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ABSTRACT: The hydrogen bonding between phenolic compounds (phenol (Ph), catechol (Ct), resorcinol (Rs), and hydroquinone
(Hq)) is investigated at pH 4. The oxidation behaviors of total phenolic compounds (TotPh) are different from their individual
behaviors due to the existence of intermolecular hydrogen-bonded oligomeric clusters. Theoretical calculations and voltammetric and
spectroscopic evidences support the intermolecular hydrogen bonding. The interaction of the phenolic compounds with polyaniline
(PANI) and poly(vinylferrocenium) (PVE") films are also investigated electrochemically and spectroscopically. The phenolic molecules
are immobilized in both polymers due to the construction of hydrogen bonds by PANI and the complexation with PVE™. In addition,
Ct and Hq are catalytically oxidized by PANI. Determinations of Ct and TotPh are performed on PVE*—PANI composite-coated Pt
electrode using amperometric -t method. Composite coating exhibits significant electrochemical activity toward Ct and TotPh, with
high sensitivity and a wide linearity range. The steady-state currents versus concentration of Ct and TotPh are found to be linear in
the range of 1.35 X 107 °—50.0 mM and 4.10 X 10~ *—560 mM for two linear regions, respectively. © 2016 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2016, 133, 43596.
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INTRODUCTION

Hydrogen bonds are relatively weak interactions between mole-
cules and yet they are of paramount importance in chemistry
and pivotal in determining biomolecular structure and func-
tion." This type of interaction governs many biologically impor-
tant processes in which the enzymatic catalysis is particularly
relevant.>® R. Vianello et al. performed a comparative spectro-
scopic study and a computational study of the vibrational OH
stretching frequencies in liquid ethanol—ethanol and liquid etha-
nol-N-methylimidazole dimmers.* The latter system mimics the
hydrogen bond formation between serine and histidine residues,
which is the incipient step in the enzymatic activity of the cata-
lytic triads. Hydrogen bonding is one mechanism for the sorp-
tion of organic compounds on carbon-based sorbents and
amine-modified hyper-cross-linked polymeric adsorbent.>® The
—OH substitution on the phenolic and the hydroxyl/carboxylic
groups on the carbon nanotube (CNT) surface may form

hydrogen bonds that may also be formed between surface-
adsorbed and dissolved phenolic.”

In the family of conducting polymers, PANI has been one of
the most studied conducting polymers, on account of its ease of
synthesis, high electrical conductivity, good redox reversibility,
environmental stability, simple doping/dedoping chemistry, and
its ability to catalyze electrochemical redox reactions of some
inorganic ions and organic compounds.® PANT can be used as a
mediator in the electrocatalytic field such as Fe*'**)° and
hydroquinone/benzoquinone.'® Ferrocene and its derivatives are
the most frequently studied modifiers of electrodes as they pos-
sess an electroactive ferrocenyl group that displays rapid hetero-
geneous transfer Similarly, PVF™-modified
electrode has received much attention mainly due to its interest-
ing redox characteristics and its application as an electrocatalyst
and a sensor.'' PVF"-coated electrode was found to catalyze the
electro-oxidation and electroreduction of some organic species

electron rates.

Additional Supporting Information may be found in the online version of this article.
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such as anthracene in acetonitrile and the electro-oxidation of
H,O, in aqueous solution.'? Furthermore, it was demonstrated
that this coating could be used as a preconcentration agent for
the analysis of some anions in aqueous medium." In our previ-
ous studies, PVE"—PANI composite-coated electrode was elec-
trochemically prepared on Pt combining
electrocatalytic properties of an intrinsically conducting polymer
and a redox polymer. PANI and PVF" polymers were codepos-
ited from a methylene chloride solution, containing PVF poly-
mer and aniline monomer."*

electrode for

Phenolic compounds are widely dispersed in natural water and
wastewater due to numerous contaminants released by industrial
processes of plastics, natural degradation of humic and lignocel-
lulosic substances, as well as paints, photographic chemicals,
pharmaceutical preparations, pesticides, antioxidants,
paper, and cellulose.'”” These are scattered over a broad area,
which result in serious environmental concerns because of their
toxicity, low biodegradability, and their ability to build up poten-
tial in plants and tissues. To give an example, fish living in pol-
luted lakes and streams are exposed to these compounds which
cause an unfavorable odor and taste in both lakes and fish. They
are considered by both the US Environmental Protection Agency
(EPA) and the European Union (EU) to be the primary pollu-
tants to the environment as a result of their uses.'®'” To deter-
mine these toxic compounds, some instrumental techniques such
as gas, liquid chromatography, capillary electrochromatography,
and spectrophotometry are used which give sensitive and reliable
results.’®2° However, these instrumental methods are expensive,
time-, and reagent-consuming and have numerous co-existent
interferences. Therefore, it is of utmost importance to develop a
sensitive analytical method for the determination of phenolic
compounds. Electrochemical methods, involving the development
of chemical sensors and chemically modified electrodes have
been utilized; motivations underlying the modification of the
electrode surface are (i) improved electrocatalysis, (ii) absence of
surface fouling, and (iii) prevention of undesirable reactions
competing kinetically with the desired electrode process.*’
Recently, there has been a tendency to use chemically modified
electrodes with and without bacteria to electrochemically deter-
mine phenolic compounds.”>** Biosensors, based on immobi-
lized peroxidases, such as horseradish peroxidase,® polyphenol
oxidase, or tyrosinase® have been used for phenol detection.

resins,

In this study, the influence of the hydrogen bonds on electrochemical
and spectroscopic behaviors of phenolic compounds is investigated.
The feasibility of the hydrogen bonding between PANI and phenolic
molecules and among phenolic molecules is elucidated by theoretical
calculation. The interaction of the phenolic compounds with PVF"
homopolymer film is also investigated electrochemically and spectro-
scopically. Eventually, amperometric determinations of Ct and TotPh
are examined by using PVF'—PANI composite-coated electrode
because of the importance of their quantitative analysis in pharma-
ceutics and environmental areas, respectively.

EXPERIMENTAL

Chemicals
Aniline (Riedel de Haen) was vacuum-—distilled before use.
Methylene chloride (Riedel de Haen), used for preparing poly-
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merization solutions, was kept under a nitrogen atmosphere.
Tetra-n-butylammonium perchlorate (TBAP), used as support-
ing electrolyte in nonaqueous medium, was obtained by the
reaction of tetra-n-butylammonium hydroxide (40% aqueous
solution, Merck) with perchloric acid (BDH), and recrystallized
from the 1:9 mixture of water and ethyl alcohol by volume for
several times. It was then dried at 120°C under vacuum for
12 h and kept under nitrogen atmosphere. Doubly distilled
water was used to prepare the aqueous solutions. Sulphate
buffer solution (SBS) at pH 4 was prepared using NaHSO,
(Merck) and Na,SO, (Merck). Phenolic solutions prepared in
SBS at pH 4 were deoxygenated by bubbling pure nitrogen gas
(BOS) prior to the use in electrochemical experiments.

Electrochemical Cell and Electrodes

The electrochemical cell had five inlets, three of which were
used for the electrodes and the other two for nitrogen gas inlet
and outlet. In methylene chloride, the reference and counter
electrodes were Ag/AgCl (sat) and Pt spiral in separate compart-
ments, containing methylene chloride/100 mM TBAP solution,
respectively. In aqueous medium, a saturated calomel electrode
(SCE) was used as the reference electrode and a Pt wire elec-
trode was used as the counter electrode. Working electrode was
a Pt disc electrode (A =7.85 X 10> cm?) for the cyclic voltam-
metric studies. Before each experiment, the working electrode
was polished with alumina (5.0 pum), then rinsed with twice-
distilled water, cleaned in ultrasonic bath and dried. Finally, the
electrode was washed with methylene chloride, and dried before
use. Macro polymer films were prepared on a Pt foil
(A=1.0 cm?). This electrode was cleaned by being held in
flame for a few minutes. The electrodes were rinsed with meth-
ylene chloride and dried before use. Electrochemical studies
were carried out with CH Instruments System, Model 660B.

Synthesis of PVF*—PANI Composite and Its

Homopolymer Films

Poly(vinylferrocene) (PVF) was synthesized using the method of
chemical polymerization of vinylferrocene (Aldrich).”” The
green-colored PVE*(CIO, ) redox polymer was synthesized on
Pt disc electrode in methylene chloride solution containing 100
mmol L™" TBAP/1.0 mg mL™" of PVF using potentiodynamic
method. When the potential range was applied from —0.20 to
1.80 V [versus Ag/AgCl (sat)], green-colored PVF+(CIO4_) film
was not observed on Pt electrode because of its reduction to
PVF and thus being stripped from the electrode surface by dis-
solution in methylene chloride.'* Nevertheless, the green
PVF+(CIO4_) film can be easily obtained on Pt disc electrode
surface when the lower potential is chosen as 0.20 V instead of
—0.20 V.'"* Therefore, PVF*—PANI composite-coated Pt elec-
trode was prepared in 100 mM TBAP/33.0 mM HCIO,/1.0 mg
mL~" PVF/100 mM aniline monomer solution by sweeping the
potential region between 0.20 and 1.80 V [versus Ag/AgCl
(sat)], at a scan rate of 100 mV s~ '. For comparison, PANI-
coated electrode was also prepared in a methylene chloride solu-
tion, containing 100 mM TBAP/33.0 mM HClIO,/50.0 mM ani-
line monomer under the same condition.

The polymerization solutions were deoxygenated by bubbling
pure nitrogen gas before electrochemical coating. Ultraviolet—
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visible (UV-vis) spectra were recorded at room temperature on
a Double Beam PC8 Scanning Auto Cell UVD-3200 spectro-
photometer. Fourier Transform Infrared (FTIR) spectra of the
polymer coatings were recorded directly with a Perkin Elmer
Spectrum One B spectrometer with ATR attachment.

Theoretical Calculation for Hydrogen Bonding

Theoretical calculations were performed by using the semiem-
pirical (AM1) method*®?* in the HYPERCHEM 6.0 package,
and a Pentium III 600 MHz computer. These methods were
used to investigate the aromatic character of compounds®®’!
and to study some complex structures such as polymers.*>*
The hydrogen bond lengths were calculated using the molecular
mechanic MM2 method in Chem3D. In the calculations of the
total energies (TE) and heats of formation (Hf), semiempirical
AM1 method was used.

RESULTS AND DISCUSSION

Phenolic Compounds

The Effects of Intermolecular Hydrogen Bonding on the
Electro-Oxidation Behavior of Phenolic Compounds. Figure
1(a—d) shows the cyclic voltammograms of Ph, Ct, Rs, and Hq
recorded on bare Pt electrode in the SBS at pH 4. Broad oxida-
tion peaks of Ph, Ct, Rs, and Hq are observed at about 0.90,
0.70, 0.85, and 0.55 V (versus SCE), respectively. When the
cyclic voltammogram is taken from SBS, including 5.00 mM of
Ph, Ct, Rs, and Hq at pH 4 each, a broad oxidation peak
appears after 0.40 V instead of their individual peaks. This may
be due to the forming of hydrogen-bonded oligomeric clusters,
established by different phenolic molecules in this medium. The
involvement of the various chain lengths in such oligomeric
clusters may cause the oxidation peak to broaden. The solutions
were also prepared by mixing Ph, Ct, Rs, and Hq solutions with
a different sequence, and their voltammograms were recorded.
Supporting Information, Table S1 lists the peak potentials and
the peak currents, measured from these voltammograms. As
seen in the table, the oxidation peak potentials and peak inten-
sities are different in each case. Furthermore, the solution was
prepared in the way in which the weighed solids of phenolic
compounds were mixed in a beaker and then the mixture was
dissolved in SBS. The concentration of each compound was
5.00 mM. The cyclic voltammogram of this mixture is given in
Figure 1(e). The oxidation peak potential and its intensity are
different from those of other quaternaries, as presented in Sup-
porting Information, Table SI. Consequently, the variable
results, obtained from the same solution that was prepared in
different ways, indicate that all phenolic species are able to form
the intermolecular hydrogen bond with each other. Supporting
Information, Table S1 shows the results obtained from the cyclic
voltammograms recorded from SBS, containing two of the phe-
nolic species. Instead of their individual peaks, broad oxidation
peaks appear, which is similar to the quaternaries. Therefore, it
can be concluded that various hydrogen-bonded oligomeric
clusters may form depending on the solution prepared in differ-
ent ways.

The phenolic molecules are oxidized to their cation radicals at
their own oxidation potentials. The cation radicals are converted
into their radicalic species by losing one mole proton in aque-
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Figure 1. The cyclic voltammogram of 5.00 mM of (a) Ph, (b) Ct, (¢) Rs,
and (d) Hq in sulphate buffer solution (SBS) at pH 4; (e) a solution
prepared mixing the solids of Ph+Rs+ Ct+Hq in SBS at pH 4,
Cphenolic compound = 5.00 mM), scan rate (v) = 100 mV s~ . [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ous solution. Radicalic species of Ct and Hq, whose radicalic
center can be positioned on the carbon conjoint with oxygen
atom in resonance form are oxidized once more at their own
oxidation potentials. The resulting products are their quinoid
structures as seen in the following equations.’>*

O == O O O O] =2

R1

OH o* ]

q==(b—g-Ol==g

OH

Conversely, the radicalic species of Ph and Rs combine and
form their dimers as the examples indicated in the following
equations.”” ™’

<2 (Y (Y
. (o] o] o OH
TS e R 0 (5o
H R3
H

OH o o o .
], ==, o4
-— -— -—
OH OH OH 3~ TOH OH
H
OH OH
OH

[o] (]
HH [e] i [o]
oo e ons|
OH OH OH OH

OH R4

The Effects of Intermolecular Hydrogen Bonding on the
Spectroscopic Behavior of Phenolic Compounds. The effect of
intermolecular hydrogen bonding on the spectroscopic behavior
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Figure 2. (A) UV-vis spectra of (a) Hg, (c) Rs, and (e) Ct solutions
freshly prepared in nitrogen atmosphere at pH 4; and the same solutions (b)
Hg, (d) Rs, and (f) Ct left to open air for 30 min. (B) UV-vis spectra of (a)
500 mM Ph solution (c) a solution freshly prepared mixing from the solids of
Ph + Rs + Ct + Hq in nitrogen atmosphere at pH 4 (SBS); and the same solu-
tions (b) Ph (d) Ph + Rs + Ct + Hq left to open air for 30 min. (C) UV-Vis
spectra of (a) Ct and (c) Hq solutions freshly prepared in nitrogen atmosphere
at pH 4 (SBS); and the same (b) Ct and (d) Hq solutions after being immersed
of PANI film for 30 min in nitrogen atmosphere, Ceach phenolic compound
=500 mM. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

was investigated. Each phenolic compound was dissolved in SBS
at pH 4, and their colorless solutions were left in open air for
24 h to be oxidized by oxygen. It was observed that the colors
of Ph and Ct solutions did not change. On the other hand, the
Rs and Hq solutions turned into pale yellow and brown, respec-
tively. Figure 2(A,B) shows the UV-vis spectra of the phenolic
solutions before and after this treatment. The new peak was
observed at 430 nm in the UV-vis spectra for Hq solution,
compared to that of freshly prepared clear solution [Figure
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2(Aa,b)]. Also, the absorption intensity in UV and vis regions
increases for Rs solution [Figure 2(Ac,d)]. This might be due to
the oxidation of Hq to benzoquinone and the oxidation of Rs
to oligomeric species, respectively. Although the color of Ct
solution did not change after treatment, it is clear that the spec-
trum in the UV region is different [Figure 2(Ae,f)]. The UV-vis
spectrum of Ph solution did not change after being left in open
air as seen in Figure 2(Ba,b). In the case of the solution pre-
pared by mixing the solids from each phenolic compound, the
uncolored solution (and also the UV-vis spectrum) did not
change after being left in open air [Figure 2(Bc,d)]. In other
words, Hq, Rs, and Ct in this solution were not oxidized by
oxygen in the air, unlike their individual solutions. This is an
evidence for the fact that the phenolic molecules are bound by
intermolecular hydrogen bonding. The oxidations of Hgq, Rs,
and Ct molecules are hindered by the bonding of different phe-
nolic molecules.

Theoretical Calculations for Hydrogen Bonding. To investigate
the formation of the hydrogen bonding between phenolic com-
pounds, theoretical calculations were performed using Chem3D
and semiempirical Austin Model 1 (AM1). Table I shows the
probable hydrogen-bonded monomers and dimmers of phenolic
compounds, and their heats of formation (Hy), total energies
(TE), and hydrogen bond lengths. Here, A and B represent the
single and double hydrogen-bonded dimmers, respectively
(Table I and Supporting Information, Schema S1). AH; value is
the difference between the H; value of hydrogen-bonded
dimmer and the total H; values of its monomers such as
AH¢;=[H; (Rs — Hq)] — [Hf (Rs) + Hr (Hq)] for Rs-Hq A
molecule. The negative sign shows that the hydrogen-bonded
dimmer is more stable than its monomers. The inspection of
the values in Table I leads to the prediction that the intermolecu-
lar hydrogen-bonded dimmers are most probably formed instead
of intramolecular hydrogen-bonded monomers, since AHy and
TE values are minimal in such dimmers. When A and B type
hydrogen-bonded dimmers are compared, it can be seen that
single hydrogen bonding (A type) is preferred. The hydrogen
bond length values also support the feasibility of the formation
of hydrogen bonds.**™** Consequently, it can be suggested that
the hydrogen-bonded dimmers, trimmers, and oligomeric clus-
ters are formed among the same and/or different phenolic mol-
ecules. This result is compatible with that of UV—vis and cyclic
voltammogram obtained above.

PANI

To combine the electrocatalytic properties of intrinsically con-
ducting polymer and redox polymer, the PVF'-PANI
composite-coated electrode is prepared electrochemically and its
performance is examined in the amperometric determination of
Ct and TotPh compounds. At first, the interaction of phenolic
molecules with its homopolymers (PANI and PVE") is investi-
gated spectroscopically, voltammetrically, and theoretically.
Therefore, PANI-coated electrode was prepared in a methylene
chloride solution, containing aniline monomer and HCIO, by
sweeping the potential region between 0.20 and 1.80 V [versus

Ag/AgCl (sat)], at a scan rate of 100 mV s L
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Table I. Heats of formation and Hydrogen Bond Lengths Calculated by Using AM1 Method and Total Energy Values Calculated Using ab initio
(STO-3G) Method for the Phenolic Molecules and Their Intramolecular and Intermolecular Hydrogen-Bonded Species

Hydrogen bond length (&)

Hs (kcal mol=1) AH; Intramolecular Intermolecular TE (kcal mol™1)
Ph —-22.4085 —-27003. 15
Ph-Ph A —-47.8839 -3.07 2177 —-540009. 36
Ct —66.4930 —34396. 37
‘Ct —-66.8628 -0.37 2.256 —34396.74
Ct-Ct A -137.431 —4.44 2170 -68797.19
Ct-CtB -137.291 -4.31 2.150 (2.99) -68797.05
Rs -66.9661 —34396.85
Rs-Rs A -137.280 -3.34 2175 -68797.04
Rs-Rs B -136.841 -291 2.313 (3.780) —68796.60
Hq -66.1631 —-34396.04
Hg-Hg A — 135,738 -3.41 2.187 -68795.50
Hg-Hg B -132.846 -0.52 5.293 (4.984) -68792.61
Ph-Ct A —-91.9069 -3.00 2.178 -61402.52
Ph-Rs A —-92.0592 -2.68 2.180 —-61402.68
Ph-Hg A -91.2187 =265 2191 -61401.84
"Ct-Rs A -136.017 -2.56 2.159 -68795.77
Ct-Hg A -133.868 —1.21 2.266 -68793.63
Rs-Hg A -136.319 -3.19 2.168 -68796.08
“Ct-Rs B —-131.427 2.03 2.366 (2.3606) —-68791.19
Ct-Hg B -132.541 0.12 4.898 (4.154) -68792.30
Rs-Hg B -135.446 —2.32 2.983 (4.753) -68795.20

*Intramolecular
hydrogen-bonded Ct

H
o %

<)

= 5% [ntermolecular hydmgen—hnndmd
Ct— RsA Ct-RsB

wH—g

(IQGKD

A and B represent single and double hydrogen-bonded dimers, respectively. (The structure of monomers and dimers are given for Ct in the table as an

example. Look at Supporting Information, Schema S1 for other structures.)

Fourier Transform Infrared. The immobilization of phenolic
molecules in PANI polymer was investigated by FTIR measure-
ment. PANI films, deposited on Pt electrode, were immersed in
500 mM Ph, Ct, Rs, and Hq solutions under nitrogen atmos-
phere for 30 min. Then, they were immersed in the phenolic
compound-free SBS, so that this compound adsorbed on elec-
trode surface was removed. This cleaning procedure was
repeated three times to remove residual phenolic compounds.
Figure 3(A) shows the FTIR spectra of the films before and after
this treatment.

First, FTIR spectrum of PANI polymer is characterized. This
spectrum shows the characteristics similar to the literature
reports®>™> with vibration bands of a doped polyaniline struc-
ture. The spectrum of PANI polymer shows main peaks at
about 1561 and 1492 cm ™', corresponding to quinine and ben-
zene ring-stretching deformations, respectively.*> The band char-
acteristic of the conducting protonated form is observed at
1243 cm ™" and is interpreted as a —C—N"" stretching vibration
in the polaron structure.” The absorption peaks at 742 and
1142 cm™ " are assigned to —C—H bending outside and inside
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of plane, respectively."® Out-of-plane bending deformations of
—C—H on 1,4 disubstituted rings are located in the region of
800-880 cm™'.*” The broad band at 1083 cm™' is related to
positive charges in the polymer chains.*® The peak at 625 cm™'
is also assigned to Cl—O stretching due to ClO,.**

Second, the FTIR spectra of PANI polymers, immersed one by
one in Ph, Ct, Rs, and Hq solutions, are also evaluated [Figure
3(A)]. As seen in these spectra, an additional peak together
with the peaks of PANI polymer is observed at 1385 cm™ ,*
after being immersed in phenolic solutions. When compared to
the spectra of phenolic molecules, this peak might belong to in-
plane O—H bending in phenolic molecules, which means that
the phenolic molecules do not remove the polymer structure
after cleaning. This experimental result proves that the phenolic
molecules are immobilized on the polymer matrix.

UV-vis. When PANI films deposited on Pt foil electrodes were
separately immersed in the colorless phenolic solutions (the
concentration of each solution is 500 mM) under nitrogen
atmosphere, it was observed that the colors of Ph and Rs
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Figure 3. (A) FTIR spectra of PANI coatings before and after being
immersed in Ph, Rs, Ct, and Hq solutions at pH 4 in nitrogen atmosphere.
(B) FTIR spectra of PVE™ coatings before and after being immersed in the
Ph, Rs, Ct, and Hq solutions at pH 4 in nitrogen atmosphere, ¢;henolic compound
=500 mM. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com. ]

solutions did not change. On the other hand, the color of solu-
tions containing Ct and Hq turned into pink and yellow after
treatment, respectively. The UV-vis spectra of these solutions
before and after immersion were taken [Figure 2(C)]. When
these spectra are compared with the UV-vis spectra of Ct and
Hq solutions that were left in open air to be oxidized by oxygen
[Figure 2(A)], the color changes could be interpreted as oxida-
tion. Ct and Hq molecules might be chemically oxidized to
their quinoid structures by quinoid structure of PANI chains.>

OH
PANLquinoidy + @: —»  PANIhenzeniay + CE: RS
OH

]

OH
PANI(quinnid) + <j — PANI(benzenoid) + R6
OH

o]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43596 (6 of 12)

A 9.0 L L L L 1 L L L
8.0

7.0

Current / 107 A

T T T T T T 2
0 010 020 030 040 050 060 070 080  0.90
Potential / V vs SCE

B s . . . . .

il
o =
e

5.0
4.0 9

Current / 10° A

o
tu i o = p e
o e a0 0 0o

L T

0 010 020 030 040 050 060 070 080 090
Potential / V vs SCE

Figure 4. (A) Cyclic voltammograms recorded in SBS at pH 4 for (a)
PANI film and PANI films having been immersed in SBS containing (b)
Ph, (c) Ct, (d) Rs, and (e) Hq, v=100 mV s 1. (B) Cyclic voltammo-
grams recorded in SBS at pH 4 for (a) PVF' film and PVE" films after
being immersed in SBS containing (b) Ph, (c¢) Ct, (d) Rs, and (e) Hq at
PH 4, Ghenolic compound = 5.00 mM, v=100 mV s L. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

In other words, these reactions provide the catalytical oxidation
of Ct and Hq molecules which also hinder the overoxidation of
PANI polymer in aqueous solution during the amperometric
measurement.

Cyclic Voltammetry. The chemical reaction between PANI and
phenolic compounds stated above was also investigated by cyclic
voltammetry. PANI films deposited on Pt electrode were sepa-
rately immersed in 500 mM Ph, Ct, Rs, and Hq solutions at pH
4 under nitrogen atmosphere for 30 min and then immersed in
the phenolic compound-free SBS so that this compound
adsorbed on electrode surface was removed. Figure 4(A) shows
the cyclic voltammograms recorded in SBS at pH 4 for these
films after treatment and nontreatment of PANI film for com-
parison. As seen in this figure, the electroactivities of PANI
films are significantly enhanced in the case of Ct and especially
Hq. This is an evidence for the fact that the quinoid structures
of PANI chains are chemically reduced to the benzenoid struc-
tures by Ct and Hq molecules.

Theoretical Calculations. Theoretical calculations are also per-
formed to estimate whether there is hydrogen bonding between
phenolic molecules and PANI. Table II shows the probable
hydrogen-bonded species and their heats of formation, total
energies, and hydrogen bond lengths. The results show the feasi-
bility of the formation of hydrogen bonds from both imine and

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43596


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

CIENC

Table II. Heats of formation and Hydrogen Bond Lengths Calculated by Using AM1 Method and Total Energy Values Calculated through ab initio
(STO-3G) Method for PANI and Its Hydrogen-Bonded Dimers with Phenolic Compounds

Hs (kcal mol™1) AHs Hydrogen bond length (A) TE (kcal mol™?)

Ph —-22.4085 —-27003.15

Ct —-66.4930 —34396.37

Rs —66.9661 —34396.85

Hqg —-66.1631 -34396.04

PANI 167.755 —-101317.57
PANI(@amine)-Ph 144.316 —-45.850 2.773 -128321.75
PANI(imine)-Ph 143.422 —-46.940 2.570 —-128322.65
"PANI(amine)-Ct 99.4561 —-133.34 2774 —-135715.75
“PANI(imine)-Ct 100.504 -131.91 2.774 —-135714.70
PANI(@amine)-Rs 100.897 —-133.83 2.762 —-135714.68
PANI(imine)-Rs 98.3012 —-136.42 2.730 —-135716.27
PANI(amine)-Hq 100.926 —-132.99 2.767 -135714.28
PANI(imine)-Hqg 99.7373 —-134.18 2.671 —-135715.47

*PANI(amine) — Ct:

**PANI(imine) - Ct:

~%§@@=@
A O

OH

The structure of hydrogen-bonded monomer and dimers are given for Ct in the table as an example.

amine centers of PANI. A comparison of the calculated AHj
TE, and hydrogen bond lengths for the hydrogen-bonded spe-
cies reveals that hydrogen bonding preferably occurs on imine
centers of PANI for Ph, Rs, and Hq molecules. However, it
occurs on amine centers for Ct. Most importantly, it can be
concluded that phenolic molecules are immobilized into both
imine and amine centers of the PANI chain.

PVF"

The interaction of phenolic molecules with PVE™ polymer is
also investigated spectroscopically and voltammetrically. There-
fore, PVF"-coated electrode was prepared in a methylene chlo-
ride solution containing PVF polymer and HCIO, by sweeping
the potential region between 0.20 and 1.80 V [versus Ag/AgCl
(sat)], at a scan rate of 100 mV s '

Fourier Transform Infrared. PVF" films deposited on Pt elec-
trode were immersed in 500 mM Ph, Ct, Rs, and Hq solutions
at pH 4 under nitrogen atmosphere for 30 min and then
immersed in the phenolic compound-free SBS, so that this
compound adsorbed on electrode surface was removed. Figure
3(B) shows the FTIR spectra of the films before and after these
treatments. First, FTIR spectrum of PVF" polymer is character-
ized. In the spectrum, the following characteristic peaks appear:
—C=C— skeleton stretching in aromatic structure at 1419,
1466, and 1632 cm™';*® aromatic —C—H out-of-plane bending
at 870 cm'; aliphatic —C—H stretching at 2851 and
2923 cm™ '; —C—H stretching in aromatic pentadienyl cycle at
3100 cm ™ '.***" The broad band at 1083 cm ™' is related to pos-
itive charges in the polymer chains.*® The peak at 625 cm™' is
also assigned to Cl—O stretching due to ClO,.*® Second, the
FTIR spectra of PVF™ polymers, each being separately
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immersed in Ph, Ct, Rs, and Hq solutions, are also evaluated
[Figure 3(B)]. A comparison of FTIR spectra of the films before
and after the treatments reveals that an additional peak with the
peaks of PVE" polymer was clearly observed at 1385 cm™',*
which was in-plane —O—H bending after being immersed in
the phenolic solutions, as in the case of PANI polymer. To put
it differently, all the phenolic molecules were also immobilized

into PVF" polymer.

UV-vis. PVE™ films deposited on Pt foil electrodes were sepa-
rately immersed in the colorless phenolic solutions (the concen-
tration of each solution is 500 mM) under nitrogen
atmosphere. The green-colored PVE"-coated electrode turned
into yellow after being immersed in the phenolic solutions, and
fragments of the film also peeled off at places on the electrode
surface. On the other hand, it was observed that the colors (and
also the UV—-vis spectra) of phenolic solutions did not change
after treatment. This means that Ct and Hq molecules are not
oxidized by PVF™ polymer, unlike those of PANI polymer.

Cyclic Voltammetry. Electrochemical behavior of phenolic com-
pounds on PVF"-coated electrode was also investigated. Figure
4(B) shows the cyclic voltammograms of PVF" films taken as
soon as they were immersed in SBS solutions containing pheno-
lic compounds at pH 4 without the film being peeled off at pla-
ces from the electrode surface. For comparison, the cyclic
voltammogram of PVF"-coated electrode is given in the same
figure [Figure 4(Ba)]. It is clear from the comparison of these
cyclic voltammograms that the oxidation of the PVF shifted to
lower potentials while also increasing its intensity in the pres-
ence of phenolic compounds. Consequently, it can be suggested
that iron ions in ferrocene moieties of PVE' could form

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43596

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
&0 ; ) . : . . 40-
<)
A 5.0 A 354 o S (.
09 (b) ;1 3.0+ . i A& A A .
< 30 s L. . ™ (b)
v"a 2.0 < @ A
10 z 2.0+ . A
£ 0 (@) = 15 & u
E = & A
£ -0 U 104 s
O 2.0 0.5+ "21 (a)
SR gbsert * * ¢ ; ; ; ; ;
4.0 0 10 20 30 40 50 60 70 80
5.0 - : - . : . - . Concentration / mM
0 010 020 030 040 050 060 070 080 090
Potential / V vs SCE B ©
8.0 &M .
B],z L L n s L L L L <™ .-‘.::“A.
15 L 60 i o b (b)
i Z se e
.,< 0.6 - (b) § i . ® ‘ A
E 0.4 } ; 3.0 . : “*
£ Y B S | s wiiw 8 e @
G o2 / gggler " o ; ‘ r ;
0k 0 100 200 300 400 500 600
0.6 Concentration / mM
WE Figure 6. (A) Influence of Ct concentration on current value measured at
0 010 020 030 040 0.50 060 070 080 090 optimum conditions for (a) bare Pt electrode (at 0.72 V), (b) PANI-

Potential / V vs SCE

Figure 5. (A) Cyclic voltammogram of 5.00 mM Ct in SBS at pH 4 (a) on
bare Pt electrode, (b) on PVF-PANI-coated electrode, and (c) electrochemi-
cal behavior of PVF*—PANI film. (B) Cyclic voltammogram of 20.0 mM
TotPh in SBS at pH 4 (a) on bare Pt electrode, (b) on PVF"—PANI-coated
electrode, and (c) electrochemical behavior of PVF"—PANI film in SBS at
pH 4, v=100 mV s 1. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

complex structures with —OH group in the phenolic molecules.
In the literature, it was demonstrated that some phenolic species
form chelate ions with Fe?" and Fe’" ions.”? Thus, it can be
concluded that concentration of phenolic compounds increases
on the electrode surface due to the formation of complex.

PVF"—PANI Composite

PVF"—PANI composite-coated electrode was electrochemically
prepared by codepositing PANT and PVF" polymers on Pt elec-
trode in a methylene chloride solution containing PVF polymer,
aniline monomer, and HClO,4."* Supporting Information, Figure
S1 shows the cyclic voltammetric scans taken during deposition
in the potential region between 0.20 and 1.80 V [versus Ag/AgCl
(sat)]. Aniline monomer and PVF polymer are oxidized at
about 1.30 and 0.50 V [versus Ag/AgCl (sat)] in this medium,
respectively.'* Therefore, PANI and PVE" polymers are simulta-
neously deposited and encapsulated within each other as a mix-
ture during the deposition of the composite film. The
encapsulation of PVF* polymer inside the growing PANI poly-
mer provides the retainment of PVE' on the electrode surface
even if the polymer forms complex structures with phenolic
molecules during immersion.

Determination of Catechol and Total Phenolic Compounds. Dark-
green-colored PVFT—PANI composite-coated electrode was
examined for the determination of Ct and TotPh because of the

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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coated (at 0.55 V), and (c) PVF*—PANI composite-coated (at 0.50 V) Pt
electrodes. (B) Influence of TotPh concentration on current value meas-
ured at optimum conditions for (a) bare Pt electrode (at 0.68 V), (b)
PANI-coated (at 0.60 V), and (c) PVFT—PANI composite-coated (at 0.45
V) Pt electrodes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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0 10 20 30 40 50

Concentration / mM
Figure 7. (a) Amperometric I-t curve recorded at 0.50 V (versus SCE) on
the successive additions of various Ct concentrations over PVF"—PANI
coating obtained from the methylene chloride/100 mM TBAP solution
containing 1.00 mg/mL PVE 100 mM aniline, and 33.0 mM HCIO, (b)
its calibration curve for linearity range of Ct concentration.
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Figure 8. (a) Amperometric I-t curve recorded at 0.45 V (versus SCE) on
the successive additions of various TotPh concentrations over PVF"—PANI
coating obtained from the methylene chloride/100 mM TBAP solution
containing 1.00 mg/mL PVE 100 mM aniline, and 33.0 mM HCIO, (b)
its calibration curve for linearity range of TotPh concentration. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

importance of their quantitative analysis in the pharmaceutics
and environmental areas, respectively. The construction of
hydrogen bonds by PANI and complexation by PVE" ensure
immobilization of phenolic molecules into both polymers in the
composite film as indicated above. PVF™ polymer can also
work as an electron transfer mediator in the composite film.
Thus, it is expected that the concentrations of the phenolic
compounds increase on the electrode surface. Figure 5(A,B)
shows the feasibility of this expectation. As seen in these figures,
the oxidation peak intensities of Ct and TotPh significantly
increase on composite-coated electrodes [Figure 5(Ab,Bb)]
when compared to those of bare Pt and solely composite
coating.

The responses of composite-coated electrodes to Ct and TotPh
were investigated by using amperometric I-f method in SBS at
pH 4 and compared to those of PANI-coated and bare Pt elec-
trodes. PVE*-coated electrode could not be used because of the
partial peeling off the film from the electrode surface during
amperometric measurements. The applied potentials varying
between 0.45 and 0.60 V (versus SCE) were examined for
amperometric determination in an unstirred solution, and opti-
mum potentials were obtained for each electrode (Tables IIT and
IV). The steady-state current values recorded at their optimum
potentials were plotted against the bulk concentration of Ct and
TotPh using composite-coated electrode and also PANI-coated
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and bare Pt electrodes for comparison [Figure 6(A,B)]. While
low responses at bare Pt electrodes were observed, clear
increases were obtained at PANI-coated electrodes as seen in
these figures. The highest responses were observed at PVF'—
PANI composite-coated electrodes at 0.45 and 0.50 V for Ct
and TotPh, respectively. The amperometric curves and their cali-
bration curves plotted in the linear concentration range are
given in Figures 7 and 8 for the emphasized film, respectively.
Tables IIT and IV show the analytical parameters obtained from
these calibration curves besides those of PANI-coated and bare
Pt electrodes. Limit of detection (LOD) and limit of quantifica-
tion (LOQ) were calculated from the equations, 3 and 10 s/m,
respectively,”® “s” being calculated from the current responses of
the lowest concentration that generate a measurable current in
five replicate measurements.

As seen in Tables III and IV, the lowest potentials are deter-
mined as 0.50 and 0.45 V (versus SCE) on PVF"—PANI composite-
coated electrode for Ct and TotPh, respectively. The lowest
applied potentials and the highest responses indicate the stable
catalytic properties of the PVF'—PANI composite coating. The
responses could be conducted via two different mechanisms:
since PVE" forms complexion with phenolic molecules, PANI
immobilized them by the hydrogen bonding as indicated above.
In addition, PANT is chemically reduced by Ct and/or Hq due
to the catalytic reaction (R5 and R6). Meanwhile, the reduced
PANI is electrochemically oxidized at the applied potential for
Ct and TotPh determination (0.50 and 0.45 V). Thus, polarons
are regenerated in the PANI polymer. This reversible process

0.023 (a)
0.022 4 .
0.021 »
0.020 4
00197 e

0.018 4

Current/10° A

0.0174 *
.

e
0.016 -
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Figure 9. Influence of (a) Ph and (b) Rs concentrations on current values
measured at their optimum conditions (at 0.55 V) for PANI-coated Pt
electrode.
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Table II1. Analytical Parameters of Calibration Curves by Using Bare, PANI-Coated, and PVE*—PANT Composite-Coated Pt Electrodes for Determination

of Ct
Bare Pt PANI-coated Pt PVF*-PANI-coated Pt
Applied potential (V) 0.72 0.55 0.50
Sensitivity (LA mM™1) 0.34 0.57 0.73
R? 0.994 0.999 0.999
Linear range (mM) 3.48 x 107%-15.0 1.82 x 10°%-50.0 1.35 x 107%-50.0
Limit of quantification (LOQ) (MmM) 3.48 x 1073 1.82 x 108 1.35x 108
Limit of detection (LOD) (mM) 1.04 x 1078 545 x 1074 4.05 x 1074

continuously occurs during amperometric measurement. As a
result, the response of PANI-coated electrode is more sensitive
and in a larger linear range in comparison to that of bare elec-
trode. In addition, composite film is more sensitive than that of
PANI for both Ct and TotPh determination. The linear response
range obtained for Ct in this study is similar to that of elec-
trode in the literature; tryptophan-functionalized graphene elec-
trode (5.0 X 107°=5.0 X 107" mM),>* hexadecyl trimethyl
ammonium bromide functionalized graphene oxide/multiwalled
carbon nanotube modified electrode (1.0 X 107'—4.0 X 107"
mM),” poly(3-thiophenemalonic acid)-modified glassy carbon
electrode (7.81 X 107 '—=5.0 X 107" mM.>® The linear response
range obtained for TotPh in this study is similar to that of the
electrode in the literature; modifying a glassy carbon electrode
with composite film of graphene nanosheet and poly(4-vinyl-
pyridine) (1.0 X 107*=1.0 X 1072 mM)*’ and electrospun car-
bon nanofiber-modified carbon paste electrode (1.0 X
107°—2.0 X 107! mM).®

As seen in Figure 6(B), both films (PANI and PVF*-PANI)
have two linear fragments with different slopes for the determi-
nation of TotPh. This observation may arise from the presence
of four different phenolic compounds in the TotPh solution
because a similar property is not observed in the individual
determination of Ct [Figure 6(A)] and Hq.” To determine the
contributions of Ph and Rs to the response of TotPh, the
amperometric -t curves were recorded under their optimum
conditions on PANI-coated electrodes. Figure 9 shows the varia-
tion of current with concentration for Ph and Rs. Their current
values and linearity ranges are found to be so insignificant that

the contributions of Ph and Rs to the steady-state current of
TotPh could be neglected [Figures 7(b), 8(b), and 9]. The small
current values may arise from the coupling of cation radicals of
Ph and Rs with polaron of PANI and it results in the degrada-
tion of PANI polymer. Therefore, it is possible to predict that
the response of TotPh could be due to two—Ct and Hg-based
essential hydrogen-bonded clusters. While the upper limits of
linearity ranges were 50.0 mM for Ct (Table IIT) and 115 mM*
for Hq, this value is, on the other hand, above 600 mM for
TotPh due to the construction of intermolecular hydrogen
bonds among phenolic compounds (Table IV). It is interesting
that the intermolecular hydrogen bonding prevent degradation
of PANI film even in the presence of Ph and Rs.

Reproducibility of Composite-Coated Electrode. The reprodu-
cibility of PVE*—PANI composite-coated electrode was examined
for the determination of Ct and TotPh. Each measurement was
carried out using the freshly prepared composite-coated electrode.
Before each measurement, the composite-coated electrode was
reduced at 0.20 V [versus Ag/AgCl (sat)] in blank solution for 10
min. The relative standard deviations (RSD) were 0.29% and
1.17% (n=15) for 4.00 mM Ct and TotPh solutions, respectively.
RSD were, on the other hand, 3.80% and 4.54% for 0.50 mM Ct
and TotPh solutions, respectively. These results show that the
reproducibility of electrode is reasonably high even if the
responses were measured on the new coating in each case.

Reusability of Composite-Coated Electrode. The reusability of
PVE*—PANI composite-coated electrode was also investigated
over about a 5-week period. During this period, the prepared

Table IV. Analytical Parameters of Calibration Curves by Using Bare Pt, PANI-Coated, and PVE"—PANI Composite-Coated Pt Electrodes for Determina-

tion of TotPh

Bare Pt PANI-coated Pt PVF"-PANI-coated Pt
Applied potential (V) 0.68 0.60 0.45
Sensitivity (A mM~1) 0.066 [:0.20 1I: 0.10 l:0.241: 0.11
R? 0.991 [: 0.996 II: 0.992 I: 0.996 II: 0.987

Linear range (mM)

113 x 10°2-100.0

Limit of quantification 113 x 1072
(LOQ) (mM)
Limit of detection 3.38 x107°°

(LOD) (mM)

8.70 x 10°%-180.0
and 180.0-560

8.70 x 10~

260 x 104

410 x 10°%-180.0
and 180.0-560

410 x 10~ %

123 x10°*
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TotPh in SBS at I-t method,

et Totph = 5.00 mM.

pH 4 by using amperometric

electrodes were stored in nitrogen atmosphere. After measure-
ments, the composite-coated electrode was immersed in SBS at
pH 4 and then was reduced at 0.20 V [versus Ag/AgCl (sat)] for
10 min. Current values were measured at 0.50 and 0.45 V (versus
SCE) for 5.00 mM Ct and TotPh solutions, respectively. The plot
of current versus time was constructed (Figure 10). The current
values gradually decreased up to 28 days after which the electrode
responses nearly reached a steady-state current. As a result, this
electrode preserved 70% and 60% of its initial responses for Ct
and TotPh after reaching steady-state current, respectively. This
may arise from the chemical reaction between Ct, Hq com-
pounds, and PANI (R5, R6) as well as encapsulation of PVF™.
Chemical reaction hinders the overoxidation of polymer by caus-
ing the continuous reduction of PANL PVF® should have
reduced the electron transfer resistance of composite film.

CONCLUSIONS

This study demonstrates that the hydrogen bond formation
among different phenolic compounds affects electro-oxidation
and spectroscopic behaviors of phenolic compounds (Ph, Ct,
Rs, and Hq). The oxidation behaviors of total phenolic com-
pounds are different from their individual behaviors in sulphate
buffer solution at pH 4 due to the existence of the intermolecu-
lar hydrogen-bonded dimmers and/or oligomeric clusters. Inter-
molecular hydrogen bonding provides that the oxidations of
Hgq, Rs, and Ct molecules in TotPh are hindered by oxygen in
air. Theoretical predictions, UV-vis, and FTIR evidences sup-
port the intermolecular hydrogen bonding. The interaction of
the phenolic compounds with PANI and PVF" homopolymer
films are also investigated electrochemically and spectroscopi-
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cally. The results show that the phenolic molecules are immobi-
lized in both polymers, due to the construction of hydrogen
bonds by PANI and complexation with PVE", which enhance
determinations of Ct and TotPh. In addition, Ct and Hq are
catalytically oxidized by PANI. Determinations of Ct and TotPh
are examined on PVET—PANI composite-coated Pt electrode by
using amperometric I-t method because of the importance of
their quantitative analysis in pharmaceutics and environmental
areas, respectively. Composite coating exhibits significant elec-
trochemical activity toward Ct and TotPh in SBS at pH 4, with
high sensitivity and a wide linearity range when compared to
those of bare and PANI-coated Pt electrodes. The steady-state
current versus the concentration is linear in the range of 1.35 X
107°=50.0 mM for Ct, and is fitted better with two linear
regions, 4.10 X 10" *—180 mM and 180-560 mM for TotPh
and LOD is found to be 4.05 X 10~* mM at 0.50 V and 1.23 X
107* mM at 0.45 V (versus SCE), respectively.
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