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ABSTRACT

The stoichiometry, mechanism of the reduction of7-Bis(dimethylamino) phenothionium chloride knoas
methylene blue (here in referred to as MB) withahistulphite ion in acidic medium have been inveséd under
pseudo-first order conditions at 25 +1°C, Ti# 1x 10" mol dn®®, | = 1.0 mol dri? (NaClQ,) and A max= 663 nm .
The stoichiometry is 1:3 and the kinetic studieidated first order dependence in both MB and mistdphite ion.
The rate equation has been proposed as:

-d/dt [MB] = k,[MB][S,0s” ] Where k= 2.06 x 10" mol dm® s*

The rate of reaction was enhanced by increase dindgen ion giving the dependence of several ordt constant
on [H'] as k - a + b[H'] and ionic strength in the reaction. Results fr@pectroscopic investigation and
Michaelis-Menten’s plot showed no evidence of treméation of an intermediate complex. The mechariéthe
reaction is therefore discussed in terms of outdrese mechanism.

Keywords: 3, 7-Bis(dimethylamino) phenothionium chlorideetdbisulphite, Mechanism; Reduction.

INTRODUCTION

3, 7-Bis(dimethylamino) phenothionium chloride alsmown as methylene blue is a water soluble polyata
cationic redox dye, is widely used as a dye indgglfor staining procedures to examine RNA or DNA[Lis also
widely used in medicine for the treatment of mad#], cancer [3]. In chemistry, it is used as doseindicator for
the analysis of sulphide in soil and is easily tliby various reducing agents to the colourlesirdgenated
molecule, leucomethylene blue (LMB). These processere found application in numerous inventione lilata

recording holographic industries, optical data age;, food and pharmaceutical industries and chgctan the
purity of milk. [4, 5].

Metabisulphite is a good reducing agent often @sed preservative and antioxidant in food [6]. M&talphite ions
are the primary ingredients in campden tabletsd deewine and beer making to inhibit the growthvafd yeasts,
bacteria, and fungi [7]. It is used in the manufaicty of some drugs and is also used in the tektiistry for

dyeing. Redox reaction of MB by permanganate ibiourea and hydrogen peroxide has earlier beernrtexpby [8,
9, 10] respectively.

Knowledge of the kinetics of MB is very importamt order to gain access to the mechanistic pathwayso
reactions most especially in medicine for the treatt of some diseases. This work therefore is aiatestudying
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the mechanism of the reduction of MB by metabisitépfon. This is with a view to throwing more lighh the
mechanistic pathway of the reduction of this impnttdye.

MATERIALS AND METHODS

Material and Reagents

MB was obtained from Aldrich Chemical Company wtaléother reagents used were of BDH (analar gradé)
was used without further purification. Standarduioh of dye, $0s and all other salts were prepared with distilled
water. The prepared solutions were wrapped witimadum foil to avoid photochemical decompositionrdPéoric
acid was used to investigate the effect of hydrdgaron the rate while sodium perchlorate was usedaintain a
constant ionic strength at 1.0 mol dnUV/Vis Spectrumlab 752s spectrophotometer wasl tisenonitor changes
in absorbance of reactions.

Stoichiometry

The stoichiometry of the reaction was determinedgctrophotometric titration using the mole ratiethod [11].
The concentration of MB was kept constant at 3xa®| dm® while that of the metabisulphite ions was variezhf
(1.0 — 6.0) x 1d mol dm®, [H'] at 1.0 x 10" mol dm?, at ionic strength of 1.0 mol di(NaClQy), Amax = 663 NM
and T =25 + 1°C.

The absorbance of the reaction mixture was measufed, of 663 nm after the reaction had gone to completi®
indicated by a constant reading in the absorbameeaperiod of 24 hrs. A plot of absorbance addhes mole ratio
of the reactants was made and the stoichiometryewalsiated from the point of inflection (fig 1).

Kinetics and Order of Reactions

All the rate measurements were made using UV/ViecBpmlab 752s spectrophotometer. The progres$ieof t
reactions was monitored by following the decreasakisorbance of the MB at,,, 663 nm. All kinetic runs were
made under pseudo-first order conditions withQ8] in at least 20 fold excess over [MB], at I= 1.@Indm?
(NaClQy) and [H] = 1.0 x 10" mol dni®, at 25+£C.

Plot of log (A —A.) against time (where Aand A are the absorbances at the end of the reactioratatithe t
respectively) were made from which pseudo-firseomte constants {kwere determined (fig 2). Second order rate
constants (¥ were obtained as k k/[S,0s°]". A plot of log k Vs log [SOs”] was also made (fig 3).

Effect of Hydrogen lon

The effect of hydrogen ion on the rate of the rieactvas investigated in the range of (0.5 — 4.a)0% mol dm?®
(HCIO4) while the concentrations of other reactants vikeqgt constant. The results are presented in Tablep?ot
of k,vs [H'] was also made (fig 4).

Effect of lonic Strength

The effect of ionic strength on the rate of thectiem was investigated in the range of 0.5 -4.0 dwof® (NaClQy)
while the concentrations of other reactants wepd kenstant. The results are presented in Tabfeot of log k,
vs I was also made (fig 5).

Effect of Dielectric Constant
The effect of medium dielectric constant, D, on ttae of reaction was investigated by using 10%tunécof water
and acetone, Table 4.

Effect of added ions

At constant concentration of [MB] = 1 x ¥@nol dm®, [S,0s?] = 1 x 10*mol dm?®, [H*] = 1.0 x 10" mol dm?®, I=
1.0 mol dn? (NaClQy), the effect of added cation (€pon the rates of the reactions was investigatetienrange
(0.2 = 1.6) x 18 mol dm?® Table 5.

Test for Intermediate Complex Formation

a)The electronic spectra of the partially reactedtioa mixtures were recorded at five minutes ingés\after the
commencement of the reaction over the range of/ABDAmM. A similar run was made for the reactanpassely in
each case.
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b)The Michaelis-Menten’s plot of 1kvs 1/[SOs>] was made (fig 6).

Test for free radical
About 2 g of acrylamide was added to the partialidized reaction mixture of methylene blue andab&ulphite
ions in excess methanol and to each of the reastgatrately at stated condition in Table 1.

Product Analysis
At completion of the reaction, the reaction mixtwas analyzed for the type of products found, 8@s tested for
as product. SPwas tested qualitatively by mixtures of BaEICI.

RESULTS AND DISCUSSION
Stoichiometry
Stoichiometric studies indicated that 3 moles 88 reacted completely with one mole of MB (Fig 1) . gives
the overall equation of the reaction to be
MB + 3S0:> — Product ..(1)
Different stoichiometry has been reported for rigast of MB with different reductants. A stoichiomedf 1: 1 was

reported for MB/thiourea by [8]; [R&py)O]Cld/ S0 by [12]; 1:2 for MB/MnQ by [9], 1:2 for MB/ Fe(CN)by
[13].In this study the stoichiometry was obseneté¢ in the ratio of 1:3 for MB/®s" (fig.1).

0.7 -

ABS

[S:05]

Figure 1: Stoichiometry Plot for the Reduction of MB with S,05% . T= 25 * 1°c). max = 663 nm

Kinetics and order of reaction

Plots of pseudo-first order of log (A A,) versus time were linear to about 80% of the feacfThis suggests that
the reaction is first order in [MB] (fig.2). Plof tog k, (Where k pseudo-first order rate constant) versus |o§f3]
was linear with a slope of 0.87 indicating that teaction is first order with respect to,{%*] (fig 3). A similar
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order has been reported by [14].The overall orsliéhérefore second order for both MB angd$].Thus, the rate
equation for the reaction is

-d/dt{MB] = k[MB][S,O2]T 2)
at [H] = 1.0 x 10" mol dm®and T = 25+1°C, and,k= 2.06 x 100 mol dm*s*

Table 1: Pseudo-First rate constant and second ordeate constant for the MB and SOs> at 25 + 1°c)A max = 663 nm, [MB] = 1 X 1G
mol dm?

10°[S;05°] mol dm™ | | (NaClO,) mol dm® | 10'[H] moldm™® | 10° k,s! | 10'k, dm® mol?* s!
20 1.0 1.0 4.49 2.25
30 1.0 1.0 6.56 2.19
40 1.0 1.0 8.38 2.10
50 1.0 1.0 9.78 1.96
60 1.0 1.0 12.32 2.05
70 1.0 1.0 13.75 1.96
80 1.C 1.C 15.2% 1.9C

Times (mins)
_1.075 T T T T T 1
(L 5 10 15 20 25 30

-1.08 -

-1.085 -

-1.09 -

log (A, -A.,)

-1.095 A

-1.1 4

-1.105 A

-1.11 A

-1.115 A

-1.12

-1.125 -
Figure 2: Typical Pseudo-first Order Plot for the Reaction of MB with S,052. [MB] = 1x 10° mol dm?, [S,05?] = 1x 10° mol dm*T= 25
+ 1°C,A max = 663 Nm

The order of one in the oxidant concentration iis tleaction is consistent with what was reported sionilar
reactions of MB/ferrocyanide; sulphide ion and abuoacid [13, 15 and 16].
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Table 2: Hydrogen ion rate constant and second ordeate constant for the reaction of MB and $SOs*". [MB] = 1 X 10° mol dm* [S,057]
= 1x 10° mol dm®T= 25 + 1°C k max = 663 M

10°[S;05”] mol dm™ | | (NaClO,) moldm?® | 10'[H*] moldm™ | 10° k,s" | ko dm® mol? s*
20 1.0 0.5 0.83 4.15
20 1.0 1.0 1.23 6.15
20 1.0 1.5 1.38 6.90
20 1.0 2.0 1.46 7.30
20 1.0 25 2.30 11.50
20 1.0 3.0 2.37 11.85
20 1.0 35 4.21 21.05
20 1.C 4.C 5.3(C 26.5(
log [S;057]
0 T T T T T 1
) 0.5 1 15 2 25 3
0.2 -
0.4 -
o -0.6 -
=
o
s)
- -0.8 -
1 -
1.2 -
1.4
Figure 3: Plot of log k vs [$0s?] for the Reaction of MB with S,052.
Effect of [H']

The result on Table 2 shows that the rate constérthe reaction increased with increase in hydrogen
concentration in the range of (0.5-4.0) x*1®lots of k" versus [H] (acid dependant rate constant) (Fig. 4) was
linear with a slope of 4.82 x T0and an intercept of 1.95 x 10The acid dependent rate equations for the reactio
can be represented by equation 3,

kq'= (@ +b)[H]MB][S:0°1 (3)
where a = 1.95 x TOmol dm® s?, b = 4.82 x 18 mol dni® st

Equation 3 suggests that the reaction occurredboth acid-dependent and acid-independent pathvw&iysilar
report for the reduction of MB by bromate ion; dédmediamine tetracetatocobaltate (Il) ion @achercaptoethanol
have been observed by [17, 18, 19] respectively diffiecrent from the findings reported for the retioo of
metabisulphate by 1, 2 benzenediol [20] ans{tf®/),0]Cl/ S,0s> [12]where the rate of reactions is independent
on [H].
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14 -

[H*]

Figure 4: Plot of log k;* vs [H'] for the Reaction of MB and SOs*

Effect of changes in lonic Strength

The result in Table 3 shows that the rate of trectien increased with increase in ionic strengthgesting a
positive Bronsted — Debye salt effect. This obsiowasuggests that the activated complex is forfn@ah two ions
of like charges [21]. A plot ofkvs I gave a linear graph with a slope of Ost®wing positive effect as shown in
Fig 5.This suggests that the product of the changethe reactants in the activated complex is pesjp2, 23].

Table 3: lonic Strength rate constant and second der rate constant for the reaction of MB and $0s> .[MB] = 1 X 10° mol dm® [S,0s*
1= 1x 10° mol dm3T= 25 % 1°CA may = 663 NM

10°[S,057] mol dm® [ 1 (NaClO,) moldm® | VI [ 1Ct[H*] moldm?® | 1¢® k,s* | k, dm®mol™s?!
20 0.5 0.71 1.0 0.70 3.50
20 1.0 1.00 1.0 1.32 6.60
20 1.5 1.22 1.0 3.03 15.15
20 2.0 1.41 1.0 3.32 16.60
20 2.5 1.58 1.0 5.34 26.70
20 3.0 1.73 1.0 5.46 27.30
20 35 1.87 1.0 6.38 31.90
20 4.0 2.00 1.0 6.53 32.65

Effect of Total Dielectric Constant

The effect of changing dielectric constant wasistidy using a binary solvent mixture of water adtone (10%).
It was found that as the concentration of acetomeeased, the rate reaction also increased. Thisredtion is
different from that reported for the reaction of MBnethyl-2-thioureae in which an increase in theaentration of
acetone decreased the rate of reaction [24].
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I

log k,

Figure 5: Plot of log k, vsI for the Reaction of MB and $Os> [S,052] = 1x 10° mol dm®T= 25 + 1%, & s = 663 NM

Table 4: Effect of Changes in Total Dielectric Cortant [MB] = 1.0 x 10°mol dm™®, [$,05*] = 1.0 x 10° mol dm?, Anax = 663 nm
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Effect of Added Cation

The presence of adid not affect the rate constant. The lack of lyata by the added cation is in line with the
formation of ion-pair prior to electron transferin& the ion-pair complex does not possess a fowhaltge,
interaction with added cation will be unlikely (kyet al.,1995).

Table 5: Effect of Added Cation [MB] = 1.0x 16 mol dm™®, [S;0:] = 1.0 x 10° mol dm™, CaClk = 1.0 X 10, Amax = 663 Nm
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Product Analysis

After the completion of the reaction, a colourlestution was obtained and the UV visible spectrahefproduct
showed no absorption peakiat.,, of 663 nm. This indicates the destruction of tlingid (chromophore) group.
Furthermore, on addition of acidified BaGb the complete reaction mixture, a white preeigitwas obtained
indicating the presence of $0as the product of the reaction.
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Free Radicals

Addition of a solution of acrylamide to partiallgacted mixture did not give a gel in the presentcexaess
methanol, indicating the probable absence of fegicals in the reaction mechanism. However, theralso the
probability of the formation of semiquinone radiediich is difficult to observe experimentally [25].

Spectroscopic Test for Intermediate Complex Formatn

The plot of 1/k vs 1/ [$Os%] gave a straight line which passed through thgilriFig 6). This suggests absence of
intermediate complex formation prior to redox réatt In addition, the results of the spectroscagticdies indicate

no significant shifts from the absorption maximalgf, = 663 nm. This further suggests the absence of the
formation of an intermediate complex in the reacti8imilar observation was reported for MB by Mnand 1-
methyl-2-thiourea by [9, 24].

2.5 +

1/ko

0 T T T T T 1
0 1 2 3 4 5 6

1/[S,057]

Figure 6: Michaelis-Menten’s Plot of 1/k vs 1/ [SOs?]. [S:05?] = 1x 10° mol dm>T= 25 % 1°C,\ may = 663 NM

Mechanism of Reaction

[26, 27] reported that redox reactions of many ariens are strongly acid dependent and as suistreasonable to
postulate that £ is protonated in a fast step to give g which then reacts with MB in a slow step to gikie t
products. Also, the intercept obtained for the plok, versus [H] indicates that the unprotonategd8" also reacts
with MB to form the products. Therefore, taking @acse to the experimental data, the following meddie steps
have been postulated for the reaction:

2- + k1 -
S05+H & HS,0s 4
k
MB + HS,0s — Products 5
2 ks
MB + S0 - Products 6
Rate = K[MB ][ HS,0s] + kgMB][S,0s°] 7
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From equation 5.

[HS,0s] = K{[S, O [HTT 8
Putting equation 8 into 7,

Rate = kK{[MB][S,05°][H+] + kg]MB][S.0 9
Rate = k + kK, [HH][MB][S.O1 10
Equation 10 is similar to equation 3

where k = ‘a’ = 1.95 x 10 dn mol* s* and kK, = ‘b’ = 4.82 x 10'dn?® mol* s*

In trying to assignh mechanistic pathway for thigation, the following points are considered:

The Michaelis- Menten plot of 1Jkvs 1/ [SOs°] was linear without an intercept indicating thesahce of
intermediate complex formation. This suggests titerssphere mechanism [28].

Absence of free radicals in the reaction mixturggasts the contribution of outersphere mechanigh [2

Absence of spectrophotometric evidence of interatedcomplex formation suggests that a precursomptaxris
probably not formed prior to electron transfer ainalt the redox reaction most probably occurs byotlter-sphere
mechanism.

CONCLUSION

From the points above, one is able to conclude ttimatreaction of MB with metabisulphite ion mosblipably
occurred by the outer-sphere mechanism.
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