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ABSTRACT: A novel monomer called 1,1'-ferrocenediacyl anilide (FcA) was synthesized from ferrocene (Fc). Copolymerization was car-
ried out between FcA and aniline (ANI) by an electrochemical method. The novel monomer and copolymer were characterized with
"H-NMR, Fourier transform infrared (FTIR) spectroscopy, and ultraviolet-visible (UV-vis) spectroscopy. The hydrogen protons of
the benzene ring were moved to a low field in 'H-NMR, and the absorption band of N=Q=N (where Q is the quinoid ring)
appeared in the FTIR spectrum of the polymer. The peaks of both Fc and the n—n* electronic transition in the UV—vis spectra were
redshifted. The results indicate that the copolymer mainly existed as a highly delocalized conjugated system. X-ray diffraction analysis
established further proof, and the process of electrochemical deposition was observed by scanning electron microscopy. The optimal
synthesis conditions of the copolymer were determined through changes in the monomer molar ratios and the scan rate. The ideal
performance of the copolymer was gained when the monomer molar ratio between FcA and ANI was 1:4 and the scan rate was 50
mV/s. Furthermore, the electrochemical performances were tested in detail by cyclic voltammetry, galvanostatic charge—discharge test-
ing, and electrochemical impedance spectroscopy. The results show that the specific capacitance of poly(1,1’-ferrocenediacyl anilide-
co-aniline) increased up to 433.1 F/g at 0.5 A/g, the diffusion resistance was very small, and the durability was good enough. © 2015
Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43217.
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applied in the fields of electrocatalysis, electroanalysis, and bio-
sensors. The Fc-based polymer is one metal-containing polymer
that has been shown to possess some unique physical and
chemical properties because its particular chemical structure is
similar to that of the composite of the polymer and metal.
Well-defined Fc-containing polymers were reported first in
1972.* Then, Fc-based conducting polymers were the hotspot
because of the redox properties of both groups of this kind of
polymer.”> Also, they were proven to be effective in improving
the electrochemical performances of conducting polymers when

INTRODUCTION

The conducting polymer, as a new cross-subject research field,
has been widely investigated by physical scientists, chemists, and
material scientists all over the world."® Among conducting
polymers, polyaniline (PANI) and its derivatives are unique
because of their good environmental stability and controllable
electrical properties, and they are used in a vast range of appli-
cations, such as organic lightweight batteries, electrochromic
displays, solar cells, and electroluminescent and sensor ele-

ments.””"> However, PANI has a defective site'*'> and exhibits
an ill-defined structure, and the conducting electricity of PANI
is activated in acid medium. Therefore, many ways have been
presented to solved the problem,'**° including the production
of a composite with a metal oxide and carbon materials and
modification of the polymer.

Organometallic compounds are also a hotspot because of their
characteristics of electron delocalization; this gives them unique
electricity, magnetism, light, and other properties.”’ ™ Ferrocene
(Fc) and its derivative modified electrodes have mainly been

© 2015 Wiley Periodicals, Inc.
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Fc was on the main conjugation path of the polymer back-
bone.?*?” This field has been an attractive area of research for

. . . . 28,29
multiapplications in recent years.

In this study, a novel electroactive copolymer was prepared by
electrochemical polymerization; this copolymer possessed
difunctional Fc in the main chain. Furthermore, 'H-NMR, Fou-
rier transform infrared (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) were used to characterize
the product, and the electrochemical properties were studied in
detail.
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Scheme 1. Synthesis of FcA from Fc.

EXPERIMENTAL

Materials

Ferrocene (Fc), aluminum chloride (AICl;), acetyl chloride
(CH5COCI), oxalyl chloride, and aniline (ANI) were provided
by Shanghai Chemical Industry. Ethanol, sodium hydroxide,
sodium hypochlorite (NaClO) solution, sodium hydrogen sul-
fite, sodium carbonate (crystal), triethylamine (Et;N), concen-
trated hydrochloric acid (HCl), and perchloric acid were
purchased from Guangxi Chemistry Industry. Other chemicals,
including concentrated sulfuric acid and N,N'-dimethylforma-
mide, were purchased from the Chemical Plant of Chinese
Curatorial Group. All of the chemicals were reagent grade and
were used without further purification.

Synthesis of 1,1’-Ferrocenediacyl Anilide (FcA)

As shown in Scheme 1, FcA was produced by the interaction
between 1,1’-ferrocene dicabonyl chloride and ANI. Suitable
preparation methods for 1,1’-ferrocenediacyl chloride, 1,1’-fer-
rocene dicarboxylic acid, and 1,1’-diacetyl ferrocene were
reported in the literature.*

A solution of 30 mmol of 1,1'-ferrocene dicarbonyl chloride in
200 mL of dry methylene chloride was added dropwise (1 drop/s)
to a stirring mixture of 60 mmol of ANI and 20 mL of Et;N in
200 mL of methylene chloride. The reaction proceeded readily at
room temperature (ca. 25°C) and was stirred for 3 h. The product
was precipitated as a fine brown crumb, and the mixture was fil-
tered from the solution; then, the filter cake was washed three
times with methylene chloride, ammonium hydroxide, and diethyl
ethers, respectively. Finally, the product was dried in a vacuum
oven at 30°C for 24 h. The yield of the product was about 85%.
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Synthesis of Poly(1,1'-ferrocenediacyl anilide-co-aniline)
[P(FcA-co-ANI)]
The synthesis route of the FcA and ANI copolymer [P(FcA-co-
ANI)] is illustrated in Scheme 2. The novel electroactive poly-
mer was synthesized from the reaction of FcA and ANI by elec-
trochemical polymerization with the cyclic voltammetry method
at 10°C. In this way, the copolymer, with a nondefective conju-
gated structure, was easy to separate and purify.

The reaction was performed with a three-electrode method,
with a foaming nickel net (1 X 1 cm?) as a working electrode, a
platinum sheet as a counter electrode, and an Ag/AgCl electrode
as the reference electrode, respectively. The potential limit was
between —0.2 and 1.2 V, and the scan rates were 10, 20, 50,
100, and 200 mV/s. FcA and ANI were dissolved in the electro-
lyte (1 mol/L of HCIO,), and the monomer molar ratios (FcA/
ANI) were 1:1, 1:2, 1:3, 1:4, and 1:5, respectively.

Characterization of the Monomer and the Polymer

'"H-NMR Analysis. The '"H-NMR spectra of FcA and P(FcA-co-
ANI) were obtained on a Bruker ARX 300-MHz spectrometer
with 1000 scans at a relaxation time of 2 s with hexadeuterated
dimethyl sulfoxide (ds-DMSOQ) as the solvent.

FTIR Analysis. The samples were measured with FTIR spectros-
copy (Nicolet Magna-IR 750 spectrometer) after the KBr disc
and samples were pressed.

Ultraviolet—Visible (UV-vis) Absorption Analysis. The sam-
ples were analyzed with a UV-2501 PC spectrometer (Shi-
madzu) from 200 to 800 nm with dimethylformamide as the
solvent.
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Scheme 2. Synthesis of P(FcA-co-ANI).
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Figure 1. "H-NMR spectrum of FcA in dg-DMSO.

XRD Analysis. The samples were measured with an X-ray pow-
der diffractometer (D8 Advanced) after they were ground into
powder. The scan range was 2—100°.

SEM Analysis. The surface morphology of the copolymer was
measured with a LEO-1530 scanning electron microscope.

Electrochemical Experiments

All electrochemical experiments were measured by a three-
electrode system in 1 mol/L HCIO, electrolyte with a CHI600D
electrochemical work station (Chenhua, Shanghai). The counter
and reference electrodes were with a platinum sheet and Ag/
AgCl, respectively. The working electrode was prepared by elec-
trochemical deposition onto a foaming nickel net (1 X 1 cm?).

RESULTS AND DISCUSSION

Characterization of the Monomer and the Copolymer
'"H-NMR  Analysis of the Monomer and the
Copolymer. Figure 1 shows the 'H-NMR spectrum of FcA.
The peaks at 4.15-4.23 and 4.82-4.93 ppm were assigned to «-H
(4H) and B-H (4H) of bis-substituted Fc. The tertiary amino
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Figure 2. "H-NMR spectrum of P(FcA-co-ANI) in ds-DMSO.
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Figure 3. FTIR spectra of Fc, ANI, and FcA. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

peak (—NH—) in FcA appeared at 5.73 ppm. The peaks at
7.63-7.73, 7.97-8.10, and 8.34-8.41 ppm were assigned to o-H
(4H), p-H (4H), and y-H (2H), respectively, of the anilino
group. They moved to a low field compared with the hydrogen
protons of the benzene ring (7.25 ppm) because of a conjuga-
tive effect.

"H-NMR analysis of the copolymer was performed to confirm
the structure, as shown in Figure 2. The peaks at 4.41 and 5.11
ppm were attributed to the protons of the ferrocenyl segments,
which moved to a low field compared with the value of FcA
because of a conjugative effect. The signals at 5.82 and 6.74
ppm were ascribed to the two kinds of amino protons, respec-
tively. Furthermore, the signal at about 7.26 ppm was ascribed
to the protons of the benzene ring; we assumed absolute superi-
ority in the hydrogen content of the copolymer.

FTIR Analysis of the Monomer and the Copolymer. The FTIR
spectra of Fc, ANI, and FcA were illustrated in Figure 3. In the
spectrum of FcA, the absorption band at 3076 cm™ ' was
assigned to N—H stretching vibrations, and the peak at 1786

cm™' was attributed to C=O stretching. The peak at 1570

cm~' was attributed to the stretching vibrations of benzene
rings. The vibrations at 1276 cm ™' were attributed to the C—N
stretching vibrations that arose from secondary aromatic amine
groups. All of the peaks appeared on the FTIR spectrum of ANI
at similar positions. Furthermore, the signals at 1124, 1047, and
956 cm ™! in the spectrum of FcA were characteristic absorption
peaks of ferrocenyl rings and benzene rings. The symmetric
peaks at 1105 and 1001 cm ™" in spectrum of Fc were character-
istic absorption peaks of ferrocenyl rings, and the peaks at 1089
and 946 cm ™! corresponded to out-of-plane and in-plane vibra-
tions of the benzene ring.

To confirm the structure of P(FcA-co-ANI), the FTIR spectra of
FcA, PANI, and P(FcA-co-ANI) were obtained, as depicted in
Figure 4. Compared with the spectrum of FcA, there were simi-
lar peaks at wave numbers higher than 1600 cm™' in the FTIR
spectrum of P(FcA-co-ANI). However, the peak at 1467 cm !
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Figure 4. FTIR spectra of FcA, PANI, and P(FcA-co-ANI). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

was from N—B—N (where B is the benzene ring). The peaks at
1129 and 1018 cm™' became asymmetric, and the absorption
band at 1129 cm™' became stronger than the similar peak in
the spectrum of FcA, this was due to N=Q=N (where Q is the
quinoid ring)*' and perchlorate anion incorporation in copoly-
mer.”? The characteristic absorption peaks almost appeared in
the case of pure PANIL The results indicated that the molecular
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units of the copolymer contained a highly delocalized conjugated
system; the formation of copolymer was shown in Scheme 3.

UV-Vis Absorption Analysis of the Monomer and
Copolymer. The UV-vis spectra of Fc, FcA, and P(FcA-co-ANI)
were shown in Figure 5. The first absorption peak of Fc at 250
nm was observed, this was associated with the characteristic Fc
structure, and the absorption peak was redshifted in the spectra
of FcA (252 nm) and P(FcA-co-ANI) (254 nm). It was influ-
enced by the n—n* conjugated system between the ANI and fer-
rocenyl segments. Meanwhile, the absorption peaks of the m—m*
electronic transition®® appeared 316 nm in the spectrum of FcA
and redshifted to 325 nm in the spectrum of P(FcA-co-ANI)
because of the higher conjugation effects.

XRD Analysis of the Polymer. The XRD curve of P(Fca-co-
ANI) is depicted in Figure 6, the diffuse peak present in the
curve indicated that the product obtained was the amorphous
polymer. There were two peaks present in the curve. The intense
peak centered at about 18° was mainly due to the periodicity par-
allel to the polymer chain, and that at about 28° was ascribed to
the periodicity perpendicular to the chain direction.’® Compared
with the PANI-f-naphthalene sulfonic acid microtubes, which
possessed a high crystallinity, it was quite different. This was
mainly due to the special stereochemistry structure and conju-
gated segment in the main chain of P(FcA-co-ANI).

SEM Analysis of the Copolymer. Figure 7 showed the SEM
images of P(FcA-co-ANI) through electrochemical polymerization.

leucoemeraldine

@ c—w@— N=®= N—Q—NH—Q—NH—Q—Nw- emeraldine I

emeraldine II

Rava

pernigraniline

n

Scheme 3. Molecular structures of P(FcA-co-ANI) at various oxidation states.
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Figure 5. UV-vis absorption spectra of Fc, FcA, and P(FcA-co-ANI).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The copolymer had a small rod shape and was spherical at the
beginning; then, it gradually gathered to form island structures,
which covered the surface of the foaming nickel evenly after a
long deposition time. This morphology had large specific surface,
which contributed to the improvement of the electrochemical
properties of the copolymer.

Optimization of the Synthesis Conditions
To gain the optimal synthesized conditions of copolymer, the
effects of the monomer molar ratios and scan rate were exam-
ined through the specific capacitance (Cg F/g), respectively. Cg
was determined from the charge—discharge curves and was cal-
culated according to the following equation:

IAt
* AVm
where AV (v), m (g), I (A), and At (s) were the potential win-

dow in the charge—discharge curve, mass of the active material,
discharge current, and time, respectively.

Intensity
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20 40 60

20 degrees
Figure 6. XRD curve of P(FcA-co-ANI).
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Figure 7. SEM images of P(FcA-co-ANI) for different polymerization
times: (a) 15 and (b) 60 min. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The charge—discharge curves at different monomer molar ratios
were depicted in Figure 8, and the calculated values of each
curve were shown in Table I. The results show that the copoly-
mer had good capacitive behavior at large-scale current densities
because of the nearly symmetric charge—discharge curves. As

0.8 -
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Potential(V)
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1 " 1 " 1 4
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Figure 8. Charge—discharge curves at different monomer molar ratios at

0.0 |-

0.5 A/g. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table II. C, Values of Samples with Different Scan Rates

Monomer
molar ratio Pure
(FCA/ANI)  1:1 1:2 1:3 1:4 1:5 PANI

Cs (Flg) 1658 198.8 300.3 4331 381.8 3738

shown in Figure 8 and Table I, with increasing ratio of ANI, C,
increased first and then decreased, and the maximum value was
gained when the monomer molar ratio between FcA and ANI
was 1:4. The maximum C, (433.1 F/g) was higher than that of
pure PANI (373.8 F/g). This result could be explained by the
following factors. First, the copolymerization between FcA and
ANI was blocked by the steric hindrance of FcA. Therefore, the
raised ratio of FcA restricted electrolyte ion-transmission paths.
Second, the ideal conjugated structure formed with a suitable
dosage of FcA, as shown in Scheme 2.

The influence of the scan rates on the charge—discharge curves are
shown in Figure 9, and the calculated values of each curve are
shown in Table II. The results showed that C, increased with
increasing scan rate. However, there was a limit to the scan rate, as
shown in Table II, where a more than 50 mV/s disinfection increase
was not obvious. Furthermore, it was clearly seen that the internal
resistance (IR) increased with the increasing of scan rates, and the
less “IR” was signified the lower internal resistance of the electrode.
This result illustrated that the copolymerization rates were in
inverse proportion to “IR”, and the integrated performance of
P(FcA-co-ANI) was gained at the scan rate of 50 mv/s.

Electrochemical Properties of the Copolymer

To further explore its application as a supercapacitor electrode,
the electrochemical performance of P(FcA-co-ANI) was tested
by cyclic voltammetry (CV), galvanostatic charge—discharge test-
ing, and electrochemical impedance spectroscopy (EIS). The CV
curves were depicted in Figure 10. Three pairs of conspicuous
peaks were obvious in the CV curves. The peaks at a, b, and ¢

08
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?;;, 04| &
& o2k / 1 10mvis | \
2 20mVis
3—— 50mV/s b \ >
4—— 100mV/s }
0= 5—— 200mV/s 1 2 34 5
1 1 1 n 1 1
0 500 1000 1500
Time(S)

Figure 9. Charge—discharge curves at different scan rates at 0.5 A/g. The
internal resistance (IR) was determined from the voltage drop at the
beginning of each discharge, and the slope of voltage drop was very close
to zero. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Scan rate
(mV/s) 10 20 50

Cs (Flg) 300.3 364.8 4331
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Figure 10. CV curves of P(FcA-co-ANI) and PANI at a scan rate of 200
mV/s. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

were attributed to the leucoemeraldine—emeraldine I, emeraldine
I-emeraldine II, and emeraldine II-pemigraniline transforma-
tion, respectively.’”” A possible transformation was shown in
Scheme 3. In addition, the CV curves of P(FcA-co-ANI) were
compared with those of PANIL It was obvious that the P(FcA-
co-ANI) possessed a higher peak than PANI. Meanwhile, two
pairs of conspicuous peaks appeared in the CV curves of PANL
The results suggest that the structure of Fc in the main chain
promoted the capacitance of P(FcA-co-ANI).

Furthermore, CV of the copolymer was measured at scanning
rates from 5 to 200 mV/s. As shown in Figure 11, the relation-
ship between the scanning rate and peak current density was

400 B
c
a
200 |- P
//_7 \\\\
—_ o N
c - R,
= e e
> o} —— >
z -
2 =
5 e
o
b=
G -200
g Smv/s "+ peak al
» k b
o 20mv/s i e
S0mv/s N
-400 |- 100mv/s £ v
200mv/s 2w i
N ,
600 i 1 4 | scap ratelmvis) |
0.0 0.4 0.8

Potential(V)
Figure 11. CV curves of P(FcA-co-ANI) at different scan rates. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Charge—discharge curves of P(FcA-co-ANI) at different current
densities and PANI at 0.5 A/g. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

nearly linear. The shape of the curve was a polygon in the given
potential range (from —0.2 to 0.8 V).

The charge—discharge curves are depicted in Figure 12. The
results show that the copolymer had good capacitive behavior
at large-scale current densities because of the nearly symmetric
charge—discharge curves. The capacitance of P(FcA-co-ANI) was
up to 433.1 F/g and was superior to the capacitance of PANI
(373.8 F/g) when the current density was 0.5 A/g. Furthermore,
C, was still 187.6F/g when the current density was increased to
3 A/g; this was ascribed to the fact that the redox reaction rate
and charge diffusion could not keep pace with the rapid change
in the potential. This result was explained as following. First,
the main chain of the copolymer had ferrocenyl with electron-
rich properties. Second, the m-conjugated structure and short
conjugated segment enhanced the electron transport and short-
ened the electrolyte ion-transmission paths.

100 -
\
—
~ gol | —®—P(FcA-co-ANI) P
IS
z —8—PANI 84.61%
b
2601 . -
] o P(FcA-co-ANI)— 1stcycle | <
g / v 1stcycle =7 PANI
= » 20 j ~
T A0fzw 7 |z
o Z o F = — /
s i< [ |8 <
o r i 14 gm
20| = i =
& 87.46%1000cycle | | 8461%1000cycle
02 L1 aliu“_m \o: 08 o8 oz o0 Oli‘““jl\tf;‘ 08 08
0 1 " 1 L 1 L 1 " 1 I 1
0 200 400 600 800 1000

Cycle number
Figure 13. Cyclic performance of P(FcA-co-ANI) and PANI at 0.5A/g for
1000 cycles. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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current impedance. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Cycling performance testing was carried out at a current density
of 0.5 A/g. As shown in Figure 13, P(FcA-co-ANI) presented
satisfactory cycling stability after 1000 cycles, and C; retained a
value of 87.46%, which was better than that of PANI (84.61%).
This was mainly due to the degree of molecular regularity being
affected by ferrocenyl in the main chain.

As shown in Figure 14, EIS was measured in the frequency
range from 10° to 10 % Hz. The Nyquist plots of P(EcA-co-
ANI) and PANI were an almost semicircle in the high-frequency
region and a line almost straight from the real axis in the low-
frequency region, respectively. The verticality of the copolymer
was better than that of PANIL The intercepts of the curves of
the copolymer indicated the contact resistance was 5.2 Q, and
that of PANI was 3.6 Q. The interracial charge-transfer resist-
ance was calculated with the diameter of the semicircle.”**” The
charge-transfer resistance of P(FcA-co-ANI) was 13.5 €, which
was smaller than that of PANI (15.6 Q).

CONCLUSIONS

A novel electroactive copolymer with a special structure was
prepared through simple electrochemical polymerization. The
structure of the monomer and copolymer were evaluated from
FTIR spectroscopy, 'H-NMR, XRD, and SEM. The results
showed that FcA existed as hyperconjugation forms, this gave
the copolymer excellent electrochemical properties. The effects
of the monomer molar ratios and scan rate were examined to
gain the optimal synthesis conditions of the copolymer. The C
of P(FcA-co-ANI) was as high as 433.1 F/g at 0.5 A/g, and the
internal resistance was small enough. The electrochemical prop-
erties of the copolymer were studied in detail. The results
showed that three redox transformations appeared in the CV
curve of the copolymer, furthermore, the C; of P(FcA-co-ANI)
was superior to that of PANI The diffusion resistance was very
small, and the durability was good enough. Therefore, P(FcA-
co-ANI) could be used for the development of new conducting

polymers.
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