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Abstract: The redox reaction between di-u-oxo-
tetrakis (2, 2’- bipyridine) — dimanganese (III, 1V)
perchlorate [(bipy),Mn'"'0,Mn' (bipy),]** and
1,3-dihydroxybenzene (H,Q) in hydrochloric acid
was investigated using spectroscopic technique.
The stoichiometry of the reaction was 2:3 for
[(bipy),Mn' 0, Mn"Y (bipy),]*": H,O. The rate
of reaction was first order with respect to both spe-
cies while the overall rate of reaction was second
order. Investigation of the effect of ionic strength on
the reaction gave evident for non-dependence of the
rate of reaction on change in dielectric constant, D,
of the medium. The rate of the reaction increased
with increase in the concentration of the acid and
was found to be unaffected by the addition of added
(Ni**, NOs and HCOQ) ions. There was no gel-for-
mation in the course of the reaction and Michaelis-
Menten'’s type plot gave a straight line starting from
the origin.
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1.0 Introduction

1,3- dihydroxybenzene (H,Q) is known for its bac-
tericidal, fungicidal and anti-itching properities
(Loginova et al., 2012). It is also useful in rubber
adhesives, plastics, synthetic resins, synthetic fi-
bers, dyes, preservatives etc (Schmiedel and

Decker, 2012). It also plays the role of promoting
the regeneration of horny at low concentration. 1,3-
dihydroxybenzene has structural component that is
capable of inhibiting N-terminal domain of heat
shock protein 90, which is a drug target for anti-
cancer treatments (Sidera and Patsavoudi,
2004).However, exposure of humans to 1,3- dihy-
droxybenzene have been reported to be associated
with drinking water consumption and inhalation. 1,
3- dihydroxybenzene may be present in ground wa-
ter at trace to low levels especially in areas where
aquifers flow through rocks that are rich in organic
material (Lynch ef al, 2020). 1,3-dihysroxyben-
zene is a very toxic compound when inhaled or con-
sumed. It can cause skin itching, irritation of the
nose, throat and lung as well as skin rashes,
shortness of breath, interfering with normal supply
of oxygen to the blood and other toxic impact (Eddy
and Udoh, 2006). Consequently, owing to their tox-
icity, measures needed to remove them from water
are receiving research attention. One of the most
effective method of removing contaminants from
aqueous solution is adsorption unto suitable sur-
faces (Ekop and Eddy, 2009; Odoemelam and
Eddy, 2009). However, because 1, 3-dihydroxyben-
zene is often presence in trace concentration, ad-
sorption process may not be very effective in re-
moving them from aqueous solution. Several stud-
ies indicated that oxidation process is an effective
method of removing this molecule from solution.

Iyun (1999) studies the kinetic and mechanism of
oxidation of 1, 3, dihyroxybenzene by trioxoiodate
(V) ion in aqueous perchloric under pseudo-first or-
der conditions and remarked that the oxidation of
phenols by metal complexes leading to the produc-
tion of quinones has generated great interest and
that most studies on this oxidation is focused on the
I, 2- and 1, 4-dihydroxybenzenes because of their
biological and pharmaceutical significances. 1, 3-
dihyoxybenzene has been isolated in roasted barley,
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cane molasses, coffee, beer and wine. They are use-
ful as flavouring agent and as metabolites (Inno-
centi et al., 2006a, b). McBride (1989) studied the
kinetic of oxidation of dihydroxybenzenes (DHB)
to quinones in acetate-buffered suspensions of syn-
thetic hirnessite using Mn dissolution to monitor the
progress of the reaction. Free Mn*'in the aqueous
phase was continuously monitored by electron spin
resonance, while ultraviolet-visible (UV-VIS) spec-
troscopy was utilized to quantify dihydroxybenzene
and quinone concentrations. The results obtained
indicated that the initial Mn dissolution was very
rapid due to a surface reaction this was succeeded
by slow release of Mn accompanied by more com-
plete oxidation of the phenols which suggested that
the process is limited by the rate of dissolution of
the solid. Ngamchuea et al. (2020) studied the oxi-
dation of 1, 3-dihydrobenzene using cyclic voltam-
metry method and found that the molecules under-
goes a 1H" 1 electron oxidation at pH < pKal and a
1 electron oxidation at pH > pKa2 to form radicals.
The radicals then readily react to form dimers/pol-
ymers deposited on the electrode surface.
Di-p-oxo-tetrakis (2, 2°- bipyridine)- dimanganese
(III, IV) perchlorate which can be written as
[(bipy),Mn0,Mn!V (bipy),]*" has various pos-
sible applications and useful participation in numer-
ous biological systems containing manganese com-
plex. During photosynthesis, there is a manganese
complex which is made up of one calcium and four
manganese atoms that serves as a model for the
splitting of water molecule through absorption of
photon (Vinyard et al., 2014). It is responsible for
the oxidation of water to oxygen in plants, algae and
cyanobacteria. Therefore, it is important that the re-
dox reactions between di-p-oxo-tetrakis (2, 2’- bi-
pyridine) — dimanganese (111, IV) perchlorate and 1,
3-dihydroxybenzene in hydrochloric acid be inves-
tigated.

2.0 Materials and Methods

Spectrumlab 752s UV/visible spectrophotometer,
hydrochloric acid (HCI), sodium chloride (NaCl)
nickel nitrate (Ni(NO3),), sodium formate
(HCOONa), sodium nitrate (NaNQO3) and distilled
water were used. All reagents were analar grade.
Synthesis and characterization of di-p-oxo-tetrakis
(2, 2’- bipyridine) — dimanganese (111, IV) perchlo-
rate was carried out by the addition of 4.3 g of
Mn(CH3COOQ),.. 4H,0 in 60 ml of distilled water
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followed by addition of 9.46 g of 2, 2’ bipyridine
that was prepared in 30 ml of acetone, 8 ml of 1 mol
dm™ acetate buffer (pH 4.5) was added to the solu-
tion and the pH adjusted was to 4.5. The solution
was allowed to cool to 0 °C in an ice bath. Potassium
permanganate (1.18 g dissolved in 50 ml of water)
was added drop wise with stirring and the resulting
solution was filtered followed by addition of con-
centrated NaClO4 to precipitate the product to a
paste. The product was washed with a mixture of
ethanol and diethyl ether solutions. The complex
formed was re-crystallized at room temperature and
filtered. The filtrate was re-crystalized through slow
addition of a concentrated solution of NaClO4 and
stirring. The solution was cooled and filtered to ob-
tain the product. The re-crystallized product was al-
lowed to dry in a desiccator to a constant weight
(Nafjapour and Moghaddam (2012). Uv/Visible
spectrum  of the synthesized compound,
[(bipy),Mn0,Mn!V (bipy),]*" was recorded at
Amax = 683 nm.

The stoichiometry of the reaction was determined
spectrophotometrically by keeping the concentra-
tion of [(bipy),Mn!"0,Mn!V (bipy),]** constant
at 5.0 x 10 mol dm™ while that of H,Q was varied
between (1.0 —10.0) x 10 mol dm™ at [H'] =1 x
10*mol dm™, p=1.0 mol dm™, T=30 % 1 °C at Amax
= 683 nm until a constant absorbance value was ob-
tained. The absorbance at infinity (A.) was plotted
against the mole ratio and the point of inflection on
the curve of the absorbance versus mole ratio plot
corresponds to the stoichiometry of the reaction.
The kinetic study was performed under pseudo-first
order conditions with the concentration of H,Q at
least  24-folds  excess over that of
[(bipy),Mn"0,Mn! (bipy),]*" at T=30+1°C,
p=1.0 mol dm™. The reaction was monitored spec-
trophotometrically by taking the absorbance at Amax
of 683 nm. The pseudo-first order plot of log
(A—A) versus time (t) in seconds were made (A
and A are the absorbance at time, t and at infinity
respectively).

The influence of hydrogen ion concentration on the
reaction rate was investigated in the range of

0.5 <[H"] 4.0 x 10* mol dm™ using HCI, at con-
stant ionic strength of p = 1.0 mol dm= and T = 30
+ 1 °C (NaCl).

The effect of ionic strength of the reaction medium
on the rate was investigated in the range 0of 0.2 — 1.2
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mol dm™ (NaCl) while the concentrations of other
reactants were kept constant. The relationship be-
tween of the reaction rate and changes in ionic
strength was investigated by plotting log ksver-
susV n. The effect of medium dielectric constant, D,
on the rate was also investigated by using a binary
solvent mixture of 20 % ethanol/water respectively.
The effect of added ions on the reaction rate was
achieved by varying the concentrations of (Ni",
NO;~ and HCOO") while the concentrations of
other reactants were kept constant.

To test for the presence of free radical in the reac-
tion mixture, acrylamide solution was added to a
partially reduced reaction mixture, followed by an
addition of methanol in excess. The same treatment
was applied to the solutions of
[(bipy),Mn'" 0, M"Y (bipy),]**and H,Q sepa-
rately which served as control.

Electronic spectra of partially reacted reaction mix-
tures were recorded at various time intervals. A
similar run was carried out for reactants separately
in each case. This was carried out in order to ob-
serve enhancement of peak or shift in Amax will result
as the reaction progresses. Furthermore, Michaelis-
Menten’s type plot ofl/k; versus 1/[H,Q] was car-
ried out which provided information on the pres-
ence or absence of intermediate complex formation
through the identification or non-identification of
intercept.

The products of the reaction were analyzed for qui-
nine and Mn**. The solution at the end of the reac-
tion was divided into two parts. One part was kept
in the dark for 2 days. A dirty yellow precipitate was

2 . . 3+
= [y Mn! 0, Mn!Y (bipy), |

dt
where ko= 7.64 + 0.03 dm? mol's™!
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obtained. This was filtered and reacted with 2,4-di-
nitrophenylhydrazine. Red crystals indicating the
presence of Quinone were obtained. To the second
part of the completely reacted solution, dilute solu-
tion of H,SO4 and KIO;were added and warmed for
2 mins, the solution turned pinkish indicating the
presence of Mn?*.

3.0 Results and Discussion

The Uv visible spectrum of the synthesized com-
pound, [(bipy),Mn!10,Mn" (bipy),]*" indi-
cated a wavelength of maximum absorption (Amax)
of the compound as 683 nm (Fig. 1).

A mole ratio of 2:3 was obtained as the stoichiom-
etry between the reaction of
[(bipy),Mn"10,Mn!V (bipy),]**and H,Q. This is
consistent with the report of Lohdip and Iyun
(2003) for the reaction of
[(phen),Mn"10,Mn!V (phen),]and  thiocynate.
The overall equation for the redox reaction can be
represented by equation 1:
2[(bipy),Mn" 0, Mn" (bipy),]** + 3H,Q +
2H* - 3Q + 4Mn?* + 4H,0 @)
The reaction indicated an order of one with respect
to[(bipy),Mn!"" 0,Mn!V (bipy),]3*. The plot of
log (A: -Ax) versus time was linear for over 90 %
extent of the reaction (Fig. 2). Also plot of log ko
versus log [H,Q] was linear and the slope was 1.02
(Fig. 3), indicating first order with respect to H>Q.
Therefore, the overall order of the reaction is
second order with a second order rate constant, k
obtained from k; = ko/[H,Q] fairly constant (Table
1.0). This is consistent with what was reported by
Iyun and Ukoha (1999). The rate law for the reac-
tion is:

—kz[(bipy)zMnl”OzMn’V(bipy)2]3+[H2Q] 2

02 /500 540 600
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Fig. 1: Uv/visible Spectrum of [(bipy),Mn'"'0,Mn!Y (bipy),]*".
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Fig. 2: Pseudo-first order plot for the reaction of [(bipy),Mn'"'0,Mn! (bipy),]**and H,Q.
[(bipy),Mn!T0,Mn!Y (bipy),]**=5.0 x 105, [H,Q] = (1.2-3.0) x 10, H"=1.0 x 10**, p = 1.0 mol dm"

3, Amax = 683 nm and T=30.0 £1°C.
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Fig.3: Variation of log ko vs log [H.Q] for [(bipy),Mn'"'0,Mn"" (bipy),]* =5 x 10%, [H,Q] = (1.2 -
3.0) x 103, H'=1 x 10* , p = 1.0 mol dm™, Amax = 683 nm and T=30.0 £1°C.

Observation of the effect of hydrogen ion concen-
tration on the reaction rate revealed increase in rate
with increase in the concentration of acid (Fig. 4).
In the range of 0.5 < [H*] < 3.5 mol/dm? as shown
in Table 1. A plot of k, vs [H'] was linear with a
slope of 1.76 x 10* dm* mol' s and an intercept of
5.73 dm>mol!' s’!. This result is in good agreement
with the findings reported by Banerjee et al. (1997)
for the reduction of [Mn"O,Mn'V]** by hydrogen
—d[(bipy),Mn' 0, Mn!V (bipy),] _

dt

peroxide and also the those reported by Chaudhuri
et al. (1995) for the reaction of
[(bipy),Mn0,Mn' (bipy),]*" with NO, re-
spectively. However, the results are at variance with
those reported by Iyun et al. (1996) for the oxida-
tion of I, 3-dihydroxybenzene by [RuORu ]*"where
the rate of reaction decreases as [H'] increases,
hence the overall equation for the reaction is pre-
sented as:

= {5.73+ 1.76 x 10*[H*][(bipy) ,Mn'T 0,Mn" (bipy),][H,Q]  (3)

where a = 5.73 dm®* mol! s}, b=1.76 x 10* dm®>mol's!: a = intercept and b = slope.
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Table 1: Pseudo-first and pseudo second order rate constants for the reaction of
[(bipy),Mn'T0,Mn!V (bipy),]**and H,Q at = 5.0x 105, [H,Q] = (1.2-3.0) x 10, H* = 1.0x 10, p =
1.0 mol dm™, Amax = 683 nm and T=30.0 + 1°C.

10’[H,Q] [H]=1.0 x10*mol dm™  p=1.0 mol dm®  10'Kos™ k; dm3 mol!s!
mol dm™
1.2 1 1 9.26 7.72
14 1 1 10.43 7.45
1.6 1 1 12.23 7.64
1.8 1 1 13.91 7.73
2 1 1 15.31 7.66
2.2 1 1 16.37 7.44
24 1 1 18.52 7.72
2.6 1 1 20.04 7.71
2.8 1 1 21.39 7.64
3 1 1 23.05 7.68
2 0.5 1 12.92 7.46
2 1 1 15.31 7.66
2 1.5 1 17.07 8.53
2 2 1 18.93 9.47
2 2.5 1 21.16 10.58
2 3 1 22.06 11.03
2 3.5 1 24.02 10.01
2 1 0.2 15.5 7.75
2 1 04 15.41 7.7
2 1 0.6 15.52 7.76
2 1 0.8 15.5 7.75
2 1 1 15.38 7.69
2 1 1.2 15.59 7.8

~.-§ s

lg °

o 1 2 10¢ [H] 3 4

Fig.4: Plot of k; vs [H'] for the reaction of [(bipy),Mn'"'0,Mn" (bipy),]** with H,Q
[(bipy);Mn' 0,Mn! (bipy),]**= 5.0 x 107, [H,Q] = 2.0 x 107, H" =1.0 x 10", p = 1.0 mol dm?,
Amax = 683 nm and T= 30.0 + 1°C.
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Table 2: Effect of dielectric constant on the reaction of [(bipy),Mn'" 0,Mn!V (bipy),]**with H,Q.
[(bipy);Mn' 0,Mn! (bipy),]*=5.0 x 1075, [H,Q] = 2.0 x 10, H'= 1.0 x 10*, p = 1.0 mol dm™?,
D =20 % Ethanol, Amax = 683 nm and T=30.0 £ 1°C.

10° [H,Q] mol dm?®  10°[H'] mol dm

N NN NN
—_— e e e
e e e

The rate of reaction was also found to be unaffected
by added cation and anion as shown in Table 3,
which also agrees with the findings reported by
Lohdip and Iyun (2003). Addition of acrylamide so-
lution to the partially reacted mixture (in the pres-
ence of excess methanol) indicated the absence of
gel formation, which also confirm the absence of
free radicals in the reaction. This result is contrary
to that reported by Gosh et al., (2002) where little
gel was formed in the presence of excess methanol.
Michelis Menten’s type was linear with zero inter-
cept indicating the absence of intermediate complex
formation (Fig. 5). Also spectroscopic data is con-
sistent with kinetic data for the absence of interme-
diate.

Table 3: Effect of cation and anions for the reac-
tion of  (bipy),Mn'o,Mn" (bipy),]**
with H,Q.  [(bipy)Mn'""0,Mn"" (bipy),]*'=
5.0 x 105, [H,Q] =2.0 x 103, H =1.0 x 10*, n =
1.0 mol dm™, Amax = 683 nm and T=30.0 + 1°C.

Ton 10° [Ion] 10°kes? k»
mol dm? dm? mol!'s!

Ni?* 03 21.99 11.00
0.5 22.45 11.23
0.7 21.99 11.00
0.9 21.99 11.00
1.0 21.97 11.04
1.3 22.09 11.05

HCOO" 0.3 23.95 11.98
0.5 23.98 11.99
0.7 2391 11.95
0.9 23.93 11.96
1.0 23.88 11.94
1.3 23.88 11.94
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pn=1.0moldm> 10%kys™ k2 dm? mol!s™!
15.34 7.67
15.58 7.79
15.69 7.85
15.45 7.73
15.44 7.72
15.34 7.67
NO5 0.3 23.99 11.75
0.5 23.86 11.93
0.7 23.58 11.79
0.9 23.49 11.75
1.0 23.17 11.58
1.3 23.49 11.75

120

0 5 10 1'5 20 25
B V[HQ]
Fig. 5: Plot of 1/ko versus 1/[H,Q] for reaction of
with H,Q. [(bipy),Mn'T0,Mn" (bipy),])*=

5.0 x 10, [H,Q] = 2.0 x 10, H*=1.0x 10, p =
1.0 mol dm, Amax = 683 nm and T=30.0 + 1°C

The result obtained in these tests are consistent with
the results of Mohammed et al., (2017) for the re-
duction of diaquotetrakis (2, 2'-bipyridine)-p-ox-
odiruthenium(III) ion by hypophosphorous.

The following reaction mechanism was proposed
for the system:
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2[(bipy) M O MnY (bipy) . ]PF+ HT K -~ (4
2[(bipy)zMn'T O, M (bipy )P+ (bipy) H
2[(Bipy)MnT O, M"Y (bipy)]FT+ HY + H,Q E (3)
slow
2[(bipy)Mn" (0)Mn' (bipyH)** + (bipy)H* + Q
2[(bipy)Mn" (O )Mn' (bipyH)]*" + HoQ kz (6)
B
slow
2[(bipyIMa oM™ (bipy)]PH+ 2H 0+ Q
2[(bipyIMn oM™ (bipy)]*+ + H,Q + 2H ks AMn* 4+ 2H, O + Y%(Q)2 (7)

4.0 Conclusion

The reaction rate increased with increase in the con-

centration of hydrochloric acid and was unaffected

by ionic strength concentration and added ions. The
reaction system has been rationed to proceed via

Proton Coupled Electron Transfer Mechanism due

to the non-catalysis by added ions.
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