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ABSTRACT: Co-assembled folic acid (F) gel with aniline (ANI) (ANLF = 1:2,
w/w) is produced at 2% (w/v) concentration in water/DMSO (1:1, v/v) mixture.
The gel is rigid and on polymerization of the gel pieces in aqueous ammonium
persulfate solution co-assembled folic acid - polyaniline (F-PANI) gel is formed.
Both the co-assembled F-ANI and F-PANI gels have fibrillar network morphology,
the fiber diameter and its degree of branching increase significantly from those of F
gel. WAXS pattern indicates co-assembled structure with the F fiber at the core and
ANI/PANI at its outer surface and the co-assembly is occurring in both F-ANI and
F-PANI systems through noncovalent interaction of H-bonding and 7 stacking
processes between the components. FTIR and UV—vis spectra characterize the
doped PANI formation and the MALDI mass spectrometry indicates the degree of
polymerization of polyaniline in the range 24-653. The rheological experiments
support the signature of gel formation in the co-assembled state and the storage
(G’) and loss (G”) modulii increase in the order F gel< F-ANI gel < F-PANI gel,

showing the highest increase in G’ &~ 1100% for the F-PANI gel. The stress at break, elasticity, and stiffness also increase in the
same order. The dc-conductivity of F-ANI and F-PANI xerogels is 2 and 7 orders higher than that of F xerogel. Besides, the
current (I)—voltage (V) curves indicate that the F-xerogel is insulator, but F-ANI xerogel is semiconductor showing both
electronic memory and rectification; on the other hand, the F-PANI xerogel exhibits a negative differential resistance (NDR)

property with a NDR ratio of 3.0.
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B INTRODUCTION

In recent years, hybrid soft materials (gels) have received
fascinating attention because of their interesting material
properties. > This type of hybrid soft materials can be
prepared by adding surfactants, polymers and nanoparticles to
the gelator molecules which promote much improved physical
and mechanical properties.*™'" In this context, conductive gels
have good prospect as an excellent functional material because
of their applications in fuel cells, super capacitors, dye-
sensitized solar cells, and rechargeable lithium batteries.'* ™'
Fabrication of conducting gels can be achieved by adding
conductive particles to the gel matrix,'” producing the gels
directly from conducting polymers'®™>* or incorporating
conducting polymers into the network structure of the
gels.>**® They can also be engineered via blending, double-
network (DN) and triple network (TN) formation,””
however, the blending method usually weakens the mechanical
properties of the conducting composite gels.*' There are some
reports on preparation of conductive hydrogels by in situ
polymerization®”** and Xia et al. have recently reported a
polyaniline reinforced conducting hydrogel by polymerization
of aniline in poly(acrylic acid) (PAA) hydrogel showing
enhanced mechanical and electrical properties.>* However the
reports of in situ polymerization of aniline in supramolecular
gels are a few in literature.>>*°Also the mechanical and
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electrical properties of the supramolecular gel—polyaniline
hybrid material are yet to be investigated. Combination of the
soft nature, high tunability, and thermoreversibility of the
supramolecular gels with the electrical properties of polyaniline
can give birth to new kind of next-generation smart functional
materials.

Folic acid (vitamin B,) (F) is an important biomolecule
containing two carboxylic acid functional groups (Scheme 1). It
forms a supramolecular gel in 1:1 water/DMSO mixture (v/
v).”” Here, we have synthesized polyaniline in this supra-
molecular gel by absorbing aniline on fibers of folic acid
producing co-assembled gel, followed by polymerization. The
folic acid-polyaniline (F-PANI) and folic acid aniline (F-ANT)
(Scheme 1) co-assembled gels not only show enhanced
mechanical and conducting properties from the parent gel
but also exhibits interesting electronic memory, rectification
and negative differential resistance (NDR) properties. To the
best of our knowledge, this is a unique and first time report of
enhancement of mechanical and electrical properties of a
supramolecular gel by in situ polymerization of aniline.
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Scheme 1. Chemical structures of Folic acid and Polyaniline
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B EXPERIMENTAL SECTION

Materials. Folic Acid (F) was purchased from SRL, Mumbai, India,
and was used as-received. Ammonium persulphate (APS) was
purchased from MERCK, Mumbai, and was used as-received. The
solvent dimethyl sulfoxide (DMSO, Rankem) was purchased from
RFCL, New Delhi, India, and water was double-distilled before use.
Aniline monomer (MERCK Chemicals) was distilled under reduced
pressure prior to use.

Preparation of F, F-ANI and F-PANI gels. The F gel was
prepared, throughout the work, by dissolving folic acid (80 mg, 2 % w/
v) in a DMSO:water mixture at a volume ratio of 1:1, at 70 °C in a
capped tube and it was then cooled to 30 °C producing a gel. The gel
formation was recognized by the cessation of flow on inverting the
tube. A stock of anilinium chloride solution was prepared by dissolving
0.4 mL of aniline in 20 mL of 0.2 N HCL. Folic acid (80 mg) was taken
in a screw capped vial containing 2 mL of anilinium chloride solution
(ANLF =1:2, w/w) and 2 mL of DMSO, and was heated to dissolve
completely. The vial was kept at room temperature and gel formation
was observed within 2—3 min. Like the F gel, the aniline-absorbed F
gel (F-ANI) (2% w/v) possesses high mechanical strength and it can
be slashed into pieces (Figure 1). When the slashed pieces were
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Figure 1. Physical appearances of the gels and the polymerization of F-
ANI gel with APS producing F-PANI gel.

dipped into an aqueous solution of ammonium persulphate
((NH,),S,05, APS, 300 mg, 1.3 mmol) and aged at 30° C for 24 h,
polymerization of aniline occurred. A prominent color change of the
gel pieces from orange-yellow to deep green was observed. The folic
acid-polyaniline (F-PANI) gel pieces (Figure .1) were washed
repeatedly with water to remove APS and oligoaniline.*® The xerogels
were prepared by drying the gel in air at room temperature (30° C) for
2 weeks and they were finally dried at 30° C in vacuum for 3 days.
Microscopy. The morphology of all the gels was investigated by
transmission electron microscopy (TEM). Small portions of the F, F-
ANI, and F-PANI gels were diluted and were drop-casted on carbon-
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coated copper grid (300 mesh) and the samples were dried in open air
at 30 °C. Finally, the samples were kept in a vacuum for 2 days at 30
°C before the experiment. SEM images of the samples were observed
through an FESEM instrument (JEOL, JSM 6700F) operating at 5 kV
after platinum coating. Small portions of the gels were placed on a
glass coverslip and dried in air at 30 °C for a week and finally in a
vacuum.

Spectroscopy. The UV—-vis spectra of the samples were recorded
with a Hewlett-Packard UV—vis spectrophotometer (model 8453) in a
cuvette of 0.1 cm path length. The concentration of the samples was
0.025 %. The FT-IR spectra of the xerogels were recorded using KBr
pellets in a Perkin Elmer FT-IR instrument (FT-IR-8400S).

Diffraction Study. Wide angle X-ray scattering (WAXS) experi-
ments of F, F-ANI, and F-PANI xerogels were performed in a Bruker
AXS diffractomer (model D8 Advance) using a Lynx Eye detector.
The instrument was operated at a 40 KV voltage and at a 40 mA
current. Samples were placed on glass slides and were scanned in the
range of 20 = 4—40° at the scan rate of 0.5 s/step with a step width of
0.02°.

MALDI-TOF. MALDI-TOF spectra of NMP solution of the F-
PANI and F gel were made with a MALDI TOF Ultraflextreme
(Bruker Daltonics) instrument using 2,5-dihydroxybenzoic acid
(DHB) as matrix.

Rheology. To understand the mechanical property of the F, F-
ANI, and F-PANI gels rheological experiments were performed with
an advanced rheometer (AR 2000, TA Instrument, USA) using cone
plate geometry on a peltier plate. The diameter of the plate was 40 mm
and the cone angle was 4° with a plate gap of 121um.

Conductivity. The dc-conductivity of the dried gel samples was
measured by two-probe method at 30 °C with an electrometer
(Keithley, model 617). For electrical conductivity measurements, the
xerogels were pressed to make pellets in a press. Thickness (d) of the
pellets is measured at four different positions using a screw gauge, and
the results are averaged. The conductivity () is measured from the
relation

o= (1/R)(d/a)

Where R is the resistance of the sample obtained from the
electrometer and a is the area of the electrode.

B RESULTS AND DISCUSSION

Characterization of F, F-ANI, and F-PANI Gels. FTIR
spectra are used to comprehend the nature of supramolecular
interactions of folic acid gel with aniline and polyaniline and the
FTIR spectra of F, F-ANI, and F-PANI xerogels are presented
in Figure 2. Intermolecular H-bonding between the functional
groups like —COOH, —OH, and —NH, groups having
vibrational peaks in the region 3000—3600 cm™' in pure F
powder combine to form a broad band at 3399 cm™ producing
the F gel.37 In the F-ANI xerogel this band is shifted to 3404
cm™" indicating supramolecular interactions between the folic
acid and aniline. Also the vibrational peak of carbonyl stretching
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Figure 2. FTIR spectra of F, F-ANI, and F-PANI xerogels.
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Figure 3. UV—vis spectra of (a) F and F-ANI and (b) F-PANI gel in DMSO/water (1:1 v/v) mixture.

of —COOH group of F xerogel at 1695 cm™" is shifted to 1691
cm™" in the F-ANI xerogel indicating H-bonding between the
two components. During the xerogel formation, it is possible
that the structure of F-ANI co-assembled state is completely
retained. This is the probable cause of the observed shift of the
above two bands of F in the xerogel state. In the F-PANI
xerogel, the 3399 cm™' band of F xerogel is further shifted to
3419 cm™' signifying supramolecular interaction between F
with PANI. Thus in all the gels this band is at lower positions
than the —O—H stretching frequency (3543 cm™) of F
powder.*® The lower shift in F-PANI compared to that of F-
ANI is probably due to the lower interaction because of
conformational restriction of long PANI chain. Figure S1 in the
Supporting Information represents the enlarged FTIR spectra
of the F-PANI xerogel in the range 500—2000 cm™'. Typical
stretching bands at 767 and 1110 cm™" (y_y; aromatic out of
plane and the in plane deformation), 1291 cm™ (yc_y for the
secondary aromatic amine), 1501 cm™" (yc—c for benzenoid
rings), 1568 cm™ (yc—c for quinoid rings) points to the
formation of PANI inside the F gel.*>*' A hump is observed at
1150 cm™ and the shift of 10 nm of N=Q==N vibration of
PANI is due to the doping of quinonoid (Q) structure of PANI
by folic acid.*' The absorption band of phenyl ring in F gel is
1510 cm™"*? and in F-ANI gel it is 1494 cm™ and in F-PANI
gel it is 1498 cm ™. Thus in both cases there is a shift of the ring
vibration to lower energy suggesting the delocalization of 7-
clouds of phenyl ring of F due to the 7—x interaction with the
phenyl ring of ANI and PANL. It is important to note that in
the case of F-ANI, the shift to lower energy is higher than that
of F-PANI because of better 7z-stacking for the monomeric
structure; on polymerization, some difficulty arises because of
the formation of rigid covalent structure. (The presence of 7—7x
stacking is also evidenced from broad WAXS diffraction peak at
20 = 27.2° discussed later). Also the hump at 1631 cm™ in F
xerogel corresponds to the >C=0 vibration of —~CONH group
and it is lower by 9 cm™" than that of F powder® because of the
H-bonding interaction of amido hydrogen with the amide
>C=0 group of another F molecule.”” It shifts to 1623 cm™"
in the F-ANI gel, suggesting its better H-bonding interaction is
probably due to more regular structure formation during co-
assembly with aniline. Thus the co-assembly is occurring in
both F-ANI and F-PANI systems through noncovalent
interaction of H-bonding and z-stacking processes between
the components.

Absorbance spectra of F and F-ANI solution in DMSO water
mixture are presented in Figure 3a. F exhibits two absorption
peaks at 285 and 356 nm which may be ascribed to the 7—7*
and n-7* transition, respectively.’” In the F-ANI gel the 7—z*
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transition is very intense and it is red shifted to 287 nm,
suggesting the formation of co-assembly between F and aniline.
UV—vis spectra of F-PANI gel in DMSO water mixture (Figure
3b) exhibit an absorption band at 370 nm that may by ascribed
to the n—z* transition of F, which is red shifted by 14 nm
probably because of the co-assembly. The hump at 445 nm is
attributed to the polaron band to 7* band transition of PANI,
indicating the PANI is produced in the doped state. The 760
nm peak corresponds to the z-band to localized polaron band
transition of doped PANI and the absence of any free carrier
tail beyond it suggests the absence of delocalized polaron in the
E-PANI co-assembled gel.41’43_46 So from the UV—vis results,
it is apparent that polyaniline is doped and the hump at 1150
em™ in FTIR spectrum (see Figure S1 in the Supporting
Information) also supports the doping state of PANI. We have
made a controlled experiment where the F gel is treated with
APS (1.3 mmol) for 24 h without the presence of aniline. No
significant changes in UV—vis spectra (see Figure S2 in the
Supporting Information) are observed. The two absorption
peaks at 285 and 356 nm, ascribed to the 7—z* and n—z*
transition, respectively, of the F gel, remain intact after APS
treatment, indicating the absence of any oxidation of the folic
acid host matrix under the experimental conditions used to
produce F-PANI gel.

WAXS patterns of the xerogels (Figure 4) signify different
crystalline structures of F, F-ANI, and F-PANI gels. The F

Intensity

Scattering Angle (20)

Figure 4. WAXS patterns of F, F-ANI, and F-PANI xerogels.

spectrum is almost retained in F-ANI gel; in addition, some
new sharp crystalline peaks have appeared signifying a small
structural change in F gel after addition of aniline. The reason
may be ascribed to the supramolecular organization of aniline
molecules surrounding F fibers by interaction through its
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Figure S. TEM images of (a) F, (b) F-ANI and (c) F-PANI gel.

—COOH groups, which prefer to remain at the periphery of the
F fiber because of the polar nature of the solvent. This may
result in the formation of co-assembled aniline crystals on F
fiber resulting the sharp peaks of the F-ANI diffractogram. F-
PANI gel exhibits a diffraction peak centred at 26 = 20.4°
ascribed to the periodicity parallel to the PANI chains.*® The
absence of sharp peaks observed in F-ANI in the F-PANI
xerogel suggests the polymerization of adsorbed aniline may
disfavor the ordered crystallite formation rather co-assembled
disordered crystals of PANI chains adhering to the F fibers are
produced. A careful analysis can recognize an additional broad
peak (26 = 22.7°), and this broadness may be due to the partial
amorphous nature of the PANI chains. The broad diffraction
peak at 20 = 27.2° is present in all the three F, F-ANI, and F-
PANI gels and it is for the interlayer spacing for 7—n stacking
in the F gels.

MALDI-TOF analysis. Mass spectrometric methods, e.g,
MALDI-TOF and ESI-TOF have been recently utilized for
determining the molecular weight of soluble oligomers of
polyaniline.*’~** Here, we have used the MALDI-TOF method
to determine the molecular weight of polyaniline synthesized
inside the F gel matrix. Figure S3a, b in the Supporting
Information presents the MALDI-TOF spectrum of a NMP
solution of the F-PANI gel using 2,5-dihydroxybenzoic acid
(DHB) as matrix. Figure S3a in the Supporting Information
(range of m/z values = 1500—20 000) shows a Gaussian type of
pattern showing a maximum at m/z = 5556. However, Figure
S3b in the Supporting Information (range of m/z values = 20
000—70 000) shows distinct peaks at m/z = 21 179, 28 091, 34
038, 37133, 44990, and 59428. Thus both these figures
suggest the formation of both low and high molecular weight
polyaniline inside the F gel as by dividing the m/z value (taking
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z = 1) with the monomer molecular weight (91) the degree of
polymerization from 24 to 653 are observed. The MALDI-TOF
spectrum of a NMP dispersion of the F gel (similarly prepared
to that of F-PANI gel) using DHB as matrix is carried out and
no distinct peaks in the range of m/z values = 2000—20000 and
20 000—70 000 are observed in the spectra (see Figure S3c,d in
the Supporting Information). The results indicate that F does
not self aggregate in NMP and the degree of polymerization
values can therefore be attributed to the polyaniline produced
in the F-gel.

Morphology. Transmission electron microscopy (TEM)
was performed to investigate the morphological metamorphosis
of F gel after addition of aniline and after its polymerization. In
the TEM micrographs F gel shows fibrillar network
morphology with an average fibrillar diameter 5.82 + 2.15
nm (see Figure Sa and Figure S4a in the Supporting
Information). The fibers are separated from each other with
non frequent branching. However, after the addition of aniline,
there is a change in the nature of fibers as evidenced from
Figure Sb and Figure S4b in the Supporting Information)
where the fibers become thicker with an average fibrillar
diameter 10.12 + 3.36 nm, also showing a greater degree of
branching than the former. After polymerization of aniline, i.e,,
in the F-PANI gel, fibrillar network morphology is still
observed (Figure Sc and Figure S4c in the Supporting
Information) having average fibrillar diameter 12.44 + 3.14
nm. The ~2 times increase in the gel fiber diameter of F-ANI
gel compared to that of F gel suggests an ordered arrangement
of aniline molecules surrounding the F fibers through an
interaction between the —NH, group of ANI and —COOH
group of F, followed by self assembly formation. The diameter
of F-PANI gel increases by ~20% from that of F-ANI gel and
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Figure 6. (a) Frequency-dependent oscillatory rheology of the gels and stress dependency of storage and loss modulus (b) F gel, (c) F-ANI gel, and

(d) F-PANI gel at a frequency of 1 Hz.

probably polymerization of absorbed aniline imports some
disorder including branching of PANI chains. The low-
magnification TEM images (see Figure S4a—c in the
Supporting Information) clearly indicates that the branching
density increases in F-ANI and F-PANI gels from that of F gel.
The FESEM micrographs are also presented in Figure S5 in the
Supporting Information and here also an increase of branching
density is clearly noticed in F-ANI and F-PANI co-assembled
gels than that of F gel. The fibrillar branched network structure
of F-PANI gel may arise from the formation of shell type
polyaniline nanostructures surrounding the F gel fibers, which
may remain as core (cf. WAXS results).

Mechanical properties. Gels are viscoelastic materials and
they posses the intrinsic property of storing and dissipation of
energy. The storage modulus (G’) indicates the amount of
energy stored in the system and the loss modulus (G”)
indicates the amount of energy dissipated within the system
under the application of oscillatory stress. In the gel state G' >
G” and G'(w) ~ ’, where w is the angular frequency. The
change in branching density affects the rheological properties
(Figure 6, Table 1). The dynamic frequency sweep experiments

Table 1. Comparison of Rheological Data of F, F-ANI, and
F-PANI Gels

storage loss stress at
modulus G’ modulus  elasticity G’ stiffness break
samples (Pa) G”(Pa) -G’ ?i’a) G'/G" o*(Pa)
F gel 1024 187 837 S.5 38
F-ANI 5160 581 4525 8 230
gel
F-PANI 12640 882 11697 14 241
gel
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(Figure 6a) of F, F-ANI, and F-PANI gels at a concentration of
2% (w/v) show a wide linear viscoelastic region (LVR). Also
the value of storage modulus (G’) is considerably higher than
that of the loss modulus (G”) in each case confirming their gel
state. It is interesting to note that the G’ of the gels increases in
the order F < F-ANI < F-PANI, indicating that the gel strength
also follows the same order. The highest increase in G’ is
1100% for the F-PANI gel from that of F gel, which is due to
the polyaniline-coated F nanofibers acting as a better
reinforcing agent because of stronger co-operative supra-
molecular interactions with F than that of the monomer
aniline. The covalent bond of PANI chain facilitates easier
dissipation of energy than through the noncovalent bond (7—7
interactions) of adsorbed aniline molecules in F-ANI system.
Stress sweep experiments (Figure 6b—d) reveal that the F gel
breaks at an oscillator stress of 38 Pa but the F-ANI gel at 230
Pa and the F-PANI gel breaks at 241 Pa indicating very stiff
nature of the F-ANI and F-PANI co-assembled gels because of
a stronger cohesive force between F and the co-assembled ANI
and PANI molecules.

The elasticity (G’ — G”) and stiffness (G'/G")* of the gels,
calculated from the rheological data, are presented in Table 1.
Both the elasticity and stiffness increases in the order F gel < F-
ANI gel < F-PANI gel. Because of the polymeric nature of
PANI, the co-assembled F-PANI gel exhibits higher stiffness
than F-ANI where co-assembly with aniline has increased the
stiffness than that of F gel. The increase of elasticity in the
above order may possibly be attributed to the increase of
branch density of the fibers that follows the order F gel < F-
ANI gel < F-PANI gel (Figure Sa—c). This type of
improvement in the mechanical properties of the F-ANI gel
over the F gel may be ascribed to the formation of a co-

dx.doi.org/10.1021/am405868j | ACS Appl. Mater. Interfaces 2014, 6, 3615—3622
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Figure 7. [-V characteristic curves of (a) F, (b) F-ANI, and (c) F-PANI xerogel measured at 30 °C.

assembled branched fibrillar structure resulting in stronger
cohesive force between the fibrils of the network.

Electrical Properties. The dc conductivity values at 30 °C
of F, F-ANI, and F-PANI xerogels, measured by two probe
method, are § X 1072, 2 x 107, and 1.4 X 10™° S/cm. The
reason in the two orders increase in conductivity of F-ANI than
that of F xerogel may be attributed to the z-stacking of co-
assembled aniline molecules on the F fibers providing another
path of conduction of the charge carriers. In the F-PANI
xerogel, there are five orders of increase in conductivity from
that of F-ANI gel, which may be attributed to the polymer-
ization of aniline producing conjugated chain facilitating the
easy movement of the charge carrier. The current—voltage (I—
V) plot the F-xerogel exhibit almost an invariant current with
increase of voltage (Figure 7a), like a typical insulator, but the
F-ANI co-assembled xerogel exhibit the characteristics of
electronic memory along with rectification property (Figure
7b). The probable reason of showing electronic memory may
be attributed to the doped of aniline by folic acid, which acts as
a matrix to store the doped charge and the supramolecular
organized structure of co-assembled F-ANI system facilitates
the process. This causes a bistable state and at a reverse bias
higher current is observed than the forward bias till the charges
are detrapped at a lower voltage of the reverse bias.*® The same
explanation can also be applied for the memory effect observed
in the negative bias of the F-ANI system (Figure 7b). The
rectification property (rectification ratio 3.3) may arise
because of p/n junction formation between doped ANI (p-
type) by folic acid and the F assembly acts as n-type
semiconductor because of the presence of the nonbonding
electrons. Because of the co-assembly process between the F
and doped ANI they intimately mix with each other producing
effective p/n junctions at the bulk. On the other hand, it is
interesting to note that F-PANI xerogel exhibits the character-
istics of negative differential resistance (NDR) (Figure 7c), ie.,
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a decrease in current with increase in voltage starting at +0.8
and at —0.8 V for both the forward and backward bias. The
NDR ratio (peak current/valley current) has the typical value
of 3.0 in both positive and negative bias. We have repeated the
experiment of F-PANI xerogel for different number of cycles
and similar NDR property is observed in all the cases (see
Figure S6 in the Supporting Information).

The F-PANI system can act as a very good semiconductor
(due to conjugated chain of PANI) as well as it can act as a
charge storage material because of 7-stacking. Because of the
stored space charge above 0.8 V, a decrease in current with the
increase of voltage occurs until much higher voltage (2 V) is
applied to release the space charge and it is usually called as
negative differential resistance.”’ The negative hysteresis in the
reverse bias is also due to the decrease in charge flow for the
hindrance created by the absorbed space charges.

B CONCLUSION

In conclusion, we report here the co-assembled gel formation of
F with ANI in water/DMSO (1:1, v/v) mixture. Both the F and
F-ANI gels are rigid and on polymerization of gel pieces by
dipping into aqueous APS solution; co-assembled F-PANI gel
is formed. Both the co-assembled gels have fibrillar network
morphology, the fiber diameter, and it’s degree of branching
increase significantly than those of F gel. The co-assembly is
occurring in both F-ANI and F-PANI systems through non-
covalent interaction of H-bonding and 7 stacking processes
between the components and the F fiber constitutes the core
and ANI/PANI remains at its outer surface (shell). UV—vis
and FTIR spectra characterize the doped polyaniline formation
having degree of polymerization in the range of 24—653 and
polymerization occurs though the adsorbed aniline molecules
over the F fibers. The rheological experiments confirms the gel
formation of F, F-ANI and F-PANI systems and both the
storage (G’) and loss (G”) modulii increase in the order F gel <

dx.doi.org/10.1021/am405868j | ACS Appl. Mater. Interfaces 2014, 6, 3615—3622
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F-ANI gel < F-PANI gel, showing the highest increase of G’ ~
1100% for the F-PANI gel from that of F gel. The stress at
break, elasticity, and stiffness also increase in the same order.
The dc conductivity of F-ANI and F-PANI xerogels are 2 and 7
orders higher than that of F xerogel, respectively. The I-V
curves characterize that the F-xerogel as insulator, F-ANI
xerogel as semiconductor possessing electronic memory and
rectification, but, the F-PANI xerogel exhibits the NDR
property with a NDR ratio of 3.0.
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