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Abstract

A detailed kinetic study of oxidation of L-ascorbic acid and other related diols has been undertaken by two types of
Fe(Il) chelates viz., blue complexes and Blau’s yellow complexes. Application of Marcus theory substantiated an inner
sphere electron transfer from L-ascorbic acid (or diol) to Fe(IlI) chelates (Blaw’s yellow complexes), while an outer sphere
mechanism was operative in the case of blue complexes. Reactions were found to be catalysed by both anionic and cationic
micelles (SDS and CTAB respectively). Catalysis was explained due to the siabilisation of transition state due 1o electrostatic
interactions operating between cationic form of Fe(IIl) chelates and anionic CTAB respectively. Mechanism of miceliar path

could be explained by binding model.
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1. Introduction

Oxidation of organic compounds does not
proceed by Fe(IID) in sulphuric acid medium
even under reflux conditions. However, the re-
action proceeds smoothly even at ordinary tem-
peratures in the presence of ligands such as
1,10-phenanthroline (phen), «,a’-bipyridyl
(bipy). Our preliminary investigations show that
the oxidation is faster in low acidities and very
slow or almost sluggish in higher concentrations
of sulphuric acid even in the presence of hetero-
cyclic (ligands) bases such as phenanthroline. A
survey of the literature shows that yellow—brown
complexes are obtained when bipyridyl, phenan-

throline or substituted analogous ligands are
directly added to Fe(Ill) [1-5]. These yellow—
brown complexes are proved to be entirely dif-
ferent from blue complexes of Fe(IIl) which are
obtziricd only by the oxidation of Fe(II)chelates
of phen, bipy, (for example, ferroin). It was also
further reported that yellow complexes of Fe(IID)
are substitution labile while the blue complexes
are substitution inert. Following the Kinetics of
oxidation of various organic compounds [3-9]
by Fe(Ill) in H,SO, medium (catalysed by phen
or bipy) an account is now given on the kinetic
investigation of certain benzene diols (H,A)
viz., L-ascorbic acid, catechol, hydroquinone
and resorcinol by the same oxidising species. It
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is also proposed to correlate the specific rate
constants with electrode potentials using Mar-
cus’ theory of linear free energy relationship
{10l

In order to support the findings of this study,
the authors have also taken up this investigation
by using blue complexes of Fe(III) as oxidants
in addition to yellow complexes.

The effect of organised assemblies on the
rates and equilibria of reactions has attracted the
attention of several chemists and biochemists in
recent past {11]. The interest is mainly based on
the realization that many biochemical reactions
proceed in micro heterogeneous systems which
comprise an agueous and a lipophilic moiety
[12]. Among the biochemical functions, the re-
dox systems are of primary importance because
entire electron transport occurs in these systems
[13]. The investigation of electron transfer pro-
cesses in micellar media is, however, taken up
by examining properly selected reactions [14~
18]. Oxidation of ferrocene by Fe** (aquo ion)
[15,16], metal chelates with hydrophobic ligands
such as tris(1,10-phenanthroline)~cobalt(III) and
analogous complexes [17]. On the basis of these
studies, it was proposed that ferrocene and fer-
rocenium ion could be used as suitable probes
for metalloprotein redox studies [18]. Such in-
teresting features prompted the authors to ex-
tend the present investigation in organised mi-
cellar media in order to gain an insight into the
mechanistic aspects.

2. Experimental details
2.1. Reagents

Fe(Ill) sniphate solution has been prepared
and standaidised according to literature proce-
dures [1-5]. Benzene diols (H,A) such as resor-
cinol, hydroquinone, catechol, L-ascorbic acid,
1,10-phenanthroline, «,a’-bipyridyl, nitro-
phenanthroline, sodium lauryl sulphate (SDS or
SLS), cetyltrimethylammonium bromide
(CTAB) and Triton X-100 (Tx) are either Fluka,

Aldrich or Merck samples. All other chemicals
are of BDH AnalaR Grade.

Methanol (Merck) has been refluxed over
KOH and I, for about two hours, distilled twice
and used for solvent effect studies. The dielec-
tric constant data for different aquomethanol
mixtures have been obtained from literature [10].

2.2. Kinetic measurements

The progress of the reaction has been fol-
lowed by recording the absorbance values of
ferroin or corresponding analogous Fe(ID)
chelates at 510 nm and regular intervals of time
on Beckman DU-Model spectrophotometer
equipped with thermostated quartz cells. Results
are reproducible within +3%.

2.3. Potentiometric measurements

Dissociation constants for the step
Kd
H,A=HA +H"

have been determined by potentiometric tech-
niques with a Systronics (India) pH meter
equipped with a combination of glass and
calomel electrode assembly. Formal poieniials
for Fe(IlI) /Fe(II) in the presence of ligand and
H,A /A couples in sulphuric ac:d medium have
been determined according to siandard proce-
dures [10] using saturated calomel (SCE) and
platinum (contact) electrode assembly con-
nected through KNO, salt bridge. The formal
reduction potentials of H,A /A have been de-
termined by partially oxidising the substrate
wiih the addiiion of TI(III) and then recording
emf potentiometrically [10].

2.4. Polymerisation test

The addition of deaerated olefinic monomer
(acrylamide and /or acrylonitrile) to the reaction
mixture, has induced vinyl polymerisation indi-
cating the formation of free radicals in the
system.
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3. Results and discussion
3.1. Salient features of the study

3.1.1. Stoichiometry and product analysis

When the reaction was conducted under the
conditions [Fe(IIDL] > [Substrate] or (H,A), it
was noticed that one mole of dihydroxy com-
pound consumed two moles of oxidant to give a
dienone type compound as the product of oxida-
tion. Products were analysed by characteristic
spot tests according standard literature proce-
dures [9,10].

/()H /0
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3.1.2. Under the conditions [L] > [Fe(Ill)] and
[H, A] > Fe(lll)

Plots of In[ A, /( A — A,)] as function of time
(where A,, A, represent absorbance at infinite
time and time #) were linear, passing through
origin indicating order with respect to [Fe(III)]
to be unity (Fig. 1).

3. Order in [H,A] is found to be fractional
from the log—log plots of k' vs. [H, Al Further,
the reciprocal plots of 1/k" vs. 1/[H,A] are
linear with a positive slope and positive inter-
cept on 1/k' axis indicating the formation of a
precursor. Similar observations were made in
anionic, cationic as well as non-ionic micellar

2Fe(IIML + R on = 2Fe(I)L + R\O +2H*  media (Table 1, Fig. 2).
Ol 4. Effect of variation of [Salt], [Acid] and
where R< OH indicates dihydroxy compound. Methanol % (Table 2, Table 3, Table 4) indi-
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Fig. 1. Resorcinol in aqueous acid and micellar media. (A) Plot of logfa/(a — x)} versus time, Temp. = 298 K 103 {Fe(lin)] = 1.00
mol - dm~?; 10%[Resorcinol] = 1.00 mol-dm~*; [H*]=0.100 mol-dm . (B) Plot of log{a/(a ~ x)} versus time, Temp.=298 K

10°[Fe(1ID} = 1.00 mol - dm~?; 10*[Resorcinol] = 1.00 mol - dm~*; [H"] = 0.100 mol - dm™?; 10%[Tx] = 3.00 mol - dm’ ]
log{a/{a — x)} versus time, Temp. = 298 K 103[Fe(11D)] = 1.00 mot - dm ™ *; 10*[Resorcinol] = 1.00 mol - dm 3. fH*] = 0.100 mol - dm ™7,
103[SDS] = 8.00 mol - dm™ 3. (D) Plot of log{a /(a — x)} versus time, Temp.
1.00 mol - dm~?; [H*} = 0.100 mol - dm~?; 10*[CTAB]} = 9.00 mol - dm

3 (C) Plot of

3.

=208 K 10°*[Fe(liD] = 1.00 mol - dm~?; 10%[Resorcinol] =

-3
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cated different trends from yellow complexes of
Fe(IID) to blue complexes of Fe(IIl). The trends
are given in Table 5. (H,A = Asc. acid, ben-
zene diol hydrogquinone, catechol or resorcinol).

3.2. Reactive species and mechanism of oxida-
tion

From the salietst kinetic features cited in the
previous section it has been observed that the
plots of 1/k" vs. 1/[H,A] were linear with
positive slope and definite intercept on 1/k'
axis, which generally indicate the formation of
an intermediate complex in the pre-equilibrium
step. The precursor thus formed may slowly
decompose to give products. On the basis of
effect of variation of [H*], [Salt] and solvent on
the rate of the reaction nature of active oxidis-
ing and reducing species can be determined.
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Consequently the linear plot of k' vs. 1/[H*]
with positive slope, may probably indicate that
the active reducing species is HA ™ according to
the following equilibrium,

Kd
H,A=HA +H"

At constant [H*], the increase in NaClO, did
not affect the rate. However, under similar con-
ditions the rates are marginally inhibited
KHSO,. On the basis of results obtained from
ion-exchange and spectrophotometric tech-
niques Whitekar and Davidson [3] proposed that
Fe(III) complex mainly exists as Fe(SO,); when
[SO2°]1>0.01 mol-dm™". Since [SO} 1=
0.100 mol - dm~?* in this study Fe (SO,); has
been considered as the active species. Under the
conditions [Phen] > [Fe(IlII)] Gaines and co-
workers [4] have reported the formation of a 1:2
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Fig. 2, Afcorbic acid in aqueous acid and micellar media. (A) Plot of [k']™" versus [Ascorbic acid]~'; Temp. = 298 K 10*[Fe(III)] = 1.00
mol - dm % [H*]=0.100 mol-dm~*; (B) Plot of [¥']"! versus [Ascorbic acid]™'; Temp.=298 K 10*{Fe(Il)] = 1.00 mol - dm~>;
(H*]=0.100 mol - dm™?; 10%(SDS} = 8.00 mol - dm 3. (C) Plot of [K']~" versus [Ascorbic acid]™ "; Temp. = 298 K 10°{Fe(1ID] = 1.00
mol - dm >, [H*]=0.100 mol-dm~*; 10{CTAB]=9.00 mol-dm~>. (D) Plot of [K17" versus [Ascorbic acid]™'; Temp. =298 K
10*[Fe(IID] = 1.00 mol - dm~*; [H*] = 0.100 mol - dm~>; 10%[Tx] = 3.00 mo! - dm " >.
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complex of Fe(IlI) with the ligand. Hence, in
the presence of sulphate ions, the equilibrium
could be represented by

Fe(SO,), + 2Phen = [Fe(Phen),]’" + 2502~
(2)

The complex of Fe(Ill) and phen of the present
study has been shown to be entirely different
from ferrin by Harris [5] et al., from the mag-
neto chemical studies. Ferrin cannot be obtained
by direct mixing of Fe(IIl) and phen, but only
by the oxidation of ferroin [1-5]. From the
foregoing discussions, the plausible mechanism
in phen catalysed Fe(IlI)-H,A reaction can be
proposed as an equilibrium reaction between
[Fe(Phen),]** and HA™ to give a mixed ligand

complex [Fe(Phen),(HA)F*, which dissociates
in the slow step. The reaction between
[Fe(Phen),I’* and HA~ can be further sup-
ported from the solvent effect studies. The re-
sults are in accordance with Amis theory for a
positive ion—dipole type reaction [20]. Hence
the mechanistic pathway could be traced as
shown in the scheme:

H,A < HA-+ H* (1)

[Fe(Phen),]’" + H,A = [Fe(Phe“)z(HzA)]3+
(3a)

[Fe(Phen),]|** + HA™ = [Fe(Phen),(HA)]**
(3b)

Table 1
Efiect of variation of [ascorbic acid)
System 107 Ascorbic acid] 10°%,, 10° &y (min™ ")
(mol - dm™?) (min™ ") (A) (B) ©
Fe(l11) phenanthroline (yellow) 1.00 10.8 3.45 4.60 3.12
2.00 11.5 4,60 5.26 3.45
4.00 13.4 5.07 5.77 4.14
8.00 15.9 5.99 6.20 4.60
10.0 18.4 6.90 6.90 5.07
Fe(I11) bipyridyl (yeltow) 1.0¢ 13.8 10.8 11.5 10.2
2.00 17.2 12.2 13.4 10.8
4.00 20.7 16.0 15.8 11.5
8.00 27.6 i8.4 17.2 12.2
10.0 34.5 20.2 18.4 13.4
Fe(iI1) nitrophenanthroline (yeliow) 1.00 10.2 11.5 12.5 10.8
2.00 10.8 12.5 13.6 1.5
4.Ce 12.2 149 15.4 12.5
8.00 13.2 16.1 16.0 13.6
10.0 149 18.4 17.2 154
Fe(HI) phenanthroline (blue) 1.00 9.21 2.76 4.30 3.22
2.00 9.91 3.45 5.26 3.45
4.00 10.8 4.60 5.99 4,14
8.00 12.7 5.06 6.02 4,77
10.0 149 5.81 6.90 5.06
Fe(Ii}) bipyridy! (blue) 1.00 10.8 5.8 6.20 4.60
2.00 11.5 6.21 6.90 4,77
4.00 13.2 6.90 7.28 5.26
8.00 16.0 8.06 3.06 5.76
10.0 18.4 8.82 9.21 6.20

103[0X] = 1.00 mol - dm~*; [H*] = 0.100 mol - dm™>; Temp = 298 K; (A) 10*[SDS] = 8.00 mol - dm~*: (B) 10°[CTAB] = 9.20 mol -

dm~3; (C) 10%[Tx] = 3.00 mol - dm >.
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[Fe(Phen),(H,A)] ™"

— [Fe(Phen),]*" + HA + H* (4a)
[Fe(Phen),(HA)]>* sél [Fe(Phen),]>* + HA
(4b)
[Fe(Phen),]*” + HA
= [Fe(Phen),-]*" + A + H* (5)

(where A = product of oxidation).

Steps (3a) and (4a) can be neglected because
the plot of k' against [H*]™' is linear passing
through origin indicating that only the acid de-
pendent path is operative in the mechanism of
electron transfer. Consequently, reaction be-
tween [Fe(Phen),}** and HA™ only shoul” be

considered. The rate law, for the above mecha-

nism, therefore is

— d[Fe(Phen); ” |

kKK [Fe(Phen);” |[H,A]

dr

[H*] + KK, [H,A]

This can be conveniently rearranged as

’

— d[Fe(Phen); * | /ds

[l-'*‘e(l’hen);+ ]

kKK, [H,A

[H*] + KK,4[H,A]

(6)

(7)

Table 2
Effect of variation of [H*]
System 10°[H*]} 0%k, 10°k, (min~ ")
(mol-dm™ %) (min~") (A) (B) ()
Fe(i1I) phenanthroline {yellow) 1.00 6.42 6.00 8.86 4.60
2.00 6.64 5.54 8.06 4.14
4.00 9.60 5.06 7.78 3.99
8.00 10.2 4.45 6.90 3.45
10.0 10.8 3.45 4.60 3.12
Fe(I1D) bipyridy! (yellow) 1.00 9.91 20.2 16.0 144
2.00 10.0 18.4 15.6 13.4
4.00 11.4 16.0 14.4 12.2
8.00 12.4 10.2 12.2 11.5
10.0 13.8 10.8 1.5 10.2
Fe(111) Nitrophenanthroline (yellow) 1.00 5.07 11.5 No 6.54
2.00 5.763 10.0 Change 7.76
4.00 6.45 9.57 in k' 8.10
8.00 8.14 8.86 values 9.58
10.0 10.2 7.46 observed 10.80
Fe(11I) phenanthroline (blue) 1.00 12.2 4.45 10.2 8.82
2.00 1.5 4.30 9.91 8.56
4.00 9.96 3.61 9,21 7.24
8.00 9.45 292 6.90 6.90
10.0 9.21 2,76 4.80 3.22
Fe(lII) bipyndy! (blue) 1.00 50.7 23.0 29.9 20.¢
2.00 46.0 20.0 27.6 18.2
4,00 345 18.8 230 17.4
8.00 226 10.0 20.0 12.6
10.0 10.8 3.81 6.20 4.60

10°[Ascorbic acid] = 1.00 mol - dm™3; 10°[OX] = 1.00 mol - dm™~3; Temp = 298 K; (A) 10°[SDS] = 8.00 mol - dm~?; (B) 10*[CTAB] =

9.20 mol - dm™?; (€) 10%{Tx) = 3.00 mol - dm ™.
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Reciprocals of Eq. 7 yield

I [H*] I

K kKK JH,A] &

Plots of 1/k" vs. 1/[H,A] have been found
linear with positive slope (m,) and intercept
(C,) on 1/k’ axis. When the values of m are
graphically correlated as a function of [H*] the
resultant plots were linear passing through ori-
gin and yielding again a positive slope (m,).
From the values of C, and m, spscific con-
stants k and K have been evaluated. The values
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of thermodynamic parameters involving k, K
are presented in Tables 6—10. The catalysis of
1,10-phenanthroline could be explained as due
to the m-electron cloud present in the Lewis
base which facilitates the electron transfer more
rapidly. Furthermore this type of ligands are
known to stabilise the lower valency states rather
than the higher [2-5,14].

However, in the case of benzene diol systems
reactive species appeared to be different. Effect
of variation of [Acid] enhanced the reaction
rates thus pointing out the participation of

Table 3
Effect of variation of [Additive]
System 10%[Additive] 10%k,, 10%k, (min™ '}
(mol - dm ™ ?) (min~ ") A) (B) ©)
iso;’]
Fe(lil)Phenanthroline (yellow) 1.00 20.0 8.06 9.21 8.76
2.00 18.2 8.75 9.91 9.02
8.00 16.7 10.3 10.8 3.91
10.0 149 12.6 IL.5 10.2
Fe(lil) bipyridyl (yellow) 1.00 41.5 230 273 20.0
2.00 36.8 20.0 23.0 18.4
8.00 23.0 18.4 19.8 16.0
100 18.4 16.0 17.4 14.4
Fe(liI) phenanthroline (biue) 1.00 14.6 3.91 10.2 3.45
2.00 12.5 4.60 9.91 4.14
8.00 11.5 6.90 9.21 4.77
10.0 10.3 7.59 8.75 5.26
Fe(III) bipyridy! (blue) 1.00 69.0 41.5 52.6 34.5
2.00 50.6 345 47.7 27.6
8.00 322 23.0 30.5 20.0
10.0 27.6 200 24.6 i8.4
[Phen]
Fe(If1) phenanthroline (yellow) 1.00 27.6 - - -
2.00 46.1 - - -
4,00 55.3 - - -
8.00 62.0 - - -
10.0 69.1 - - -
(Bipyl
Fe(III) bipyridine (yellow) 1.00 7.34 - - -
2.00 7.58 - - -
4.00 8.24 - - -
8.00 8.86 - - -
10.0 9.21 - - -

102[Ascorbic acid] = 1.00 mol - dm~>; 10%[0X] = 1.00 mol-dm*; [H*]1=0.10 mol-dm *; Temp =298 K; (A) 10°[SDS} = 8.00
mol -dm ™% (B) 10[CTAB] = 9.20 mol - dm ™ ?; (C) 10%{1x] = 3.00 mol - dm >,
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Table 4

Effect of variation of % MeOH

System MeCH 10°k,, 10k, (min~ ")
% (min~") (&) (B) ©

Fe(111) phenanthroline (yellow) 5 20.1 8.21 10.8 8.06
10 8.2 9.62 10.2 7.78
15 16.7 103 991 6.90
20 154 1.9 9.21 6.20

Fe(HDbipyridy! (yellow) 5 16.6 10.8 122 10.2
10 13.8 10.2 115 9.98
15 9.2 8.06 8.86 6.90
20 6.6 5.26 5.07 4.77

Fe(l11) phenanthroline (blue) 5 11.7 8.47 10.2 9.91
10 10.8 6.90 9.91 9.21
15 10.5 5.94 9.21 8.06
20 9.8 346 8.86 7.78

Fe(I11) bipyridyl (blue) 5 5.76 3.46 4.77 4.14
10 4.14 3.24 4.06 3.45
15 345 2.76 3.24 2.30
20 2.30 2.02 2.02 1.84

102[Ascorbic acid] = 1.00 mol - dm™3; 10°[0OX]= 1.00 mol-dm~3; [H*] =0.10 mol-dm~>3; Temp =298 K; (A) 10°[SDS]=8.00
mol - dm ™ ?; (B) 10*[CTAB] = 9.20 mol - dm~>; (C) 10[Tx] = 3.00 mol - dm 3,

undissociated benzene diol (H,A) as reactive [Fe(phen)ﬂ“ +H,A LY [Fe(phen),(H, A)]'H
species. This observation coupled with the ob-

served linearity of Amis plot (logk’ vs. 1/[D])

3+
point out the participation of a cation in rate [Fe(phen)y(H, )
limiting step (Fig. 3). The most plausible reac- £ [Fe(ph ]2+ +H*+ HA
tion path could be, thus, given as follows: slow ¢(phen}),
Table 5
Differentiating kinetic features
Effect of [Additive] Substrate Table Observation
Aqueous SDS CTAB Tx
{A) Yellow Complexes of Fe(lll)
1. [(NH,),50,] Ascorbic acid 3 - - - -
Benzene diol + + + +
2. [Acid] Ascorbic acid 2 + - - -
Benzene diol + + + +
3. [Methanol (%)) Ascorbic acid 4 - - -
Benzene diol + + +

(B) Blue complexes of Fe(lll)

1. [(NH,),S0,] Ascorbic acid 3 - - -
Benzene diol + + + 4
2. [Acid] Ascorbic acid 2 - - - -
Benzene diol + + + +
3. [Methanol (%)] Ascorbic acid 4 - - - -

Benzene diol

+
+
+
<+

“ Note: (+) Indicates rate enhancement. ( — ) Indicates rate retardation.
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Table 6

Kinetic parameters k and K at 298 K in aqueous acid and micellar media

Oxidant Substrate Aq. H,S0, SDS CTAB Tx
k K k K k K k K
(min™ 1) (min~") (min~ ") (min~ ")

Fe(I1) phenanthroline (vellow)  Ascorbic acid  0.030 0.0185
Hydroquinone  0.008 0.026

Catechol 0.125 0.021
Resorcinol 0.027 0.021
Fe(II) bipyridyl (yellow)} Ascorbic acid  0.012 0.010
Hydrogquinone  0.012 0.033
Catechol 0.012 0.023

Resorcinol 0.022 0.04}

Fe(III) phenanthroline (blue) Ascorbic acid  0.0!6 0.002
Hydroquinone  0.013 0.052

Catechol 0.010 0.019
Resorcinol 0.021 0.012
Fe(lII} bipyridy! (blue) Ascorbic acid  0.02t 0.012
Hydsoquinone  0.021 0.012
Catechol 0.010 0.021

Resorcinol 0.055 0.015

0.035 0.066 0.037 0.0092 0.024 0.0786
0.032 0.037 0.064 0008 0018 0.063
0.012 0.011 0.022 0.008  0.007 0.042
0.009 0013 0.058 0.0092 0.052 0.077

0.050 0010 0.072 0020 0013 0.009
0.069 0.051  0.068 0.010  0.011 0.048
0.066 0.014 0.0912 0.0094 0.052 0.024
0.011 0.014 0.022 0.0093 0.012 0.075

0.007 0012 0.023 0.040 0013 0.0062
0.098 0.057 0.014 0.046 0011 0.047
0.070 0.008 0.009 0040  0.006 0.011
0.016 0.038 0.046 0.052  0.009 0.067

0.049 06014 0.070 0046 0092 0.022
0.009 0.0i8 0.020 0018 0.072 0.020
0.019 0.018 0.069 0072 0.010 0.025
0.012 0092 0.013 0.040 0.0091 0.017

[Fe(phen),]’ " + HA'
- [Fe(phen),]*" + H*+ A
ast

(In all the steps phen is taken as a specific

example. Similar type of discussion holds good
with other ligands).

In the case of the blue complexes of Fe(IIT)L
also Michaelis—Menten type of mechanism and
rate law are operative expecting the difference

Tabie 7
Thermodynamic parameters involving &£ and K at 298 K
Substrate Oxidant AH* AG* As* AH AG AS
Kmol™'  Kimol™' JK 'mol™' Kmol™! Kmod' JK !'mol'
Ascorbic acid Fe(11I) phen (yellow) 246 459 -71.4 50.4 82.4 -107.4
Hydroquinone 327 789 - 155.0 420 81.7 —133.2
Catechol 11.9 83.9 -239.3 80.2 37.8 —255
Resorcinol 45.6 82.6 —-1243 9.6 82.1 —2433
Ascorbic acid Fe(I1) bipy {yellow) 48.6 83.5 - 171 62.5 81.8 ~64.8
Hydroquinone 16.7 60.3 —-146.3 34.6 81.1 - 156.0
Catechol 9.5 66.6 —191.6 9.6 824 ~243.7
Resorcinol 204 60.3 -133.8 64.0 63.1 —-302.0
Ascorbic acid Fe(111) phea (biue) 23.2 85.2 —208.1 18.5 83.0 - 1443
Hydroquinone 204 81.4 -204.6 12.9 79.1 -222.0
Catechol 19.2 80.3 —205.0 18.0 81.4 -215.2
Resorcinol 16.7 79.1 —209.4 19.2 854 —222.1
Ascorbic acid Fe(Ill) bipy (blne) 15.4 83.2 —-227.1 16.5 82.8 - 2158
Hydroquinone 19.2 86.5 —-225.8 23.1 80.8 -193.6
Catechol 12.8 82.2 —232.8 8.1 81.7 -235.0
Resorcinol 15.6 84.2 -230.2 23.1 85.2 ~208.1
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Table 8
Thermodynamic parameters involving & and K at 298 K in SDS medium
Substrate Oxidant AH? AG* as* AH AG AS

k} mol ™! Kmol™'  JK 'mol™'  kimol™! Kimol~!  JK"'mol™!
Ascorbic acid Fe(I1D) phea (yellow) 30.7 61.5 - 103.8 9.61 85.2 -253.4
Hydroquinone 246 62.8 -128.4 6.7 81.4 —~250.8
Catechoi 19.2 78.9 -200.3 “.9 83.4 -243.7
Resorcino! 15.4 79.1 ~213.8 19.3 83.1 —-204.0
Ascorbic acid Fe(l11) bipy (yellow) 15.3 60.9 ~153.0 8.4 82.4 —248.3
Hydroquinone 283 64.3 - 1208 48.0 80.1 -107.7
Catechol 28.8 79.9 -171.5 8.24 83.0 —255.0
Resorcinol 24.0 78.7 ~183.6 8.42 77.5 -231.8
Ascorbic acid Fe(111) phen (biue) 42.4 75.5 ~ 110 64.0 85.7 ~72.8
Hydroquinone 49.9 529 ~100.6 63.2 79.3 ~54.0
Catechol 48.0 80.1 ~107.8 67.0 81.1 ~47.3
Resorcinol 8.01 83.1 ~100.1 64.0 76.1 ~46.3
Ascorbic acid Fe(I1I) bipy (blue) 19.9 743 -182.6 19.3 83.9 -216.7
Hydroguinone 215 82.8 —181.2 18.2 83.1 -217.8
Catechol 20.4 80.1 —200.3 15.0 80.0 —-218.1
Resorcinol 9.5 66.6 -191.6 20.4 80.1 —200.3

in Fe(III)L species i.e., [Fe(phen),I** instead of
[Fe(phen),]**.

3.3. Marcus theory of linear free energy rela-

tionship

Marcus theory [8,16—-19] depicts that the free
energy of activation AG* for an ‘outersphere’

or ‘innersphere’ electron-transfer reaction is
correlated to specific rate constants. The free
energy of activation, AG* for reaction can be
obtained by the following expressions

k= Zexp(AG?* /RT) (8)
AG* = A/4(1 + AG /)Y’ (9)
Where Z is the collision number in solution

Table 10
Thermodynamic parameters involving & and K at 298 K in Tx medium
Substrate Oxidant AH* AG? A5* AH AG AS
Kmol™'  Kmol™' JK 'moi™' Kmol™' Kimol™' JK !'moi™!
Ascorbic acid Fe(ID phen (yellow) 358 64.3 —95.6 63.2 79.3 -540
Hydroquinone 64.5 93.2 -96.5 56.0 69.2 ~443
Catechol 55.2 79.2 -80.5 246 459 -714
Resorcinol 41.6 66.6 —B825 69.3 77.6 -219
Ascorbie acid Fe(11) bipy (yellow) 16.7 62.8 —154.8 19.2 58.0 —146.3
Hydroguinone 11.9 60.3 -162.4 34,7 80.9 -155.0
Catechol 16.7 66.6 -167.4 220 61.9 - 1338
Resarcinol 12.8 60.8 -161.2 345 77.1 - 143.3
Ascorbic acid Fe(il) phen (blue) 26.2 62.8 -1227 50.7 61.2 -126.8
Hydroquinone 204 60.3 -133.8 33.0 75.7 - 1275
Catechol 45.6 82.7 -124.3 50.8 §5.3 -117.]
Resoreinol 28.2 6l.5 —-111.8 16.7 60.3 —146.3
Ascorbic acid Fe(1) bipy (blue) 35.2 78.7 - 1459 20.2 80.0 -191.9
Hydrogquinone 420 83.3 - 138.6 16.8 799 -207.5
Catech9l 420 79.7 ~126.5 12.8 84.8 -239.3
Resorcinol 179 61.6 —146.6 20.2 81.1 -201.3
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Table 9
Thermodynamic parameters involving k and K at 298 K in CTAB medium
Substrate Oxidant AH* AG* As* AH AG As
kJ mol ™! Kmol™!  JK 'mol™"  kimol™! KHmol™'  JK~!'mo’
Ascorbic acid Fe(111) phen (yellow) 28.2 60.5 - 110.7 38.8 819 - 144.6
Hydroquinone 35.8 643 -95.6 35.2 78.9 - 1446
Catechol 46.8 80.4 -107.7 359 775 -139.6
Resorcinol 455 82.0 -123.0 423 83.2 -137.2
Ascorbic acid Fe(111) bipy (yellow) 12.8 60.9 -161.4 30.2 80.2 -167.8
Hydroquinone 222 62.8 —154.8 28.2 82.0 -180.5
Catechol 26.3 79.9 -179.9 21.5 81.2 - 1520
Resorcinol 21.5 78.7 -191.9 35.2 81.9 —156.7
Ascorbic acid Fe(111) phen (blue) 48.9 85.1 -121.5 16.7 78.9 —208.7
Hydrogquinone 51.1 82.6 -105.7 26.3 79.9 - 1799
Catechol 28.2 61.5 -117.1 215 78.7 - 191.9
Resorcinol 47.3 79.9 -109.4 9.5 66.6 -191.6
Ascorbic acid Fe(111) bipy (blue) 16.7 62.8 —154.8 26.2 799 -179.9
Hydroquinone 11.9 60.3 -162.4 128 60.9 - 1614
Catechol 16.7 66.6 - 167.4 22.2 62.8 - 1548
Resorcinol 12.8 60.8 -161.2 32.7 78.9 - 155.0¢
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Fig. 3. Ascorbic acid and hydroguinone in aqueous acid and micellar media. Plots of logk' versus 10°/[D], Temp. =298 K (_
10%(Fe(1I1)] = 1.00 mol - dm~>; 10%[Ascorbic acid] = 1.00 mol-dm~*; [H*]=0.100 mol-dm™*; (A) 107[Fe(lID} = 1.00 mol-dm™";
10%[Ascorbic acid] = 1.00 mol-dm~>; [H*]=0.100 mol-dm >

)

10}(SDS] = 8.00 mol-dm~>. (B) 10%Fe(1l}]=1.00 moi-dm "

A)
3,

3

102[Hydroquinone] = 1.00 mol - dm™*; [H*] = 0.100 mol - dm™*: (B") 10°{Fe(lI] = 1.00 mol - dm ™ *; 102[Hydroquinone] = 1.00 mol-
dm~3; [H*] =0.100 mol - dm~?; 10*[SDS] = 8.00 mol - dm™>.
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{assumed as 10'' dm? - mol™') and A is defined
as reorganisation parameter of the inner and
outer coordination spheres of the reacting com-
plex. When the reorganisation term A > AG,
the quadratic can be neglected in Eq. (9) which
can be further simplified {8] to

AG* = (A/4) + (0.50AG) (10)

Since the overall free energy change AG is
proportional to the difference in the redox po-
tentials of oxidising and reducing couples, AG?*
can be related to logk according to the expres-
sion,

logk = 8.5( E, — E,) + constant

(1)
where £, and E, are redox potentials for oxi-
dising and reducing couples respectively.

In the oxidation of closely related compounds
by the same oxidant redox potential (£,) for
oxidising couple remains constant while the
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value of E, varies with the structure of com-
pound. Thus the rate constant can be related io
E, according to the modified equation.

logk = 8.5E, + constant (12)

Plot of logk as a function of E, is linear with
positive slope and intercept on log k axis. Devia-
tion from the value of 8.5 was observed in the
case of yellow complexes indicating an inner
sphere electron transfer mechanism and a strong
ion—ion interaction between [HA]™ and Fe(III)L
while forming a precursor complex. However,
in case of blue complexes the slopes are with in
the range of 8.5 which is supporting the substi-
tution inertness of blue complexes and outer
sphere electron transfer mechanism (Fig. 5).

Perusal of the activation parameters, Tables
7-10,calculated according Eyring’s theory for
specific rate constants reveal that activation en-
tropies are highly negative indicating greater

Yellow complex — Blue complex
[&]
o (8) SDS (B) CTAB (C) Tx T
) Cy -
l = Z {c)
<
g awl
30 T o
2
x 30 -
25 50
5_() °
2017 5
20 40 @—T
<
15 30 W
10 20 (B)
S of
1 5 [ 1 1 i ] {
0.4 0.8 1.2 16 20 10°(A)—o 0 06 1.0 1.4 1.8 2.2 10%(A) —
2 4 6 8 10 10*(B) —o 2 4 6 10 102 10° [B]
Le10% (C) (C) —

Fig. 4. Variation of micelle. (A) Plots of logk,, versus D] or [SDS}; Temp. = 298 K 16%[Fe(1i)] = 1.00 mol - dm™*; 10’ {Hydroquinone} =

I.QO mol - dm~*; [H*] = 0.100 mol - dm 2 (B) Plots of logk,, versus [CTAB]; Temp. = 298 K 103 {Fe(11D)]) = 1.00 mol - dm
quinone] = 1.00 mol - dm™>; [H*] = 0.100 mol- dm > (C) Plots of logk, versus {Tx]; Temp. =298 K 103[Fe(il1)]
= 1.00 mol - dm ™~ *; [H*] = 0.100 mol - dm ~>.

10%{Hydroquinone)

3, 10?[Hydro-
= 1.00 mol-dm~?;
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(A) Yellow Complex

(A") Blue Complex }’ Binding Model
24 -~
(C) (C') Marcus plots for
Yeliow & Blue Complexes

N4
N
T

5
8 [kl —> (A)

120 [Cy-CMC] s
1.2 (C) E, (Volts) —=

0 60 80 100

08 1.0

Fig. 5. Binding model and Marcus plots. (A) Binding model for
yellow complex of [Fe(IIDIL. Plots of [k, —ko]J™" versus [Cp, —
CMC] ™! (A). Binding model for blue complex of [Fe(lID]. Plots
of [k, — ko)™" versus [Cp, —CMC]~". (B) Marcus plot for yel-
low complex of [Fe(IID] chelates. Plots of % versus E, (V). (B')
Marcus plot for blue complex of [Fe(IID)]. Plots of & versus E,
(v).

solvation in the transition state. Further the AS*
values of the present system are in accordance
with literature values representing greater hydra-
tion in the transition state.

3.4. Mechanism of oxidation in micellar media

Electron transfer from diols such as hydro-
quinone, catechol, resorcinol to Fe(IIl) chelates
appeared to be catalysed by anionic (SDS),
cationic (CTAB) and non-ionic (Tx) micelles,
as shown in Table 6 and Fig. 4. When the data
were cast in to binding model of micellar mech-
anistic scheme, the plots were linear with posi-
tive slope and intercepts (Fig. 5).

The present kinetic results have been to be in
accordance with the binding model. Anionic
micelles are stabilised by the cationic form of
Fe(III) chelates due to oppositely charged elec-

trostatic interactions. The observed kinetic re-
sults could be explained by the following scheme

[11].

piol 5! l/

For the above mechanism the rate law could
be given as

k,+k, K[M]
kobs =
1+ K[M]
) Cp— CMC
where [M] = —

(N = aggregation number of micelle, Cp=
concentration of micelle)

The electron transfer from diols to Fe(IID)
chelates was catalysed by SDS very well com-
pared to other micelles. The catalysis could
probably be explained due to the electrostatic
interactions between cationic forms of Fe(III)
chelates and negatively charged SDS. The bind-
ing model was explained by the kinetic results
obtained in this reaction. The marginal catalysis
of Tx could be explained due to the interaction
of cationic forms of Fe(Ill) chelates and slight
negative charge developed on polyoxyethylene.

3.5. Mechanism of micellar effects in ascorbic
acid

As a typical case the authors observed rate
retardation in oxidation of ascorbic acid in mi-
cellar media. All the micelles retarded the oxi-
dation reaction. The observed retardation in the
case of Ascorbic acid was probably due to the
electrostatic repulsion of the reactants from the
micelle such as repulsion between HA™ and
anionic SDS, cationic Fe(IIDL and CTAB and
slight negatively charged polyoxyethylene and
HA ™. An indication of this is the compeiitive
inhibition of micellar catalysis produced by the
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introduction of gegenions leading to neutralisa-
tion of the surface charge on the micelle. The
transition - ate of the reaction was destabilised
by the presence of micelle.

4. Conclusions

1. An inner sphere electron transfer from L-
ascorbic acid or diols to Fe(IIl) chelates was
proposed according to Marcus theory, when
Blau’s yellow complexes are used as oxi-
dants.

2. In the case of blue complexes, an outer
sphere mechanism was suggested because
the observed slopes are nearly equal to the
theoretical values (i.e., 8.5).

3. SDS catalysis in case of diols was explained
due to the electrostatic interactions of cationic
form of Fe(Ill) chelates and negatively
charged SDS. Observed kinetic results are in
good agreement with binding model. Similar
type of explanation was offered in the case
of blue complexes also.

4. CTAB catalysis is explained due to the inter-
actions of negative substrate ion and posi-
tively charged CTAB. Similar observations
were recorded in blue complexes also.

5. Triton-X marginally enhanced the rate in the

case of diols as explained due to the interac-

tions of positively charged Fe(III) chelates
and slight negative charge developed on Tx.

Observed retardation in the presence of mi-

celles in the case of ascorbic acid can be

explained due to the repulsion of similarly
charged reactants and micelles.

60'\
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