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The effect of applying an external magnetic field on the
catalytic oxidation of indigo dyes with H,0,/imidazole was
investigated. It was found that the rate of oxidation, in the
presence of imidazole as a catalyst, was enhanced by apply-
ing an external magnetic field in the range of 0.035-0.12T.
The magnetic field did not affect the reaction in the absence
of imidazole. A mechanism that involves radical intermedi-
ates is proposed.

All chemical reactions take place in the ambient magnetic
field of earth, which is on the order of 10~* Tesla. The effect
of magnetic field on the chemical kinetics has not been studied
extensively.!> A magnetic field affects magnetic species each
according to its nature (ferromagnetic, paramagnetic, or dia-
magnetic). Therefore, chemical reactions involving such spe-
cies will be affected if magnetic field is applied. A significant
effect of the magnetic field on radical pair recombination in
enzyme kinetics has been observed.* The large effect of the
applied magnetic field on Vitamin B12 ethanolamine ammo-
nialyase has been taken as evidence for a radical mechanism.’
Extensive research on the effect of magnetic field on corrosion
has also been carried out with corrosion inhibited to different
degrees depending on the value of the magnetic field and the
amount of surfactant.’” There are also studies on the applica-
tions of magnetized water in the fields of water treatment, bio-
logical activities and agriculture.-!!

The aim of this work is to study the influence of applied
magnetic field on the rate of bleaching of indigo dyes by H,O,
in solutions. Bleaching is very important process in chemical
industries, and hydrogen peroxide under appropriate condi-
tions is a very effective bleaching agent and has been widely
used.'? The oxidation of indigo dyes with H,O, catalyzed with
imidazole was studied in the presence and absence of a mag-
netic field. The rate of oxidation of indigo dye with H,O, in-
creased significantly with an increase in the applied magnetic
field in the presence of imidazole.

Experimental

Materials. Indigo (96%), potassium indigotrisulfonate (85%),
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indigo cumine (90%) dyes, and imidazole (99%) were purchased
from Aldrich and used without further purification. Stock solu-
tions of potassium indigotrisulfonate (indigo blue) were prepared
in deionized water. The concentration of the stock solutions of
indigo blue was determined spectrophotometrically at 600 nm
(& =1.9 x 10*M~'s71).13 Stock solutions of hydrogen peroxide
(Fischer, 30%) were prepared in water by diluting the commercial
solution to 1.0 M and standardized daily by iodometric titration.
Stock solutions of imidazoles (0.5-1.0M), were prepared in
CH;CN or water.

Kinetic Experiments. The kinetic studies were carried out in
aqueous solutions at 20 °C. The temperature was kept constant at
20 % 0.5 °C throughout the entire series of experiments. Air (oxy-
gen) had no effect on the reactions and was not excluded. Quartz
cuvettes with optical paths of 1.0 cm were used. The kinetic data
were obtained by following the disappearance of the blue color of
the indigo dye in the region 580-620 nm using Shimadzu UV-
2401 spectrophotometer.

Reaction mixtures were prepared in the spectrophotometer cell
with the last reagent added being H,O, to optimize the kinetic
conditions. The kinetic data were obtained by applying both initial
rate method and pseudo-first-order conditions. In the later case,
the pseudo-first-order rate constants were evaluated by nonlinear
least-squares fitting of the absorbance—time curves to a single ex-
ponential equation, Eq. 2.

Abs; = Absy, + (Abs, — Abse) exp(—ky 1), 2)

where Abs,, Abs., and Abs, are the absorbance at anytime, final,
and initial absorbance, respectively, and ky, is the first-order rate
constant.

Variation of the Magnetic Field. Kinetic experiments on the
effect of applying an external magnetic field were carried out un-
der similar conditions to that in the absence of an external magnet-
ic field. These studies were carried out by attaching two to six
magnets to the cell holder inside the Shimadzu spectrophotometer.
The magnetic field value was measured by inserting a Hall probe
in the place of the cell, and the reading was displayed by a Tesla
meter. The effect of the applied magnetic field on the instrument
optics and reading was tested prior to each run by recording the
change in absorbance and its stability during a period of 30—
60 min. In these tests, the magnets were attached to the cell holder,
which contains a Quartz cell filled with a solution containing
indigo blue. Then, the kinetic data from the oxidation of indigo
dye with H,O, in the presence and absence of the catalyst (imi-
dazole) were collected by recording the absorbance change with
time at 600 nm.

Results and Discussion

Oxidation of Indigo Dyes by H,O,. The rate of oxidation
of potassium indigotrisulfonate (indigo blue) by H,O, was
studied in aqueous solution at 20°C. In the absence of imi-
dazole, the reaction was very slow. After one hour, less than
10% of the indigo blue was oxidized with 0.01M [H,0,].
The kinetic studies were carried out under pseudo-first-order
conditions with the [H,O;] much greater than the [indigo].
The pseudo-first-order rate constants, obtained by fitting the
absorbance-time curves to Eq. 2, varied linearly with the
[H,0O;] indicating that the reaction is first-order in [H,O;]
and second-order overall. The slope was the second-order rate
constant (kynear = 3 X 1077 M~ s71) for the oxidation of indi-
go blue by H,O, in aqueous solution at 20 °C.
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Scheme 1. Oxidation of Indigo Blue with H,O,.

The reaction appears mainly to involve oxygen transfer
from the peroxide to the dye leading to the formation of an ep-
oxide. The reaction products have been isolated and identified
by IR and NMR spectroscopy.'* The final major product was
the epoxide of indigo blue. In addition, the 1,2-diol product
was identified as a minor product from this reaction. This prod-
uct is formed from the ring-opening of the epoxide by water,
Scheme 1.

Effect of Imidazole. The addition of imidazole to the re-
action of H,O, with indigo blue greatly increased the reaction
rate (keat/kuncat & 10%). The rate of oxidation increased linearly
with the imidazole concentration in the range 0.005-0.05 M.
Imidazole and N-methylimidazole have also been found to cat-
alyze the oxidation of indigo dyes with m-chloroperoxyben-
zoic acid (MCPBA). It has been proposed that imidazole in-
creases the activity of MCPBA due to the formation of Im-
MCPBA active intermediate. This intermediate, however, has
not been identified.

The Magnetic Field Effect. The effect of an applied mag-
netic field on the oxidation of indigo dye by H,O, was inves-
tigated by studying the variation of the reaction rate with the
applied magnetic field. The reaction rates in the presence
and in the absence of imidazole were determined from the ab-
sorbance changes at 600 nm with time due to the loss of the in-
digo dye.

In the Absence of Imidazole. This study was carried out
in aqueous solution at 20 °C under psudeo-first-order condi-
tions with a large excess H,O;, (0.02M) over the indigo dye
(0.05mM). The reaction was second-order or first-order in
each reactant. The effect of the applied magnetic field on the
oxidation of indigo blue by H,O, was not significant. A slight
change in the rate of oxidation was observed, Fig. 1. It was
found that the values of the initial rates and the observed-
first-order rate constants with and without applying external
magnetic field were very close.

In the Presence of Imidazole. The effect of variation of
the magnetic field on the oxidation of indigo dye with H,O,
in the presence of imidazole was investigated in aqueous solu-
tion at 20 °C. The reaction was independent of the [indigo] in
the range 0.1-0.02 mM. The rate of oxidation was affected by
the applied magnetic field. The absorbance—time curves from
the oxidation of indigo blue (0.05 mM) with H,O, (0.02M)
in the presence of imidazole (0.02 M) at different applied mag-
netic field are shown in Fig. 2. The reaction rate was increased
with the magnetic field in the range of O to 0.12 T. The initial
rate (v;) values were calculated from the first 2-5% of the ab-
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Fig. 1. The reaction profiles for the oxidation of indigo dye

(0.05 mM) with H,O; (0.02M) as catalyzed by imidazole
in the presence and absence of magnetic field. The absorb-
ance change due to the loss of indigo dye was recorded at
600nm (€90 = 1.9 x 10* M~ ecm™!) in aqueous solution
at 20°C. @ [Im] =0 and MF =0, x [Im] =0 and
MF = 0.035T, O [Im] = 0.01M and MF = 0, ¢ [Im] =
0.01 M and MF = 0.035T.
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Fig. 2. Variation of the initial rate for the reaction of indigo
dye with H,O, as catalyzed by imidazole in a magnetic
field in an aqueous solution at 20 °C. [indigo] = 0.05 mM,
[Im] = 0.02M, [H,0;] = 0.02M.

sorbance—time curves using Eq. 3.

AAbSi

= 7, 3
At+b-AE ®)

Vi
where AAbs; is the change in the absorbance, b is the path-
length, A€ is the difference in the molar absorptivity of the re-
actant and product at 600nm (A€ = 1.9 x 10*M~'ecm™"),
and At is the time change. The initial rate values at each mag-
netic field are listed in Table 1.

A plot of the initial rate against the applied magnetic field
showed that the rate increased almost linearly with the mag-
netic field, Fig. 2. The relative values of the reaction rate in
the presence (ratey;) and absence (rate,) of a magnetic field
was calculated from the slope and the intercept of Fig. 2;
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Table 1. Initial Rates and Pseudo-First-Order Rate Con-
stants for the Reaction of Indigo Blue with H,0, as Cata-
lyzed by Imidazole in Aqueous Solution with Different
Magnetic Fileds at 20°C

Magnetic Field [Imidazole] Initial rate
/T /M /108 Ms~!
0 0 0.15
0.035 0 0.20
0 0.02 2.4
0.035 0.02 4.9
0.085 0.02 11.0
0.1 0.02 12.5
0.12 0.02 14.0
H=N" SN | .0, H-N" S—H--0-0H
— \—/
H O

Scheme 2. A proposed mechanism for the oxidation of
Indigo Blue with H,O, catalyzed by imidazole.

rateys /rate, ~ 50.

The Reaction Mechanism. A clear effect of the magnetic
field on the rate of oxidation of indigo dye with H,O, in the
presence of imidazole as a catalyst may indicate that this reac-
tion involves a radical species.* The reaction may involve hy-
droxyl radical and/or indigo blue radical intermediates. In the
absence of imidazole, formation of a free hydroxyl radical
would required a high activation energy and is expected to
be kinetically unfavorable. Therefore, in the absence of imida-
zole, the reaction was not affected by the applied magnetic
field. In the presence of imidazole, the hydroxyl radical should
be stabilized, and the radical path would be kinetically more
favorable leading to a faster oxidation reaction. Based on these
findings and the other kinetic results, the mechanism in
Scheme 2 has been proposed.

The mechanism initially involves acid-base reaction be-
tween imidazole and H,O, followed by one-electron oxidation
(slow step) of the indigo dye to form radical intermediates I
and II. These radicals should be relatively stable since they
are involved in highly conjugation systems that have electro-
negative atoms. The final (very rapid) step involves reaction
of these radical intermediates to give the final product and re-
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generate the imidazole.

The magnetic field is a very important physical factor, like
temperature and pressure, that influence the chemical and
physical behavior of chemical species. It is obvious that mag-
netized species, such as paramagnetic and ferromagnetic mate-
rials, are affected when a magnetic field is applied. The
strength of the interactions of molecules with magnetic fields
are much smaller than thermal energies; therefore, chemical
and biological processes cannot be influenced by magnetic
fields to any measurable degree. However, a chemical reaction
is not only influenced by thermal energy barriers, but also by
the perturbation of an intermediate quantum mechanical pro-
cess. For example, the interconversion of a singlet-biradical
intermediate to a triplet state is significantly affected by an
external magnetic field, which may influence the reaction
kinetics."

In this study, although, none of the reactants were paramag-
netic, the catalyzed oxidation rate was enhanced by increasing
the magnetic field. This may indicate that the oxidation of
indigo dyes with H,O, in the presence of imidazole involves
radical intermediate(s). Therefore, when the reaction was car-
ried out in a magnetized solution, the reaction was faster. This
study showed that investigating the effect of magnetic field on
chemical reactions would be a good tool for studying reaction
mechanisms and identify possible intermediates, such as radi-
cal species. Definitely, additional investigations are necessary
on this system, such as identifying intermediates involved dur-
ing the reaction.

The authors thank Jordan University of Science and Tech-
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