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A suitable and convenient method for the analytical determination of morin was established by using
Briggs-Rauscher chemical matrix (BR) in the paper. The macrocyclic Ni-complex [NiL](ClO4), was
used as catalyst. The ligand L in the complex is 5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene. Experimental data has absolutely indicated the inhibitory effect
caused by morin on the active BR system. Different concentrations of morin ranging from 2.44 x 10°®
mol/L to 1.30 x 10®° mol/L have been tested. As a result, oscillating system stopped to oscillate for
some instant and then successfully regenerated. Such phenomenon has concentration dependent,
meaning as the concentration of morin were increased, the inhibition time (t;,) of the system were
increased and vice versa. Thus, by plotting ti, against concentrations of morin, a linear regression curve
was obtained over a concentration range from 2.44 x 10 mol/L to 1.30 x 10”° mol/L of morin with
correlation coefficient of 0.98. The calculated RSD value is 2.56 %, which was obtained by the 5-
measurements of 1.30 x 10 mol/L morin. Although the reaction of morin and KIO; was confirm
through cyclic voltammetry experiment, actually the t;, was caused due to the reaction of morin with
HOOQO' radical (produced during oscillatory reaction).
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1. INTRODUCTION

Chemical oscillating reaction is well-known example of non-linear chemical dynamics, which
shows continuous periodic changes in some intermediates over time [1]. From thousand years, the
chemical oscillations exist in nature and, in fact, every living system consists hundreds of oscillations.
The thorough investigation of chemical oscillations has a recent interest. Robert Boyle was the first
scientist who observed chemical oscillation during his study (flashes of luminescence during the
oxidation of phosphorus) [2] at the end of 17" century while his hypothesis was accepted in 19"
century. In 1828 the Fechner discovered the first electrochemical oscillator [3] and thus the
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development of the other oscillators [4,5] began. The famous electrochemical oscillators were of
beating heart mercury [6] and iron nerve [7]. Various homogenous chemical oscillators were
discovered like Bray-Liebhafsky (BL reaction) [8,9], Belousov-Zhabotinsky reaction (BZ-reaction)
[10-13] and Briggs-Rauscher reaction (BR reaction) [14,15] etc. The BZ and BR chemical oscillators
were extensively studied. On the basis of catalysts, both BZ and BR were classified into two main
types i.e. classical and conventional. In the classical BZ, metal ions like Ce*" Mn?" Fe(phen)s** or
Ru(bipy)s®* [16-18] were used as catalyst while in classical BR, free metal catalysts i.e. Ce**, Mn®*
were used [14,19]. In the conventional BZ and BR, macrocyclic complexes of Cu and Ni [20]
respectively were used as catalysts and were utilized for the determination of various compounds, ions,
and species [21-33].

In this article, the determination of morin was carried out by its perturbation effects on a Ni-
Complex [NiL](ClO4), catalyzed BR chemical oscillator. The ligand L in the complex is
5,7,7,12,14,14-hexamethyl-1,4,8,11- tetra-aza- cyclotetradeca-4,11-diene. The addition of morin into
the active BR-system could temporarily stop oscillation for some instant. Such temporary cease in
oscillation was given the name as inhibition time (ti,) which was found directly proportional to the
concentration of morin. Increase in the concentrations of morin led to increase the tj, of the system and
vice versa. Although the redox reaction between morin and KIO3; was confirmed through cyclic
voltammetry (CV), ti, was actually caused by the reaction between morin and intermediate radical
(HOO"). The detail explanations about this were discussed in the mechanism section.

2. EXPERIMENTAL
2.1. Reagents

All the analytical grade reagents, malonic acid (MA) (Sinopharm chemical reagent, China),
H.SO4 (Aldrich, 98%), KIO3; (Sinopharm chemical reagent, China) and H,O, (Sinopharm chemical
reagent, China), and morin (alddin) were commercially purchased and were used directly without
further analysis. The Ni-complex catalyst, [NiL](CIO4),, was prepared as reported [34,35] and was
identified by instrumental technique (IR spectrum) and elementary analysis. Scheme 1 shows the
structure of [NiL](CIO.),. The solution of 2.50 x 10 mol/L H,SO4was prepared. Using such solution
of 2.50 x 102 mol/L H,SO, as a solvent in the preparation of other solutions like 1.40 x 10™* mol/L
K103, 1.73 x 10% mol/L [NiL](ClO4)2, 2.00 mol/L malonic acid and 4.00 mol/L of H,0,. Ethyl alcohol
was used as solvent in the preparation of morin solutions.

Scheme 1. Structure of [NiL](CIO,),
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2.2. Apparatus

The BR apparatus and its setting are highly simple. In 50 ml batch reactor, 40 ml of oscillating
solutions was poured and was continuously stirred through magnetic bar (Jiangsu, China) at 750 rpm.
In the solution of batch reactor, the two electrodes (platinum (Pt) and saturated calomel electrode
(SCE)) were dipped. The nature of both the electrodes was quite different. A Pt-electrode (model 213
Shanghai, China) was served as a working electrode while SCE (Model 217 Shanghai, China) was
used as a reference electrode. Electrodes were connected to PC through amplifier (Vernier Software
Technology, USA) and GO!Link sensor interface (Vernier Software Technology, USA). The Logger
Lite data-acquisition software was used to record the potential vs. time in PC. The temperature of the
system was kept at 4.50 °C.

2.3. Procedure

The order of putting the reagents into batch reactor was kept as follows, 14.50 ml of 0.025
mol/L H,SOy solution, 6.50 ml of 0.14 mol/L KI1Oj3 solution, 2.00 ml of 0.0173 mol/L [NiL](ClO,).
solution, 3.00 ml of 2.00 mol/L MA solution , 14.00 ml of 4.00 mol/L H,0, solution. The batch reactor
was kept in the ice bath and the reaction temperature was maintained at 4.50 °C. The electrodes were
immersed into the solutions and potential vs. time was recorded in PC through amplifier and the
GO!Link sensor interface. Different concentrations of morin were injected into the BR reactor at the
end of 4™ cycle and the variations in inhibition time (ti,) were observed.

3. RESULTS AND DISCUSSION

3.1. Typical Oscillation

The Figure 1(a) shows the typical oscillation of BR, which was taken from the BR mixture on
the abovementioned order. In oscillation systems usually the color of the solution was continuously
interchanging. In Mn**-catalyzed BR reaction, the color continuously changes from colorless to yellow
to blue [36], whereas in our proposed method (Ni-Complex catalyzed BR reaction) the color of
solution was continuously interconverted into yellow and brown [37], The color changes in the
solution represented the exchange of single electron between [NiL]** and [NiL]** as mention below.

[NiL]** (yellow) < [NiL]* (green)

In BR oscillation, the color appearance of [NiL]** was supposed to be green but experimentally
the solution was observed brown. It was because the production of I, within oscillatory reactions and
was dissolved in oscillating mixture, that is why the color of the solution was observed brown instead
of green.

In comparison with the Ce®* / Mn?* catalyzed BR oscillator, the oscillation features of the
current oscillation (Ni-complex catalyzed BR) were quite different both in duration of oscillation and
in number of oscillation cycle [30, 38-40]. For example, the current typical oscillation obtained
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through Ni-complex catalyzed BR oscillator has an oscillation duration of 1400 seconds with 41
cycles. However, the reported typical oscillation recorded through Mn** catalyzed BR oscillator has a
duration of 240 seconds with only 22 oscillation cycles [30].

3.2. Perturbation of BR oscillator

The Figure 2(b) shows the perturbation of active BR profile by adding 1.30 x 10 mol/L of
morin, resulting in the temporary delay of oscillations. The concentration range of morin was tested
from 2.44 x 10 to 1.30 x 10 mol/L. As experimentally it were noticed that as the concentrations of
morin were increased into the system the t;, was increased and vice versa.

In contrast, perturbation effects on the Ni-complex catalyzed BR oscillator may be reflected in
producing inhibition time or without producing inhibition time if other kind of additives were injected
into the system. According to our pervious publication, the injecting of ethyl vanillin [41] and the two
positional isomers of vanillin (ortho and para) [42] into the active BR could cause the t;,. However, the
addition of 2-hydroxy benzoic acid into the BR oscillator could result in decrease in potential
(amplitude), increase in the period of oscillation and a decrease in the number of the oscillation cycle
but without producing inhibition time [43].

700,
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Figure 1. The oscillation profile for the proposed BR oscillator in the absence and presence of morin
perturbation using Pt vs SCE electrodes. a): [Morin] = 0 mol/L; b): [Morin] = 1.30 x 10
mol/L; Common condition: [H,SO,] = 2.50 x 102 mol/L; [KIOs] = 2.275 x 102 mol/L;
g[NiL](CIO4)2] =8.65 x 10 mol/L; [MA] = 1.25 x 10 mol/L; [H20,] = 1.40 mol/L; t = 4.50

C.

3.3. Influences of Experimental variables

BR chemical reaction is highly sensitive. Therefore, in order to select the suitable
concentrations of the reagents for the accurate and precision observation on the determination of
morin, the influences of variables concentration have been tested by keeping the concentration of one
reagent variable while the concentrations of other reagents were kept fixed [29,41]. In Such
observation, the concentration of the morin was kept constant (5.60 x 10 mol/L).
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The sulfuric acid is the main solvent in the BR system, and its concentration range was tested
from 1.25 x 10 to 5.00 x 10 mol/L. The decrease in the ti, was recorded with increase in the
concentration of sulfuric acid as shown in Figure 2(a). Such phenomenon indicated that the
relationship between the ti, and sulfuric acid has the similar tendency to that in determination of
eugenol and ethyl vanillin as reported in the articles [29,41]. For the exact determination of morin, the
concentration of 2.50 x 10 mol/L of sulfuric acid was selected as optimal because at this
concentration the BR-system was quite steady.

The influence of KIO3 concentration was found similar with that of sulfuric acid. The increased
concentration of KIO3 reduced tj, of the system as indicated in Figure 2(b). This occurrence is closely
similar to our pervious reported works [29,41]. The concentration range of K103 was studied from 1.50
x 10 to 2.90 x 10 mol/L. Thus for working condition 2.20 x 10 mol/L KIO; was selected as
optimum because at this point the system was uniform.

The effect of [NiL](CIO,), resembles the influences of sulfuric acid and KIOs. The tj, of the
system decreased as the concentration of [NiL](CIO,), increased as shown in Figure 2(c). The obtained
result is identical as the literatures [29,41]. The variations of catalyst concentration were examined in
the range of 7.40 x 10 mol/L to 1.08 x 10 mol/L, from which 8.50 x 10™ mol/L [NiL](CIO4), was
selected as optimal concentration because at this concentration the system is well-behaved.

The disparities of malonic acid concentration were observed quite different as compared with
the influences of other reagents. Increasing amount of malonic acid into the system yields in increase
tin as displayed in Figure 2(d). Such spectacle is agreement with one of our publication [21] but quite
different from another work [41]. The reported work [41] described different relationship between the
ti» and malonic acid concentration while determining ethyl vanillin: the t;, increased first but then
decreased with further increasing concentration of malonic acid. The concentration of malonic acid
was verified over concentration range of 5.00 x 107 to 2.25 x 10 mol/L from which 1.25 x 10" mol/L
MA was nominated as optimal concentration.

A dramatic phenomenon was noticed while analyzing the influences of H,O, concentration.
Concentration range of H,O,was studied from 1.25 to 1.6 mol/L. The t;, was first increased when the
concentration of H,O, was increased from 1.25 to 1.4 and then ti, was decreased with decrease
concentration of H,0O, from 1.40 to 1.60 mol/L as shown in Figure 2(e). This influence is alike with
our recent publication [41] but dissimilar to that in determination of eugenol in our alternate work [21],
in which the increase concentration of H,O; led to decrease tj, of the system. Thus the top middle point
was selected for working condition because at this concentration of H,O, the oscillation was quite
normal and suitable.

The temperature has a remarkable influence on the Ni-complex catalyzed BR system. The
increases or decreases temperature could easily change the behavior or parameter of oscillations i.e.
(inhibition time, amplitude, duration of oscillation etc.). Therefore, the BR system was run at various
temperatures (2 to 7 °C) and was found the best optimal temperature for working condition is 4.50 °C.

Besides the influences of the reagents concentrations and temperature variation, the Ni-
complex catalyzed BR system has greatly been affected by the interference of foreign species. The
value of interference producing inaccuracy below 5 % in the determination of 1.00 x 10™ mol/L morin
was considered as tolerance range.
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Table 1. Influence of foreign ions and species on the determination of 5.70 x 10 mol/L Morin*

Foreign ion and species Tolerated ratio

Br, I 0.2:1
Ag', Fe”, CI 2:1
F 10:1

H,PO,, Co** 200:1

Ni%*, Li* 1000:1

Na*, K*, AP*, zn?* 2000:1

* Common condition: [H,SO4] = 2.50 x 102 mol/L; [KIO3] = 2.275 x 107 mol/L; [[NiL](CIO4),] =
8.65 x 10™* mol/L; [MA] = 1.25 x 10™ mol/L; [H20,] = 1.40 mol/L; t = 4.5 °C.
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Figure 2. Influence of the concentrations of reactants on the inhibition time: (a) H,SOy; conditions;
[KIO3] = 2.275 x 10 mol/L; [[NiL](ClO.).] = 8.65 x 10 mol/L; [MA] = 1.25 x 10" mol/L;
[H,0,] = 1.40 mol/L; t = 4.50 °C. [Morin] = 5.70 x 10° mol/L. (b) KI103; conditions: [H2S04]
= 2.50 x 10 mol/L; [[NiL](ClO4).] = 8.65 x 10™ mol/L; [MA] = 1.25 x 10™ mol/L; [H,0,] =
1.40 mol/L; t = 4.50 °C. [Morin] = 5.70 x 10°® mol/L. (c) [NiL](ClO4),; conditions: [H,SO4] =
2.50 x 10 mol/L; [KIOs] = 2.275 x 10 mol/L; [MA] = 1.25 x 10™ mol/L; [H,0,] = 1.40
mol/L; t = 4.50 °C. [Morin] = 5.70 x 10° mol/L. (d) H,O; conditions: [H2S04] = 2.50 x 107
mol/L; [K103] = 2.275 x 10 mol/L; [[NiL](ClO4),] = 8.65 x 10* mol/L; [MA] = 1.25 x 10"
mol/L; t = 4.5 °C.. [Morin] = 5.70 x 10° mol/L. (e) MA, conditions: [H,SO4] = 2.50 x 107
mol/L; [KIOs] = 2.275 x 10 mol/L; [[NiL](CIO4),] = 8.65 x 10™* mol/L; [H,0,] = 1.40 mol/L;
t=4.50 °C. [Morin] = 5.70 x 10° mol/L.
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We examined the effect of various species on the system (as indicated in Table 1), we found
that only 1"and Br™ could cause the great effect on the oscillation while other ions like Na* did not have
any effect on system.

3.4. Determination of Morin

tin=-154.84 + 5.85E7*[Morin —
s0o] " [Morin], 595 1= 170 + 5.8*[N]
n b
&P 400 )
£
+=— 200
0.
4.0x10° 8.0x10° 1.2x10° 2 4 6 8 10
[Morin] mol / L N

Figure 3. (a). The Linear regression curve between t;, and concentration of Morin in the range of 2.44
x 10 to 1.30 x 10®° mol/L; (b). ti, vs. scheduled time commencing perturbation performance
(N: ordinal number of cycle for the oscillations) in the presence of 5.70 x 10® mol/L Morin.
Common condition: [H2S04] = 2.50 x 10 mol/L; [KIOs] = 2.275 x 10 mol/L; [[NiL](ClO,).]
= 8.65 x 10" mol/L; [MA] = 1.25 x 10™ mol/L; [H20,] = 1.40 mol/L; t = 4.50 °C.

Table 2. Determination results and recovery for Morin*

Sample Known concentration / Added Found Recovery %
10™ mol/L concentration/10°  concentration/107
mol/L mol/L
1 0.87 0.10 0.91 94.00
2 0.94 0.10 0.94 91.00
3 0.10 0.10 1.01 92.00
4 1.06 0.10 1.09 94.20
5 1.13 0.10 1.14 93.00
6 1.19 0.10 1.19 92.00
7 1.25 0.10 1.23 96.10
8 1.31 0.10 1.33 95.20

* Common condition: [H2S04] = 2.50 x 102 mol/L; [KIOs] = 2.275 x 102 mol/L; [[NiL](CIO4).] =
8.65 x 10 mol/L; [MA] = 1.25 x 10™* mol/L; [H,0,] = 1.40 mol/L;t = 4.5 °C.

Under the optimal conditions, the perturbation experiments were formed by putting different
concentrations of morin at the bottom of the 4™ cycle and a series of ti, values were recorded. The ti,
was found directly related on the concentrations of morin. As the concentration of morin increased the
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ti, of the system increased. Thus, a linear curve was obtained in a concentration ranges 2.44 x 10 to
1.30 x 10®° mol/L of morin vs. tj, with correlation coefficient of 0.98 as shown in the Figure 3(a).
Following are the equation through which the calibration data was achieved.

tin = -154.84 + 5.85E7*[Morin]; r = 0.98, n = 13

The calculated RSD value is 2.56% which was achieved by the 5 measurement of 1.30 x 107
mol/L of morin and the LOD is 1.20 x 10" mol/L. Such precision is quite acceptable.

The same amount (35ul) of the same concentration (6.50 x 10" mol/L) was used to perturb the
active BR at a different cycle ranging from 2 to 10. The quite different variations in the t;, were noticed
which has the evidence that the tj, is not only depended on the concentration of the reagents but also
depended on the scheduled time commencing perturbation performance, counting from on setting of
the oscillation (N: ordinal number of cycle for the oscillations). Thus, a linear curve between ti, and N
was obtained in N range from 2 to 10 with correlation coefficient of 0.99 as shown in the Figure 3(b).

The recovery experiments were performed in order to prove the accuracy of our proposed
method. In the recovery experiments, the known amount of the morin were added into the standard
solution and the same procedure was applied as shown in the Table 2. The percentage recovery
obtained from our proposed method (lies in range between 91.00 to 96.10 %) is compared with the
obtained percentage recovery of other reported instrumental techniques like voltammetry, HPLC,
spectrofluorometric (as shown in Table 3) and assume that our proposed method is quite suitable and
acceptable for practical analysis.

Table 3. Comparison of morin determination by BR oscillator with some other instrumental

techniques.
Techniques Percentage recovery (%) Relative Standard Deviation
(RSD) %
BR oscillator (this work) 91-96 2.56
Sensitive Voltammetry [44] 97-100 3.9
HPLC-DVD-UV [45] 98-100 3.16
Spectrofluorometric [46] 97.4-100.5 1.4

3.5. Mechanism

In order to check the reactivity of morin with reagents, cyclic voltammetry (CV) experiments
were carried out into the following solutions in the presence and absence of morin;

1).H,SO4 + KIO3, 2) H,SO4+ Hy05, 3) HSO4+ MLA, 4) HaSO4 + [NIL](CLO,),

From the results of cyclic voltammogram indicated that, only a redox reaction exist between
morin and KIO3 as shown in the Figure 4 while the other reagents didn’t shows reaction with morin.
Here we didn’t consider the direct reaction of KIOs with morin because the morin were added in the
lower amount compared with KIOs. If we assume the direct reaction of morin with KIO3 there will be
no tj, noticed. So it is our conclusion that morin reacted with intermediate species (HOQ") that was
produced during the oscillatory reaction. The involvement of the HOO® radical regarding ti, was
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noticed for the first time by Franz [47], who put the hydroperoxyl radical (HOO") scavenger named
superoxide dismutase pellet (SOD) into the BR system and he claimed that the HOO" was responsible
for t;,. Later a lot of work were published by Cervellati et al [31,36,48] regarding the inhibitory effect
caused by HOQ'. Beside this, many authors (including our group) reported the similar evidence that
the HOO  radical is responsible for ti, [30, 49-56]. In this paper we have the same claim that morin
reacted with HOO" radical (as mention below in reaction (13) and (14)) and the system get inhibited
(tin)-

On the basis of FCA mechanism [31,57], the perturbation effect caused by morin on Ni-
catalyzed BR is suitable to explain. Furrow et al, put forward the FCA mechanism from the union
combination of two quantitative NF [58] and DE [59] Models. Based on the NF [58] and the FCA
model [31, 57], we put a tentative mechanism which consists of below 12 oscillatory reactions;

HOl+ 1 +H & I, + H,O (1)
HIO,+ I” + H" — 2HOI 2)
10;™ + I + 2H" > HIO, + HOI A3)
2HIO, — 105~ + HOI + H* )
105 + HIO, + H' 210;" + H,0 (5)
2HOO" — H,0, + O, (6)
HOI + H,0, — I+ O+ H" + H,0 (7
10, + [NiL]*" + H'«> [NiL]*" + HIO, (8)
H,0, + [NiL]*" — [NiL]** + HOO" + H" 9)
HOO + 103 + H'— O, + HO + 10, ¢ (10)
MA < MA(enol) (11)

I, + MA(enol) — MAI(IMAI) + I + H* (12)
In Reaction (13) morin reacted with HOO" radical forming their respective radicals and in

reaction (14) the self-reaction of morin radicals forms products. Reaction (13) and (14) should be
included to FCA mechanism [60].

H° .
HO OH © 0
HO O
HO o .
+ HOO
—
OH (13)
OH
OH o
OH o
HO o’
HO o
» Product (14)
OH
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The perturbation of morin (reaction 13) disturbed mostly the reaction (10), because in both
reactions (10) and (13), HOO" radical was consumed.

‘ i -1
2.1x10°4 ) 6.5E-6 mol L 4
1 ) —1.3E-5mol L
< 1.4x10° ——1.95E-5 mol L™
~ 7.0x10™-
|l 1
0.04
-7.0x10™-

12 06 00 06 12 1.8
Evs SCE/V

Figure 4. Cyclic Voltammogram of the reaction between morin and iodate at different concentrations
of morin, [KIO3] = 2.275 x 10 M, Common condition; [H.SO,] = 2.50 x 10 M. Scan rate =
100 mV /s.

Since the inhibitory effect was noticed, we consider that reaction (13) become dominated in
consumption of HOO" and thus caused the deficiency of 10;" radicals via reaction (10). The lower
amount of 10, led to disturbed the oxidation of [NiL]*" into [NiL]*" in reaction (8) result in low
production of [NiL]**. The reduced amount of [NiL]** has greatly affect the reduction of [NiL]*" into
[NiL]* via reaction (9). Thus, the oscillation was temporary stopped until the concentration of morin
was consumed via reaction (13), than reactions (8), (9), and (10) become predominate again and
oscillation regain.

4. CONCLUSION

The assessable method for the determination of morin was proven for the first time by using
Ni-complex catalyzed BR oscillator. The addition of morin cause the inhibitory effect on the Ni-
complex catalyzed system and such tj, was directly proportional to the concentration of morin.
Concentration ranging from 2.44 x 10 to 1.30 x 10° mol L™ of morin has been tested over BR system
and the different data in the t;, were obtained through which a linear regression curve was achieved
with correlation coefficient of 0.98. Redox reaction between morin and potassium iodate was
confirmed through CV experiments, but the explanation that morin reacts with intermediate species
(HOQ") sounds reasonable. On the basis of FCA mechanism, the perturbation effect caused by morin
was deliberated.
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