orthorhombic lattice
symmetry, 7547

Crystalline peaks can be observed near 15 and 25°, which
correspond to the (010) and (110) planes of crystalline PANI
domains, respectively (Table 3). An amorphous peak can be
seen at 20° that corresponds to the (100) plane®® and also
represents the characteristic distance between the ring planes of
benzene in adjacent chains or the close-contact interchain
distance,'® while the peaks at 26 = 25° may be caused by
periodicity perpendicular to the polymer chain. The percen-
tages of crystallinity for each sample type are approximately 54,
73, and 66% corresponding to CF, CS, and SF, respectively.
The obtained results were the average of three or more XRD
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measurements. Both SF and CS samples are significantly more
crystalline than the CF material.

The high crystallinity of CS could be due to the formation of
cross-linking structures from coupling in the ortho- position®*
encouraged by the slow oxidation conditions. In addition, slow
exothermic polymerization with no noticeable change in the
temperature of the reaction medium is a favorable condition for
higher degree of crystallinity®® compared to CF and SF. The
reason that the SF nanoparticles have higher crystallinity than
CF is perhaps due to the formation of its chains under relatively
concentrated acidic condition,'” though it may be difficult to
reconcile this with the slow oxidation process at lower local acid
concentrations producing the highest crystallinity. Apparently,
both slow oxidation and high acidity favor high crystallinity in

dx.doi.org/10.1021/am401695p | ACS Appl. Mater. Interfaces 2013, 5, 4648—4658
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HCl-doped PANI, supporting the general notion that the
degree of crystallinity depends on the synthesis approach.®*

CF and SF samples consist mainly of linear chains as it was
explained from the FTIR discussion. The conventional trends
between crystallinity, d—spacing, interchain separation, crystal-
line domain size, and conductivity are clearly observed.”" The
SF samples exhibit larger domain size, shorter d—spacing and
interchain separation, and higher conductivity than the fast
oxidation (CF) product, as might also be expected by
differences in linear polymer chain density. The regularity
and organized structure defined by crystallinity is a favorable
factor mainly for intramolecular mobility of charged species
along the chain and to some extent intermolecular hopping
because of better and/or closer packing.”' For this reason, SF
nanoparticle samples are roughly ten times more conductive
than CF samples. There is, of course, a difficulty in reconciling
the highest crystallinity of the three formulations being found
for CS samples with the lowest conductivity.

In the particular case of the slow oxidation product, the
highly crystalline materials is cross-linked and/or branched
more than the other two types, resulting from a shorter
conjugated length and localized polarons for a lower
conductivity.>® A further interpretive complication arises from
the crystalline domain sizes for CF and CS samples being
smaller than the particle sizes observed with the TEM. This
suggests that rather than a blend two populations of fully
crystalline and fully amophorous PANI nanoparticles, it is more
likely that most nanoparticles have an internal blend of
crystalline, transition, and amorphous regions.72 Without
knowing the quantitative characteristics in this regard from
the analytical techniques and quality available for this work,
these variations in nanoparticle morphology could easily
account for the relativity lower conductivity of CF and CS
sample types with respect to the SF nanopowder. On the other
hand, the obtained crystalline domain sizes for SF HCl-doped
PANI were very close to the estimated particle size observed
with TEM, which may be an indication of the presence of
nearly single-crystal nanoparticles. It may be deduced that the
SF approach allows the proper ordering and oxidation extent of
PANI molecules and contributes to the higher conductivity
than the HCI-doped PANI samples prepared with the classical
chemical oxidation approaches (CF and CS).

5.5. Electromagnetic (EM) Measurements. The applica-
tion of PANI-based nanomaterials in EM shielding manufactur-
ing will be as a filler in some convenient matrix, or perhaps on
its own if appropriate forming conditions can be achieved to
preserve, or even enhance, final product SE. Therefore, it is
important to relate its shielding effectiveness behaviors with the
employed amount per unit surface area, also called areal
concentration (mass/area). Figure 7a—c compiles the average
values for SEp, SE,, and SEg of the all doped PANI sample
types and loadings as function of the areal concentrations,
showing roughly linear behavior in shielding, with two distinct
outliers for the solvent-free samples at the lowest mass loadings.
As expected, the total shielding efficiency (SEr) increased with
increasing the mass loaded in the sample holder of each sample
type (CF, CS, SF). Figure 7a shows SE for PANI samples as a
function of EM frequency in the X-band for each mass loading,
as well as the absorbance and reflection curves (Figure 7b-c).
By increasing the amount of nanopowder loaded from 0.1 to
0.4 g, the average SE roughly triples from 5 to 14 dB for CF
samples. With a constant cross-section, this effect is due to the
shielding material thickness increasing,S’7 where the EM wave
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polvlve27 traveling through a medium should decay exponen-
tially.

SEr increased slightly with higher frequencies. This behavior
is likely associated with the existence of two types of charged
species in doped PANI: (1) polaron/bipolaron systems that are
mobile along the chain and 2) other bound charge distributions
(e.g, dipoles) with restricted mobility accounting for strong
polarization in the system.'””® When the frequency of the
applied field is increased, the dipoles cannot reorient as rapidly
as the applied electric field. This decreases the dielectric
constant and increases the number of mobile charges, which
results in higher dielectric loss (¢”), whereas the real part (¢’)
decreases.”®’*”> The product of angular frequency (w) and
dielectric loss is equivalent to the dielectric conductivity (o,
microwave ac conductivity) as follows’*”°

o(w) = we" = wee”, = 2afe e’

(10)

where ¢, is the free space permittivity, &/ is relative dielectric
loss of the medium, and f is the frequency. Higher dielectric loss
leads to increasing microwave ac conductivity and the effective
conductivity of the medium:””~" o,(w) = 64(@) + o, (@).
This may explain the aforementioned enhancement in SE; by
increasing the frequency. In the microwave region, o, of
emeraldine salts is larger than oy, though still near the same
order of magnitude.74’ % For this reason, 64, of PANI still has a
significant impact on the SE.

The similarly increasing trends for SE, with mass loading
(Figure 7b) show that the absorption mechanism dominates
the total shielding and increases from 75 to 90% of the total
contribution, whereas SEp shows limited impact, decreasing
with mass loading from 1.5 to 0.9 dB (Figure 7c) for both CF
and CS samples. The SE, contributions for CS are lower (67—
89% for 0.1—0.4 g, respectively) than found for the CF HCl-
doped PANI nanopowders. This could be attributed to an
increasing reflection coefficient with sample thickness®"®* or an
impedance mismatch between the incident wave impedance
(377 Q) and the surface impedance expected when dealing
with conductive PANI samples.” A decreasing trend with
frequency has previously been attributed to the decreasing
surface impedance with thicker samples.***

The results for HCl-doped PANI nanoparticles show an
interesting contradiction to the general rule that higher
crystallinity should increase conductivity,**”*%™ whereas
the CS PANI nanopowders are significantly more crystalline
(Table 3) with arguably similar or lower conductivity and
slightly lower shielding than CF PANI samples. If high
crystallinity were achieved with the formation of cross-linking
structures due to coupling in the ortho- position, the proton
mobility is expected to be lower than that in linear doped PANI
samples in which head-to-tail (i.e, N-para) coupling is
predominant.** The proposed cross-linking structures in CS
samples may arise from the slow oxidation of aniline by
restrictive reagent addition (APS solution at 0.1 mL/min
0.11 mol/min), which fosters PANI chain growth with existing
chains as well as other structural defects resulting in lower
conductivity.**** Moreover, the slow polymerization produces
no noticeable change in temperature of the reactin§ mixture,
which is favorable for higher degrees of crystallinity.”> Because
both fast and slow oxidation products (CF and CS) were
synthesized with the same dopant (HCl) ratios, the degree of
crystallini?f appears to depend only on the reaction
conditions®* and thus an optimum in conductivity and
crystallinity for the maximum shielding potential may be

~
~
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revealed with fine-tuning of the rate and method for oxidant
addition.

The solvent-free (SF) HCl-doped PANI nanopowders were
the most successful of the three products in shielding the X-
band frequencies (Figure 7). Similar trends in SE1 and SE, with
mass loading follow the results for the conventional products;
however, the SE was much greater overall, mostly due to the
much higher conductivity. Figure 7a indicates significantly
greater increases in SEr for the lower mass loadings over both
CF and CS sample types. Figure 7b indicates that relative
absorption effects (SE, is 63—93% of shielding from 0.1 to 0.4
g) are smallest for SF PANI samples at the lower loadings but
match and slightly exceed relative contributions in the other
two sample sets. Therefore, the contribution of SE again
decreases with mass loading (Figure 7c) but is also greater in
magnitude for each case compared to the conventional
products (3.7 to 1.4 dB with increasing mass loads). Clearly,
conductivity and not crystallinity is the direct controlling factor
herein for the most favorable EM shielding, where losses occur
as a result of ohmic current induced in the shield and dissipated
as heat; therefore, the magnitude of the EM losses depends on
the shield thickness and conductivity.>**®

It is noteworthy that although both absorption and reflection
terms exhibit fairly strong linear correlations, especially for the
conventional oxidation products, the SE1 data trends arguably
show some biexponential character, viz, upward curvature,
across all three nanoparticle formulations. This would seem to
support the need for deeper understanding into the function
form of the multiple reflection term, M, according to shield
thickness, which was earlier dismissed as negligible. The linear
trends in SE; and SE, for increasing areal concentrations
generally agree with the fact that the attenuation of the
propagating EM wave exponential.»*” However, the decreasing
trend in average SEy, attributed to increasing surface impedance
as the thickness increases, currently lacks a clear functional-
form connection; that is, no single phenomenological factor
appears to suggest an explanation for an apparent exponential
decrease in reflective shielding effectiveness due to path length.

6. CONCLUSIONS

The main contribution of this work is highlighting the
dependence of EM shielding effectiveness (SE) in conducting
polymers on the synthesis approach, particularly in the
microwave X-band for polyaniline nanopowders doped with
HCIL. The solution-free or solvent-limited synthesis in a slightly
wetted solid-phase reaction provides substantial material
property improvements over conventional solution-rich
oxidations with limited or abundant oxidizer (CS and CF
samples, respectively). Collective data analysis demonstrates
the importance of conductivity over crystallinity for enhancing
SE for nanoPANI. The synthesis protocols that lead to
maximizing crystallinity (e.g., conventional slow oxidation) in
HCl-doped PANI with cross-linked structures or branched
chains is not recommended, as there appears to be an
intermediate optimum with respect to conductivity and EM
shielding.

The total shielding versus nanopowder loading curves exhibit
slight but consistent deviations from the expected exponential
decay behavior for EM wave propagation, indicative of a
significant multiple reflection effect in the nanomaterials.
Therefore, it is likely that even greater shielding may be
achieved at higher loadings, with alterations in size distribu-
tions, and certainly with the addition of higher reflectance
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materials, such as metals, in a mixed nanocomposite with a
PANI-containing matrix. The latter is a promising approach
with potential trade-offs between materials cost and mass
loading as well as an extra controllable parameter for flexibility
in fabrication for specific EMI design criteria. In addition, a thin
insulating nanoparticle coating, such as PANI without dopant,
has the potential to produce higher surface impedance and
lower reflection coeflicient in the compacted nanopowder to
increase SEg. In parallel with these studies, the dopant species
and level—held constant herein—may be optimized, as well.
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