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e of resorcinol based Belousov–
Zhabotinsky chemical oscillator in the presence or
absence of some hydrophobic antioxidants in
aqueous–organic mixed media

Nadeem Bashir Ganaie*ab and Ghulam Mustafa Peerzadaa

This study aims to overcome the difficulty of using hydrophobicmoieties like antioxidants, hormones, etc. in

oscillatory chemical reactions due to existing solubility problems in aqueous acid media. Several new

perturbants viz. hydrophobic antioxidants have been found to affect the oscillatory parameters under

batch conditions in the resorcinol based Belousov–Zhabotinsky (BZ) oscillating system performed in

aqueous–organic mixed media. The a-tocopherol, 4,4,4-trifluoro-3-methyl-2-butenoic acid, melatonin

and b-carotene react with radicals either generated from BZ reagents or from the organic solvents and

scavenge them. One to one interactions of these additives with resorcinol, bromate or Mn(II) ions have

been investigated using cyclic voltammetry and potentiometry. These interactions may lead to a better

understanding of their mechanism corresponding to their role in the BZ chemical oscillators. A

comparative trend of these antioxidants was observed. It is noteworthy to mention here that radical

based polymerization has been achieved using a specific solvent system containing monomers of that

polymer and an interesting behavior oscillatory parameters was observed during polymer synthesis in situ.
Introduction

Oscillating reactions are complex dynamic systems that involve
cyclic or periodic changes in the concentration of some ingre-
dients (whether a reactant, a product or an intermediate) with
time.1 This type of system has been known since 1910, when the
rst model for an oscillating chemical system was developed.2,3

Oscillating reactions have so far been analyzed mainly in
physico-chemical terms in order to elucidate the complex
mechanism involved. Two of the better known oscillating
chemical systems are the Belousov–Zhabotinsky (BZ) reac-
tion4–10 and the Bray–Liebhafsky reaction.11–13,15 From the
available knowledge on these reactions, it follows that the
system must be far from thermodynamic equilibrium i.e., DG
must be large and negative, which entails using a well stirred
continuous-ow reactor (CSTR),14,16–18 and that one or more
autocatalytic or cross-catalytic steps must take place between
two steps of the reaction mechanism.19 Although some oscil-
lating reactions have been used for analytical purposes,
particularly the Ce4+-catalyzed reaction between malonic acid
and KBrO3, known as BZ reaction,20,21 analytical determinations
based on a closed system including the analyte involve labour-
hmir, Hazratbal, Srinagar 190 006, J&K,
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hemistry 2017
intensive procedures that entail re-starting the oscillating
system before each new determination. This accounts for the
little interest aroused so far by this type of reaction for analytical
purposes. The recent inception of an open system for applica-
tion of the analyte pulse perturbation (APP) technique by use of
a CSTR22–28 has opened up new avenues for oscillating reactions
in routine analyses. As a result, there has been a gradual shi
from theoretical to practical interest.

Several subjects were determined by the APP technique, such
as riboavin,29 gallic acid, resorcinol,26 ascorbic acid,14,30 gluta-
mic acid,31 glutathione,24 paracetamol,14,32 1-naphthylamine,33

thallium,34 morphine,35 vanillin,14 alpha-naphthol36 and Aliz-
arin Red S using tetraazamacrocyclic complex of copper,37 but
all these studies took place in aqueous acid media only.

The catalytic redox couples involved in these BZ reaction
focused on Ce3+/Ce4+, Mn2+/Mn3+, Fe(phen)3

2+/Fe(phen)3
3+ and

Ru(bpy)3
2+/Ru(bpy)3

3+. Recently, macrocyclic complexes as
catalysts were widely investigated. The rst publication was of
a catalytic macrocyclic complex of Cu(II) and Ni(II) reported by
Yatsimirskii in 1982.38 Lately, BZ reactions catalyzed by these
complexes have attracted much more attention because of their
unusual oscillating features, which are reected in lower acti-
vation energies, higher oscillating frequencies39 and being
vulnerable to external perturbations. By using macrocyclic Cu(II)
or Ni(II) complexes as catalyst, the oscillating reactions
involving lactic acid,40,41 malonic acid,42 and pyruvic acid43 as
organic substrate species have been studied. Recently, a new BZ
RSC Adv., 2017, 7, 13019–13031 | 13019
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oscillating system with a tetraazamacrocyclic copper(II) complex
[CuL] (ClO4)2 as catalyst and malic acid substrate44 have been
reported. The ligand, L, in the complex is 5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene. Based
on this new BZ oscillating system, Ag+ (ref. 39) and pyrogallol45

were determined by perturbations of analyte on the oscillating
system.

However, all these APP determinations involve substrates
which were soluble in aqueous acid media and thus restricted
the use of hydrophobic species like vitamins, antioxidants or
hormones as perturbants in such systems. During this study, we
have worked on several organic–aqueous mixed media to eval-
uate the best one that can be used for deterministic studies in
future. Here, four hydrophobic biologically important antioxi-
dants have been used as perturbants, solubilized by these non
aqueous mixed media under unstirred batch conditions, as was
the case with resorcinol as substrate in our previous works46–48

and this has opened a new chapter to carry out the
13020 | RSC Adv., 2017, 7, 13019–13031
investigations with similar other hydrophobic species in future.
The resorcinol has been chosen owing to its sufficient solubility
in aqueous acid medium and dynamic behavior over a wide
range of concentrations.47 Moreover, the presence of two
phenolic OH groups in resorcinol exhibits some similarity with
several biomolecules and, therefore, the used of this substrate
served in two ways; (i) it can serve as a prototype example in
understanding the behaviors possible in biology such as signal
transmission and membrane transport in living organisms and
(ii) it can help in further establishing the mechanism of
aromatic substrates in these complex oscillatory chemical
reactions.

The main objective of this work was to solubilize the
hydrophobic antioxidants like a-tocopherol, 2,2,2-triuoro-3-
methyl-2-butenoic acid (TFMBA), melatonin {N-acetyl-5-
methoxytryptamine or N-[2-(5-methoxy-1H-indol-3-yl)ethyl]
acetamide} and b-carotene, which generally act as radical
scavengers in living systems, in acetonitrile (ACN) and
This journal is © The Royal Society of Chemistry 2017
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acrylonitrile/dimethylformamide (AN/DMF) based aqueous
organic mixed media. Although various other non-aqueous
solvents have been attempted for the study such as THF,
dioxane, DMF alone, n-hexane and amyl alcohol but all of them
undergo either extensive bromination or didn't yield the
expressive nonlinear behavior, thus limiting their use as
feasible solvents in BZ reaction. The AN/DMF based mixed
media, whose ratio has been specically reached at by hit and
trial methods, is of special interest because of observation of in
situ radical polymerization and the use of antioxidants in this
solvent system caused delay of polymerization reaction due to
radical quenching phenomenon (Scheme 1).
Experimental
Materials

The reagents used were resorcinol (Aldrich), potassium bromate
(Merck), manganese(II) sulfate monohydrate (Aldrich), sulfuric
acid (Merck), dimethyl formamide (DMF) (Merck), acetonitrile
(ACN) (Merck), acrylonitrile (AN) (Aldrich), a-tocopherol
(Sigma); 4,4,4-triuoro-3-methyl-2-butenoic acid (Aldrich),
melatonin (Aldrich), b-carotene (Aldrich). All the reagents used
were analytical grade chemicals with high degree of purity and
were used without any further purication. The solutions of the
desired chemicals were prepared in respective percentages of
organic solvents (5% v/v for acetonitrile and 5% v/v AN: 4.4% v/v
DMF for other solvent system) in 1.4 mol L�1 sulfuric acid using
double distilled water. In this study the initial concentrations of
BZ reagents like resorcinol, bromate and MnSO4 solutions are
0.0225 mol L�1, 0.1 mol L�1 and 0.005 mol L�1 respectively (for
all those reaction systems where concentrations are not
mentioned), which are the optimal concentrations for
producing typical time dependant oscillatory regime, i.e. with
optimal oscillatory parameters like amplitude, number of
oscillations, frequency, etc., which is a pre-requisite for pertur-
bation studies. The oscillations are observed by adding bromate
solution to the mixture of resorcinol and Mn2+ ion solution.
Fig. 1 Typical oscillatory profile of the system containing [resorcinol]0
¼ 0.0225 mol L�1, [BrO3

�]0 ¼ 0.16 mol L�1, [Mn2+]0 ¼ 0.005 mol L�1 in
5% v/v acetonitrile prepared in 1.4 mol L�1 of [H2SO4]0 at 30 �C. BrO3

�

solution is prepared in only aqueous acid and the other reagents in
aqueous–organic mixed media. 2 mL of each of the reagents are
mixed in the reaction vessel (25 mm � 100 mm) with resorcinol and
Mn2+ solutions first followed by bromate solution.
Procedure

Simple potentiometric studies have been performed. The reac-
tion system for consists of two reaction cells, connected through
salt bridge (potassium nitrate in agar agar). One cell contains
platinum electrode in which bromate, resorcinol and Mn(II)
sulfate solutions are mixed and the other contains calomel
electrode as reference in which 2.5 � 10�4 mol L�1 solution of
potassium chloride is kept. Both these electrodes are then
hooked to Orion 4 star, pH ISE Ion Analyzer (Cole Parmer
(India) Pvt. Ltd.) in order to monitor change in potential (mV)
with time (s) connected to PC via RS232 cable and operated
through 21CFR11 soware. The desired thermostatic condi-
tions of the reaction system under investigation were main-
tained using Advantec water bath (TBS451PA, Cole Parmer
(India) Pvt. Ltd.) with a precision of �0.1 �C. The advanced
cyclic voltammetry (CV) was performed with a potentiostat (SP-
150, Biologic France. SAS), using three micro electrodes viz.
platinum wire and Glassy Carbon Electrode (GCE, ALS QI058,
This journal is © The Royal Society of Chemistry 2017
GC6 � 1.6) as counter and working electrodes respectively and
saturated calomel as reference electrode (SCE, ALS 002056, RE-
2B, Japan) in a voltammetry cell (ALS 012669, SVC-3), connected
to a PC. All the CV experiments were performed at room
temperature (25 � 0.5 �C).

The percentage compositions used for two organic media
were: 5% v/v for acetonitrile and 5.6% v/v acrylonitrile: 4.4% v/v
DMF (mixed), both in 1.4 mol L�1 of H2SO4. The solutions of
all the reagents as well as antioxidants of desired concentrations
were prepared in aqueous–organic mixed media. Except bromate
solution, all the BZ reagent solutions including that of antioxi-
dants of suitable concentrations were prepared in organic–
aqueous acid mixed media, to avoid the direct early reaction of
the former, as bromate is responsible for bromination of the
organic solvent as well. As reported in our previous papers46,47

also, for potentiometric studies, the volumes of initial reagents
which are mixed in a proper sequence (resorcinol and metal rst
followed by bromate) are 2mL each, wherein, bromate solution is
always added last out of the BZ reagents.

Results and discussion

Due to the non feasibility of using all the organic solvents as
mentioned above, we have chosen only two for their better
oscillatory parameters. Acetonitrile based system is having
prominent amplitudes for the main BZ system and bromination
of organic substrate in presence of acetonitrile is favored49 and
there may be lesser bromination of antioxidants in presence of
this solvent mixture, because the solvent occupies all the sites
where bromination can take place. Hence the effect observed is
mostly due to quenching of radicals generated in situ by the
antioxidants. It is to be noted here that owing to the different
chemical structure of antioxidants which may act as
RSC Adv., 2017, 7, 13019–13031 | 13021
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bromination centers upon one to one interaction of bromine and
these antioxidants, we have also tried for using them as main
substrates in the BZ reaction, but none of them showed any
oscillatory regime. However, in all these systems the potential
rst showed continuous increase and then decreases. This can be
due to the quenching of radicals generated in situ by these anti-
oxidants and antioxidants don't take part in autocatalytic reac-
tion steps as per FKN50 and OKN51 mechanisms. The second
solvent system chosen was AN/DMF based system, which was
specically chosen in order to conrm the radical generation in
situ as well as role of BZ reagents and intermediates in the
polymer matrix. This study may help in understanding radical
control because of generation of polymers in situ.

Acetonitrile based mixed media

Fig. 1 gives us the typical oscillatory prole of the resorcinol
based BZ system in acetonitrile based mixed medium. Large
amplitude oscillations was observed for 0.16 mol L�1 [BrO3

�]
with decrease in life time than the already known oscillations
from aqueous acid medium,47 hence, used as typical oscillatory
prole for this medium.

Antioxidants in acetonitrile based media

Addition of antioxidants to the above mentioned system nor-
mally quenches the oscillations, but the extent of quenching
Fig. 2 Potential (mV) versus time (s) plots of the oscillations of resorcino
mixed media after perturbation by 0.5 mL of different antioxidants, added
b-carotene and a-tocopherol is 0.005 mol L�1 and for 4,4,4-trifluoro-3-
concentration of BZ mixture is given in Fig. 1.

13022 | RSC Adv., 2017, 7, 13019–13031
under given conditions varies with the nature of the hydro-
phobic antioxidant used. The quenching for these antioxidants
under given conditions is shown by the following trend:

a-tocopherol < TFMBA < melatonin < b-carotene

Quite contrary to the effect of antioxidants, 0.005 mol L�1

concentration of a-tocopherol had shown increased number of
oscillations aer a gap of 2000 s, which is due to its complete
consumption in situ and due to the formation of para-quino-
noid species, which decreases its radical quenching behavior.
Bohmdorfer, et al. found that in case of a-tocopherol, haloge-
nating effect is minor and the major pathway is the oxidative
action resulting in the para-quinone.52 Hence, the bromination
is mainly observed by the resorcinol instead of a-tocopherol.
Further, it is observed that increasing the concentration of
TFMBA up to 0.005 mol L�1 and for b-carotene up to 0.0005 mol
L�1 completely quenches the oscillations. TFMBA is having
a C]C in the molecule, but owing to its proximity with most
electronegative three uorine atoms it does not favor the attack
of bromonium ion for bromination. Therefore, bromine
generated in situ will be mostly used by in FKN mechanism.
Fig. 2 gives a comparative data of different antioxidants as
perturbants/radical scavengers. Out of these b-carotene has
been found to be strong quencher followed by melatonin for
l–BrO3
�–Mn2+–H2SO4 system in 5% v/v acetonitrile organic–aqueous

just after the addition of BrO3
� solution. The added concentration for

methyl-2-butenoic acid (TFBMA) and melatonin ¼ 0.0025 mol L�1. The

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammograms of the reactions of resorcinol (0.0225 mol L�1) + [BrO3
�]0 (¼0.1 mol L�1) at different times and different volume

additions of [b-carotene]0 ¼ 0.005 mol L�1: (a) resorcinol ¼ 5 mL, (b) resorcinol + 3 mL BrO3
� (c) resorcinol + 3 mL BrO3

� after 3 min, (d)
resorcinol + 3 mL BrO3

� + 2 mL b-carotene, (e) resorcinol + 3 mL BrO3
� + 2 mL b-carotene after 3 min, (f) resorcinol + 3 mL BrO3

� + 4 mL b-
carotene. (Resorcinol and b-carotene solutions are prepared in 5% v/v acetonitrile in [H2SO4]0 ¼ 1.4 mol L�1 and BrO3

� in 1.4 mol L�1 [H2SO4].)
Scan rate ¼ 200 mV s�1.
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oscillations, whereas a-tocopherol shows oscillations for
a longer life time followed by TFMBA which also show some
oscillations under given conditions. There is marked increase in
number and amplitude of oscillations in case of a-tocopherol,
which may be due to its complete consumption in quenching
radicals and reducing metal ion in the autocatalytic process of
oscillatory reactions.47 When whole of the antioxidant is used
Fig. 4 Cyclic voltammograms of the reactions of MnSO4 (0.005 mol L�

[resorcinol]0 ¼ 0.0225 mol L�1: (a) MnSO4 ¼ 5 mL, (b) MnSO4 + 2 mL b-c
carotene + 3mL resorcinol. MnSO4, b-carotene and resorcinol solutions a
200 mV s�1.

This journal is © The Royal Society of Chemistry 2017
up, the intermediates regenerate and oscillations with larger
time periods re-emerge. But it was observed that increasing the
concentration from 0.005 to 0.01 mol L�1 for a-tocopherol and
up to 0.001 mol L�1 for melatonin, completely quenched the
oscillations under given set of conditions. Further, the addition
of melatonin and b-carotene initially decreased the overall
potential of the system, which is due to the reactions of
1) + [b-carotene]0 ¼ 0.005 mol L�1 at different times and addition of
arotene (c) MnSO4 + 2 mL b-carotene after 5 min, (d) MnSO4 + 2 mL b-
re prepared in 5% v/v acetonitrile in [H2SO4]0¼ 1.4mol L�1. Scan rate¼

RSC Adv., 2017, 7, 13019–13031 | 13023
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Fig. 5 Typical oscillatory profile of the system containing 2mL each of
[resorcinol]0 ¼ 0.0225 mol L�1, [BrO3

�]0 ¼ 0.1 mol L�1, [Mn2+]0 ¼
0.005 mol L�1 in 5% v/v AN: 4.4% v/v DMF prepared in 1.4 mol L�1 of
[H2SO4]0 at 30 �C. BrO3

� is prepared in aqueous acid medium and the
other reagents in aqueous–organic mixed media.
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oxybromine species [Br�/HOBr, HBrO2/Br2 couples] generated
in situ with the antioxidants and increased generation of [Mn3+]
ion with these, thereby decreasing the [Mn2+]/[Mn3+] couple.3
Fig. 6 Potential (mV) versus time (s) plots of the oscillations of resorcino
H2SO4 organic–aqueous acidmixedmedia, after perturbation by 0.5 mL o
BrO3

� solution. The added concentration for melatonin: (A) 0.004 m
concentrations and volumes of BZ reagents are given in Fig. 5.

13024 | RSC Adv., 2017, 7, 13019–13031
Melatonin is used due to its role in controlling circadian
rhythms and various other biological activities such as inhibi-
tion of Alzheimer b-brillogenesis, anti-aging properties
relating to radical scavenging activities, etc. and b-carotene is
the dietary source of vitamin A and has antioxidant properties
that can help neutralize free radicals like reactive oxygen
molecules potentially damaging lipids in cell membranes and
genetic material, which may lead to the development of
cardiovascular disease and cancer.

The mechanism of resorcinol based Mn2+ catalyzed BZ
system can be understood by the following steps (1) to (12).
Here, HAr(OH)2 is an aromatic compound (like resorcinol)
containing at least two phenolic groups, HAr(OH)Oc is the
radical obtained by hydrogen atom abstraction, HArO2 is the
related quinone, BrAr(OH)2 is the brominated derivative, and
Ar2(OH)4 is the coupling product.

BrO3
� + Br� + 2H+ 4 HBrO2 + HOBr (1)

HBrO2 + Br� + H+ / 2HOBr (2)

BrO3
� + HBrO2 + H+ 4 2BrO2 + H2O (3)

BrO2c + HAr(OH)2 / HBrO2 + HAr(OH)Oc (4)
l–BrO3
�–Mn2+–H2SO4 BZ system in 5.6% AN: 4.4% DMF in 1.4 mol L�1

f different concentrations of melatonin, added just after the addition of
ol L�1, (B) 0.006 mol L�1, (C) 0.008 mol L�1, (D) 0.01 mol L�1. The

This journal is © The Royal Society of Chemistry 2017
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2HBrO2 / BrO3
� + HOBr + H+ (5)

HOBr + HAr(OH)Oc 4 Brc + HArO2 + H2O (6)

Brc + HAr(OH)Oc / Br� + HArO2 + H+ (7)

HOBr + Br� + H+ 4 Br2 + H2O (8)

Br2 + HAr(OH)2 / BrAr(OH)2 + Br� + H+ (9)

HOBr + HAr(OH)2 / BrAr(OH)2 + H2O (10)

2(BrO3
� + HBrO2 + 2MRED + 3H+ 4

2HBrO2 + 2MOX + H2O) (11)

BrO3
� + 4MRED + HAr(OH)2 + 5H+ /

BrAr(OH)2 + 4MOX + 3H2O (12)

Fig. 3 showed the interactions of b-carotene with resorcinol
and BrO3

� aer different time intervals. The cyclic voltammo-
grams for only resorcinol in acetonitrile based mixed medium
showed two anodic peaks (3.75 mA, 6.33 mA), which are due to
oxidation of both the hydroxyl groups on resorcinol. With the
addition of BrO3

�, there is increase in oxidation peak of one
corresponding to main anodic peak of resorcinol based system
(4.31 mA) and a sharp decrease in the other oxidation peak (4.34
mA) or in other words the other peak of other OH disappears.
Aer certain intervals of time, there is continued decrease in
oxidation of the 1st peak corresponding to [resorcinol], which
decreased further with the addition of b-carotene (Fig. 3c and
d). This is due to the partial enhanced stability of the oxidized
substrate in this polar medium, which gets decreased by the
subsequent bromination of the mixed organic polar medium
i.e. acetonitrile, thereby making it less polar and hence favoring
oxidation of only one hydroxyl group. With the addition of b-
carotene and aer certain intervals of time, there is usual
decrease in oxidation of substrate with small generation of
Fig. 7 Polymeric substance generated in situ for the system con-
taining [resorcinol]0 ¼ 0.0225 mol L�1, [BrO3

�]0 ¼ 0.1 mol L�1, [Mn2+]0
¼ 0.005 mol L�1 in 5% v/v AN: 4.4% v/v DMF prepared in 1.4 mol L�1

[H2SO4]0 at 30 �C.

This journal is © The Royal Society of Chemistry 2017
oxybromine species because of radical quenching activity
thereby, decreasing the oxidation peak further.

Fig. 4 depicted the CV for the interactions of b-carotene with
Mn2+ at different times and volume additions of the b-carotene
and resorcinol. It is observed that rate of oxidation increases with
time aer addition of b-carotene, whereas addition of resorcinol
to this mixture produced marginal increase in oxidation peak
current. This is due to the reduction of Mn3+ by the b-carotene
initially, but aer some time when whole of the [antioxidant] is
consumed. Oxidation peak increases due to formation of Mn3+

species, which have feeble interactions with the resorcinol and
the organic solvent as compared to Mn2+ ion.48
Interaction of antioxidants in acrylonitrile/DMF based
aqueous acid mixed media

As from our observations regarding the conrmation of polymer
species generated in situ for the AN/DMF based mixed medium,
it was a good initiative to introduce the antioxidants to this
system. The antioxidants are having strong radical scavenging
capacity and thus could affect the rate of radical polymerization
vis-à-vis quenching of the radical intermediates generated for
BZ system. For this study, all the four antioxidants were used,
whereas the thorough studies were carried out for melatonin
and a-tocopherol with other BZ reagents. Fig. 5 depicts the
typical oscillatory prole of resorcinol based system in AN/DMF
based mixed medium. For this system, the induction period is
130 s followed by average time period of about 60 s (region I),
which showed a continuous increase with time. The amplitude
decreased steadily up to 1790 s followed by an increase with
increase in time period as well (region II). The peculiarity of this
system is that it showed prolonged minimal amplitude oscil-
lations (5 mV) at later stages of the reaction (region III).
Fig. 8 Potential (mV) versus time (s) plots of resorcinol–BrO3
�–

Mn2+–H2SO4 BZ system in 5.6% AN: 4.4% DMF of 1.4 mol L�1 H2SO4

organic aqueous acid mixed media after perturbation by 0.5 mL of
different concentrations of a-tocopherol, added just after the addition
of BrO3

� solution. The added concentration for a-tocopherol: (A)
0.0002 mol L�1, (B) 0.0004 mol L�1, (C) 0.001 mol L�1. The concen-
tration and volumes of BZ reagents are given in Fig. 5.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25351b


Fig. 9 Cyclic voltammograms of the reactions of MnSO4 (0.005mol L�1) + [a-tocopherol]0¼ 0.001mol L�1 at different times after addition of a-
tocopherol: (a) MnSO4 only ¼ 5 mL, (b) 0 min (c) 3 min, (d) 15 min. (MnSO4, and a-tocopherol solutions are prepared in 5.6% AN: 4.4% DMF in
1.4 mol L�1 H2SO4 aqueous acid mixed media. Scan rate ¼ 100 mV s�1.)
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Melatonin in acrylonitrile/DMF

The effect of additions of different concentrations of melatonin
on the oscillatory behavior of resorcinol based system in this
media is depicted from potential–time plots shown in Fig. 6. It
is observed that with increase in concentration of melatonin at
the start of reaction, there is decrease in number as well as
amplitude of large amplitude oscillations. However, there is
increase in time period of small amplitude oscillations. This
Fig. 10 Cyclic voltammograms of the reactions pertaining to resorcinol
and addition of [BrO3

�]0¼ 0.1 mol L�1: (a) resorcinol¼ 5mL, (b) resorcino
Tocopherol and resorcinol solutions are prepared in 5.6% AN: 4.4% DMF
Scan rate ¼ 200 mV s�1.

13026 | RSC Adv., 2017, 7, 13019–13031
system showed strong quenching for concentrations$0.01 mol
L�1 of melatonin. This can be due to the radical scavenging
activity of melatonin, as was observed from the decreased rate
of formation of polymer (yellowish due to bromoresorcinol,
actually white precipitate) as depicted in Fig. 7. The polymer
material was conrmed using IR and have been synthesized in
situ. These polymers were found to be Nearly Ultra High
Molecular Weight (NUHMW) polymers with molecular weights
(0.0225 mol L�1) + [a-tocopherol]0 ¼ 0.003 mol L�1 at different times
l + a-tocopherol after 2 min (c) resorcinol + a-tocopherol + BrO3

�. (a-
in 1.4 mol L�1 H2SO4 and BrO3

� is prepared in 1.4 mol L�1 H2SO4 only.)

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Cyclic voltammograms of the reactions of MnSO4 (0.005 mol L�1) + a-tocopherol at different times and additions of [BrO3
�] ¼ 0.1 mol

L�1 and a-tocopherol: (a) MnSO4¼ 5mL, (b) MnSO4 + a-tocopherol¼ 0.001mol L�1, (c) MnSO4 + a-tocopherol¼ 0.002mol L�1 after 25min, (d)
MnSO4 + a-tocopherol ¼ 0.002 mol L�1 + 2 mL BrO3

�. (a-Tocopherol and MnSO4 solutions are prepared in 5.6% AN: 4.4% DMF in 1.4 mol L�1

H2SO4 and BrO3
� is prepared in aqueous acid medium.) Scan rate ¼ 100 mV s�1.
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>350 000 daltons.53 Here the yellowish color is due to bromi-
nation of the resorcinol, which can be easily separated using
any organic solvent other than DMF and DMSO. The polymer
has been found to be soluble in only these two solvents. In our
recently published work, similar polymer was synthesized and
characterized using several spectroscopic techniques and the
synthesis have been performed using visible light as well for
generation of radicals. The polymer isolated and separated from
Fig. 12 Cyclic voltammograms of the reactions of BrO3
� + a-tocoferol a

+ a-tocoferol ¼ 0.001 mol L�1, (c) BrO3
� + a-tocoferol ¼ 0.002 mol L�1

5.6% AN: 4.4% DMF in 1.4 mol L�1 H2SO4 and BrO3
� is prepared in aque

This journal is © The Royal Society of Chemistry 2017
BZ mixture showed similar characteristics. Further, in AN/DMF
based system, minimal amplitude oscillations were observed
for longer time duration and in case of Fig. 6D minimal
amplitude and larger time period oscillations are observed even
aer t ¼ 3000 s. This may be due to diffusion control and
extended release of some of the BZ intermediates responsible
for oscillations, which are entrapped in hydrophobic environ-
ment of the polymer earlier. This behavior may be correlated
fter 10 minutes of additions of a-tocoferol: (a) BrO3
� ¼ 5 mL, (b) BrO3

�

, (d) BrO3
� + a-tocoferol ¼ 0.003 mol L�1. (a-Tocoferol is prepared in

ous acid medium.) Scan rate ¼ 200 mV s�1.
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Fig. 13 Potential (mV) versus time (s) plots of resorcinol–BrO3
�–

Mn2+–H2SO4 BZ system in 5.6% AN: 4.4% DMF in 1.4 mol L�1 H2SO4

aqueous acid mixed media after perturbation by different antioxidants
just before the addition of BrO3

� solution. TFMBA ¼ 0.005 mol L�1

(Black), b-carotene ¼ 0.00025 mol L�1 (Red). The concentration of BZ
matrix is [resorcinol]0 ¼ 0.0225 mol L�1, [BrO3

�]0 ¼ 0.16 mol L�1,
[Mn2+]0 ¼ 0.005 mol L�1.
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with the sustained release and diffusion control of recent drugs,
wherein drug release through matrix system or diffusion of
drugs from reservoir coated with suitable polymers, helps the
patients for longer periods of time.54,55 Similarly, the BZ inter-
mediates and reagents also trap in the polymer matrix from
where they are released in smaller concentrations, leading to
small amplitude but longer time period oscillations. Further,
Fig. 14 Cyclic voltammograms of the reactions of BrO3
� (0.16mol L�1) +

5 mL, (b) BrO3
� + b-carotene ¼ 0.001 mol L�1 after 1 min, (c) BrO3

� +
0.003 mol L�1 after 10 min, (e) BrO3

� + b-carotene ¼ 0.003 mol L�1 afte
H2SO4 and BrO3

� is prepared in aqueous acid medium.) Scan rate ¼ 20

13028 | RSC Adv., 2017, 7, 13019–13031
now due to the inhomogeneity caused by the solid polymer
inside the reaction mixture, appearance of some noise is also
observed throughout the oscillatory regime. It is noteworthy to
mention here that the resorcinol based system showed optimal
oscillatory parameters only under unstirred conditions and
stirring doesn't yield signicant oscillatory parameters for such
a study. It is to be noted that due to the bromination of the
solvent,56 we used higher concentrations of bromate solutions
for organic–aqueous mixed media as compared to that of
aqueous acid media in our previous studies for resorcinol based
BZ system. This bromination effect can be seen from contin-
uous decrease in amplitude of oscillation (region I in Fig. 5).
Further, it is observed that none of the BZ systems showed any
oscillatory regime using antioxidants alone as substrates
without resorcinol. Hence, it was concluded that primarily all
the antioxidants may be responsible for quenching of radicals
in resorcinol based chemical oscillator depending upon their
structure and functionalities rather than acting as co-
substrates.
a-Tocoferol in acrylonitrile/DMF

Fig. 8 showed the effect of [a-tocopherol] on the oscillatory
behavior of the BZ system under investigation using potenti-
ometry. As compared to melatonin, it showed strong quenching
for concentrations $0.001 of a-tocopherol, with a similar
appearance of minimal amplitude prolonged oscillations. The
change in oscillatory parameters observed for increased [a-
tocopherol] are similar as that of melatonin. This may be due to
the fact that with the addition of a-tocopherol, there is decrease
in oxidation peak of metal ion as shown in Fig. 9. The CV plots
depicted that there is continuous decrease in oxidation peak for
b-carotene after different times of additions of b-carotene: (a) BrO3
� ¼

b-carotene ¼ 0.002 mol L�1 after 10 min, (d) BrO3
� + b-carotene ¼

r 10 min. (b-Carotene is prepared in 5.6% AN: 4.4% DMF in 1.4 mol L�1

0 mV s�1.

This journal is © The Royal Society of Chemistry 2017
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Mn2+ ion with time till whole of the antioxidant get consumed,
aer which there is again a steady increase (Fig. 9c and d).

Further, it is observed from the CV plots shown in Fig. 10
that the addition of a-tocopherol to resorcinol decreased its
oxidation peak, which may be attributed to its reduction by the
antioxidant, which is reversed by the addition of BrO3

� due to
higher reduction potential of the later. However, there is much
interaction between a-tocopherol and Mn2+ ion observed in this
media as compared to resorcinol. This can be seen from CV
plots shown in Fig. 11, wherein there is larger decrease in
oxidation peak for Mn2+ with the addition of a-tocopherol. But,
this decrease continues with the addition of BrO3

�, quite
opposite to the case of resorcinol. This can be attributed to the
increased rate of reduction of Mn3+ by this concentration of a-
tocopherol, and the addition of 0.2 mmol L �1 of BrO3

� could
not oxidize it further. This can be conrmed by the CV plots
shown in Fig. 12 for the interaction of BrO3

� with a-tocopherol.
With increase in [a-tocopherol]0 and time there is contin-

uous decrease in reduction peak potential of BrO3
� because of

two reasons: one is due to extensive bromination of organic
solvent, hence decreasing its concentration and the second is
due to its reduction with the a-tocopherol added.
TFMBA and b-carotene in acrylonitrile/DMF

Fig. 13 depicted the expression of oscillatory behavior with the
addition of TFMBA and b-carotene at the start of reaction. The
potential–time plots clearly show that there is marked
quenching of oscillations for both these systems, whereas the
quenching is larger for TFMBA than b-carotene. Both these
antioxidants were added to the resorcinol based system with
increased [BrO3

�]0 ¼ 0.16 mol L�1, as there is extensive
bromination of the organic solvents and 0.1 mol L�1 concen-
tration didn't yield any oscillations aer addition of antioxi-
dants. For these systems low amplitude oscillations were
observed due to quenching of radical species and also due to
removal of Br2 by its involvement in bromination of organic
solvent. Fig. 14 clearly depicted that addition of b-carotene to
the BrO3

� in such media, marginal increase in its anodic peak,
whereas there is larger decrease in the cathodic peak with time.
The decrease in cathodic peak can be due to bromination of the
solvent, hence decreasing its concentration, whereas increase in
anodic peak could be due to promotion of oxidation effect of the
b-carotene in this solvent.
Conclusions

The use of mixed media in solubilizing the water insoluble
antioxidants has been carried out for the rst time in oscillatory
chemical reactions. A comparative study pertaining to radical
scavenging effect of different water insoluble antioxidants in
two different organic–aqueous mixed media has been per-
formed. In AN/DMF based organic–aqueous mixed medium,
different amounts of inhibition of the radical polymerization
took place depending upon the generation of BZ intermediates
or the initial reagent concentrations. The oscillatory parameters
vary signicantly due to in situ polymerization and the results
This journal is © The Royal Society of Chemistry 2017
showed extended oscillations than the main resorcinol based
BZ system. This study can be performed with a variety of bio-
logically important hydrophobic additives in order to under-
stand their mechanism of action with suitable reagents,
thereby, can serve as prototype example for understanding the
mechanisms of similar type of reactions in vivo.
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23 R. Jiménez-Prieto, M. Silva and D. Pérez-Bendito, Analyte
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Determination of gallic acid by an oscillating chemical
reaction using the analyte pulse perturbation technique,
Anal. Chim. Acta, 1996, 321, 53–60.
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