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Abstract

The Kinetics of electron transfer from mannitol to hexacyanoferrate(I1I), catalyzed by osmium(VIII), has been

_studied in alkaline medium. The substrate order is complex
{ndependent of the concentration of oxidant. Also, the rate
In a complex manner. A kinetic rate law corresponding to

_ 1d[Fe(CN)})

» Whereas it is one with respect to the catalyst. The rate is
increases with increasing concentration of hydroxide ion
the proposed mechanism has been suggested as follows:

(k1K> + k2K K3[OH ) [0s""") (M tol))

2 dr

where [Mtol] is for mannitol.

The kinetic parameters have been evaluated a
spectrophotometrically.

Introduction

Despite the high redox-potential (+0.45 V) of the
Fe(CN)GJ_/Fe(CN)ﬁ“_ couple in alkaline medium,
the oxidation reactions suprisingly do not proceed in
the absence of catalyst. Such behavior of this oxidant
has been observed in a large number of kinetic studies of
organic [2-12] as well as inorganic [13-14] reactions in
alkaline medium. However, kinetic studies in acidic
medium are scanty owing to an interaction of Fe(CN);~
and Fe(CN){~ in such systems. A large number of metal
ion catalysts have been employed in alkaline medium;
osmium (VIII) is one such catalyst that has been
employed frequently in such catalyzed oxidations by
hexacyanoferrate (I11) in alkaline medium.

There are a large number of osmium (VIII)-catalyzed
reactions which lack proper speciation of catalyst
species to account for the mechanistic pathways. Such
studies, therefore, do not provide much information
about the mechanism of the reactions from the view-
point of osmium (VIII) species. We were, therefore,
prompted to undertake this study from the following
points of view:

First, hexacyanoferrate (III) abstracts only one elec-
tron from the substrate, leading to its reduction to
hexacyanoferrate (II) - a stable reaction product. Also,

the formation of free radical species of the substrate
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o

1+ K [OH] + K;Mtol] + K, K3 [Mtol] OH ]

nd the value of K is in agreement with the value determined

which can be detected and identified to support the
mechanistic propositions, is possible.

Secondly, the oxidant is of a mild nature and is
yellow. The latter (color) can be monitored periodically
in kinetic studies without any interference from its
reduced product.

Thirdly, the oxidant resists substitution. However. its
ion-pair type association as an intermediate has been
reported.

These are certain factors that can help in a better
understanding of the precise role of osmium (VII) as a

catalyst in the oxidations by hexacyanoferrate (I1T) in an
alkaline medium.

Experimental

K3Fe(CN)g (B.D.H. AnalaR) was employed as supplied
without any further treatment. The aqueous solution of
the oxidant was always prepared afresh, as and when
required, after dissolving the requisite amount of the
salt. However, these solutions of hexacyanoferrate (I1T)
deteriorate on long standing. NaOH and other reagents
were of guaranteed reagent grade and were used as
received.

0sO, (Johnson Matthey) was dissolved in NaOH
solution (ca. 0.5 mol dm'3). The solution was titrated
iodometrically to check its concentration. However, if
the osmium (VIII) solution is kept in bottles blackenccg
on the outside, and containing [NaOH] > 0.3 mol dm™



at a refrigerated temperature, the solution exhibits .“ 5]
much longer stability. All other solutions of vatrious
reagents were prepared in doubly distilled water; }hc
second distillation was from alkaline KMnOjy solution
in an all-glass assembly.

Kinetic procedure

Kinetic experiments were carried out in a water-bath
thermostated at +0.1 °C unless stated otherwise. The
reaction ingredients except hexacyanoferrate (III) were
kept in glass-stoppered Erlenmeyer flasks. Hexacyano-
ferrate (I11) was taken separately and the flasks were
then immersed in a water-bath thermostated at the
desired temperature, 0.1 °C, unless stated otherwise.

When these solutions attained the bath temperature, a
volume of the requisite concentration of hexacyanofer-
rate (IIT) was added to the reaction mixture and the
initiation time, when half of the contents of the pipette
were released, was recorded.

An aliquot (5 or 10 cm?) of the reaction mixture was
withdrawn periodically to monitor the hexacyanoferrate
(ITT) concentration at 418 nm in a 1 cm cell employing
the Baush and Lomb ‘spectronic 21°. However, in the
case of higher concentrations of hexacyanoferrate (ITD),
the aliquot was diluted with ice-cold water for measure-
ments of absorbance, and the dilution was accounted for
in the subsequent calculations of concentrations of the
oxidant. Hexacyanoferrate (II) is transparent [16] at this
wavelength.

Initial rates were computed [17] by employing the
plane-mirror method. Triplicate rate measurements were
reproducible to within =+ 5%.

Results
Stoiochiometry

Attempts were made to determine the stoichiometry of
the reaction by carrying out the reactions with an excess
concentration of hexacyanoferrate (III) over that of
mannitol in the presence of osmium (VIII) in alkaline
medium. No conclusive results were obtained. However,
formaldehyde and CO, appeared to bé the products on
the basis of qualitative analysis. CO,, formaldehyde and
formic acid as the products were also earlier reported [18].
Further attempts were also made by allowing reaction
mixtures with sufficiently large excess of mannitol
concentration over that of the hexacyanoferrate (III)
in the presence of osmium (VIII) in alkaline medium in a
thermostated water-bath for ca. 12 h. The reaction
mixtures were concentrated and were acidified by adding
HCI so that the concentration of the latter remained at
~2.0 mol dm™>3, A solution of 2,4-dinitrophenylhydr-
azine was added to the reaction mixture and then the
latter was left overnight at a refrigeration temperature.
The yellow-orange solid, which settled at the bottom of
the vessel, was collected after decanting the liquid. This
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residuc was washed with ice-cold water and then
air-dried. The i.r. spectral analysis of this product
indicated the product to be an aldehyde form of the
substrate. Thus, the stoichiometry under such condi-
tions of the kinetics corresponds to the reaction as
represented by Equation (1).

2 [Fe(CN)])*™ + CH,OH(CHOH),CH,0H
+20H™ —2[Fe(CN),J*” + CHO(CHOH),CH,0H

+2H,0 (1)
Spectrophotometric results
The spectrum of the osmium (VIII) solution

(1.0 x 107 mol dm™?) made in NaOH (0.5 mol dm™)
in the 300-650 nm, region A, i1s not indicated pre-
cisely. Gupta and Mohan [18] reported that Beers’ law
was followed for the osmium (VIII) solution in the
concentration range (5.0-30.0) x 107°> mol dm™ at
340 nm. However, this law was observed to follow
Beer’s law at 350 nm with better results. Thus the
absorbance of osmium (VIII) solution (1.0 x 10~* mol
dm~3) at different hydroxide ion concentrations was
recorded at 350 nm on ‘Spectronic 21°.

A relationship [19] of observed absorbance and the
hydroxide ion concentration can be given by Equation (2),

A<>bs = Ax 2k K[OH_](Acomp - Aobs) (2)
where Aqgps, Acomp and Ay are the optical densities of the
solution, complex and uncomplexed osmium (VIII),
respectively. A plot of Agys versus {{OH™) (Acomp—Robs)}
was made that yielded a straight line with non-zero
intercept. K’ wascalculated from the gradient of the line to
be (40 = 6) dm® mol™" at 25 °C and 7 = 1.0 mol dm™>.

Hexacyanoferrate (I11) dependence

The concentration of hexacyanoferrate (III) was var-
ied from 1.0x 107 to 5.0 x 10~ mol dm™> at fixed
concentrations of other reaction ingredients, viz.
[Mtol] = 5.0 x 1072 mol dm™> (Mtol is heretofore
written for mannitol), [OH™] =0.1 mol dm™ and
[Os(VIIT)] = 5.0 x 10~° mol dm™. The plot of concen-
tration versus time yields a straight line and rate
constants obtained from these plots are independent of
the oxidant concentration (Table 1). This shows zero
order dependence with respect to the concentration of
hexacyanoferrate (III).

Mannitol (Mtol) dependence

The concentration of mannitol was varied in the range
(20%x10™-5.0 x 107> mol dm™) at fixed concentra-
tions of other reaction components, viz. [Fe(CN)e]*™ =
1.0 x 107 mol dm™3, [OH™] = 0.1 mol dm™>, [Os(VIID)] =
5.0 x 107> mol dm™ at 40, 45 and 50 °C respectively.
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Table 1. Zero order th,, mol dm
87 m e reaction of mannitol
medium

Co ) and fiest order rate constant (k.
and hexacyanotorrate( m alkahine

107 &, 107 k(8"

10 {Os(VID] .
(mol dm ™)

10" [N(CN),J! !
{(mol dm )

mole dm™

1o 0 S0 1.0

1S ) s.16 1,03
20 S0 $.25 1.05
25 L0 S0 1.0

30 S0 516 1.03
3 5.0 5.0 1.0

4.0 S0 5.25 1.05
43 50 525 1.05
50 50 516 1.03
Lo 1.0 0.95 0.95
10 20 1.88 0.94
1.0 30 2.81 0.94
1.0 40 3.76 0.94
Lo 50 4.70 0.94
1.0 6.0 58 0.96
1.0 70 6.6 0.94
10 8.0 7.5 0.94
1.0 9.0 8.5 0.94
1.0 10.0 9.5 0.96

[Mtol] = 5.0 x 10~ mol dm™, (OH") = 0.1 mol dm™", 50 °C.

Also, the concentration of mannitol was varied at
different but fixed concentrations of hydroxide ion. The
plot of zero order rate constants versus the concentration
of Mtol initially yields a straight line passing through the
origin, and then tends towards a limiting value at higher
concentrations of alcohol (Figure 1).

Osmium (VI1l) dependence

The concentration of osmium (VIIT) was varied in the
range (1.0-10.0) x 107> mol dm™ at fixed concentra-
tions of other reaction ingredients viz. [Fe(CN)¢J>~ =
1.0 x 107> mol dm™>, [OH™] = 0.1 mol dm~> and [Mtol]

=5.0x 107 mol dm™>. The plot of zero order rate

24.0]
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16.04
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107 (ki) mol dmi3 S
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Fig. 1. Variation of mannitol. [Fe(CN)gJ]*™ = 1.0 x 10~* mol dm™>:

v

[Os(VIID] = 5.0 x 10~* mol dm™; Temp. = 50 °C; [OH]" = [J, 0.025.

0, 0.05 and A, 0.1 mol dm™>.
M}&/

constants against the concentrations of osmium (VIID)
yiclds a straight line passing through the origin assigning
first order dependence with respect to the concentration
osmium (VIII).

Hydroxide ion dependence

Hydroxide ion concentration was varied in the range 0.1
0.5 mol dm™ at constant concentrations of [Fe(CN)J*
=10x 10" mol dm™, [Mtol] = 5.0 x 102 mol dm™’
and [Os(VIID)] = 2.0 x 107° mol dm™ at /= 0.5 mol
dm™ [ionic strength (/) was adjusted by employing sodium
nitrate). The rate initially increases with increasing con-
centration of hydroxide ion, and then tends to attain a
limiting value at higher concentrations of the latter
(Figure 2).

Effect of hexacyanoferrate (11)

The concentration of hexacyanoferrate (II) was varied in
the range (1.0-5.0) x 10™* mol dm™ at fixed concentra-
tions of other reaction ingredients. The rate remains
unchanged on changing the concentration of hexacy-
anoferrate (II). Since the rate is not affected by the
concentration of the products, the probability of any
fast equilibrium preceded by the rate determining step is
ruled out.

Effect of ionic strength (1)

The effect of ionic strength on the rate of the reaction
was studied by varying the concentration of sodium

32.09
28.01 ~
240
20.01
16.01

12.01

107 (ki) moldm3s!

8.01

40

00 02 04 06 08
[0 H'],m oldm”

Fig. 2. Variation of hydroxide ion. [Fe(CN)g)’~ = 1.0 x 10~ mol
dm™; [Os(V1LI)] = 2.0 x 10~° mol dm™; 7 = 0.5 mol dm™>; Temp. =
50 °C; [Mtol] = O, 0.025; A, 0.05 and [3J, 0.1 mol dm™.



nitrate from 0.2 to 1.0 moldm™* at ﬁxcd‘ concentra-
tions of [Fe(CN)J'~ = 1.0 x 107 mol dm™", [Mtol] =
5.0 x 10-2 mol dm>, [Os(VIID] = 2.0 x 10" mol dm™
and [OH7] = 0.1 mol dm~. The rate increascs with
increasing concentration of sodium nitrate.

Discussion

Since the rate is independent of the concentration of
hexacyanoferrate (III), this does not seem to be an
unusual situation as there are a large number of
oxidation reactions such as the oxidation of ethanol
and methanol, acetone and ethylmethyl ketone, lactic
and glycolic acids, acetaldehyde (5], dioxalate [6], phenyl
glycoate [7, 8], malate [9, 10] and tartrate [9], where the
rate is reportedly independent of the oxidant concen-
tration. If the rates of the reactions of hexacyanoferrate
(I11) catalyzed by osmium (VIII) are independent of the
concentration of the oxidant, the transition state for
the slow step should ascribe to the involvement of the
catalyst and the substrate.

Since first order is exhibited by the catalyst, the rate
dependence on the substrate and hydroxide ion concentra-
tions respectively is complex. The order with respect to the
oxidant is zero and hence hydroxide ion dependence can be
accounted for an equilibrium either with the substrate or
the catalyst. Further alcohols are basic in nature, therefore,
the OH™ dependence cannot be co-related to the mannitol.
Thus it is only the catalyst which brings about such a rate
dependence on the hydroxide ion concentration,

0s0, is known [20] to undergo conversion to the
[0sO5(OH); 7] species which, on further interaction with
hydroxide ion, yields the reactive form of the catalyst
such as [0504(OH)2]2' species. This latter species in
strongly alkaline solution is intense red as also reported
by Sauerbrum and Sandell [21] in the dissociation of the
osmic acid. Therefore, the [OsO4(OH)2]2" species
appears to be the reactive form of the catalyst that
accounts for the hydroxide ion dependence.

Thus the following reaction mechanism can be envis-
aged to account for the hydroxide ion dependence and

other experimental observations:

[0503(OH),|~ + OH~ 2[0s04 (OH),[*" +H:0  (3)
(0503(OH);]” + Mtol 20503 (OH) - (Mol)] = (4)

(0503(OH); - (Mtol)]~ =-[0s0,(OH);]” + M.ald
+H,0 (5)
(0502(OH),)” +2 Fe(CN)™ + 20H-
P 0503 (OH),] ™ +2 Fe(CN)§™ +H,0  (6)

\\;“\;55‘/
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5 A ]
[OSOq(OH)Z]‘ + Mtol ?[OSO.;(OH):MO]I]‘- (7)
(0504 (OH),(Mtol)] 2,10504(0H), )

+ M.ald + H;O (8)
(0503(OH), > +2 Fe(CN);™ +20H"
Ft 0504(OH), >~ + 2 Fe(CN)g™ + H20 (9)

where [Mtol] is employed for mannitol and M.ald is for
its aldehyde form. Such a mechanism leads to rate law

10y or (11)

d[Fe(CN)gJ*~
- 2dt
(Kt kKiKs [oH"][0s"""][Mtol]) (10)
= 77K, [OH ] + K;[Mtol] + KiK3[Mtol][OH"]

or

_ (k1K +k2K|K3[OH-”MlO]])
= T+ K, [OH | + Kx[Mtol] + K, K3[Mtol][OH"]
(11)

K

where k' is the pseudo first order rate constant
and [Mtol] is the free equilibrium concentration of
mannitol.

Since increasing the concentration of hydroxide ion
enhances the rate of reaction, the species [OsO3(OH)3]™
as compared to the species [0sO4(OH),)*~ should not
contribute significantly to the overall rate of the
reaction. Therefore, the term kK, can be neglected on
the premise that the [0SO4(OH),J>” species predomi-
nantly accounts for the catalytic rate of the reaction and
the hydroxide ion dependence. This reduces the rate
Equations (11) to (12).

. kK K3[OH ™| [Mtol]
" 1+ K [OH™] 4+ K>;[Mtol] + K, K3[Mtol][OH™]
(12)

Taking the reciprocal of Equation (12) and then re-
arranging, Equation (13) is obtained.

k

1 14K [OH7]
k' - k2K|K3[OH—][Mt01]

(K2 + K[K}[OH—]

)
akgorn] Y

A plot of (k)" versus [Mtol]™! was made from
Equation (13) that yielded a straight line with non-zero
intercept. At constant hydroxide ion concentration, the
gradient (G) and intercept (/) are given by Equations
(14) and (15), respectively.
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Fig. 3. A plot of slope versus [OH].
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" KK [OH| | kks (14)
and
KZ 1
1 = —_— S
KK[OH ] |k 13)

Further plots of (G) versus [OH_]"l and (/) versus
[OH]™, respectively were also made and the straight
lines with non-zero intercepts were obtained (Figures 3
and 4) in each case. The ratio of intercept and slope
from Figure 3 yielded K, as (34.0 £ 8.0) dm® mol™".
Similarly, the intercept from Figure 4 yielded k, as
7.1 x 1072 dm® mol™! s™!. Thus the value of K is in
agreement with the value reported earlier [18] and that
calculated spectrophotometrically. Also, the reciprocal
of Equation (12) can be re-arranged to Equation (16).

1 1 +K[Mtol]

R (K2 +K1K3[Mt01])
K k2K|K3[OH_”M[Ol]

kK K3 [MtO]]

(16)

A plot of (K)™" versus [OH™]™ was further made from
Equation (16) at constant concentrations of Mtol that
also yielded a straight line with non-zero intercept
(Figure 5). The gradient (G') and intercept (I') of this

16.01

]

00 10 20 30 40 50 60 70
[OH’]'i,dm:’mol'1

Fig. 4. A plot of intercept versus [OHT.
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Fig. 5. A plot of (k)" versus [OHT . [Fe(CN)sJ'" = 1.0 x 107 mol

dm™; [Os(VIID)] = 2.0 x 107° mol dm™>; / = 0.5 mol dm™>; Temp. =
50 °C; [Mtol] = [, 0.025; A, 0.05 and O, 0.1 mol dm™,

Figure S are, given by Equations (17) and (18) respec-
tively.

& = 1 i@ K
kK K [Mtol] kK K

(17)

and

. 1 1

= KMol ks (13)

Similarly plots of (G') versus [Mtol]™" and (I) versus
[Mtol]™" were also made and these plots respectively
yielded straight lines with non-zero intercepts. K; was
calculated from the ratio of intercept and slope of the (G')
versus [Mtol]™" plot to be (14.7 £ 5) dm> mol™', and K3
from the ratio of the intercept and slope of the plot of (I')
versus [Mtol]™ to be (29.2 + 8) dm> mol™". Since X; is
appreciably lower as compared to K3 which justifies our
earlier proposition that the species [OsO3(OH),]" is less
reactive than the species [0sO4(OH),]*, the step (5) in
the reaction mechanism contributes insignificantly to the
overall rate of the reaction. Nevertheless, there appears
to be a large uncertainty about the value of K; in such a
complex system.

So far as the mode of electron transfer from the
substrate to the oxidant is concerned, the complexatipn
of the substrate by the catalyst, in view of the rate .bemg
independent of the concentration of the oxidant,
appears to be a priori as in Scheme 1.
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CH,OH
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(CHOH); + H,0 + 0503
H,OH

0503 + 2Fe(CN)g™ + 201" 25 050, + 2Fe(CN)s"™ + H;0

Scheme 1.

The possibility of hydride ion transfer from the
glcohol to the catalyst appears to be a sound proposi-
tion. However, there is no direct evidence to support
such a viewpoint.

Thus the following pictorial representation conforms
to the osmium (VIII) catalyst oxidation of Mtol by
hexacyanoferrate (ITI) in alkaline medium.

Mtol o4 Fe(CN)s™
MAcd Os"! Fc(CN)G4'
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Abstract The kinetics of the oxidation of aspartic acid by peroxomonosulfate
catalyzed by ruthenium(lII) chloride was studied in acidic medium. The stoichi-
ometry of the reaction corresponds to a reaction in which a mole of the amino acid
reacts with a mole of peroxomonosulfate ion. A plausible reaction mechanism has
been suggested and the derived rate law accounts for all experimental observations.

Activation parameters have also been evaluated.

Keywords Kinetics - Mechanism - Oxidation - Ruthenium(III) chloride -
Aspartic acid - Peroxomonosulfate

Introduction

Peroxomonosulfuric acid (H,SOs) can. be considered to be a substituted hydrogen
peroxide in which one of the hydrogens is replaced by an oxyanion group of sulfur
[1]. It is a more powerful oxidizing agent [2—-13] than peroxodisulfate (H,S,0s).
Contrary to free radical mechanisms usually exhibited in the oxidation reactions by
the latter, such processes were not observed in the oxidations by the former oxidant
except in radiolytic studies [14, 15] where SO, and OH radicals were reportedly
formed. Furthermore, peroxomonosulfuric acid reacts more rapidly with OH
radicals whereas such radicals are inert in peroxodisulfate reactions. The dependence
of the rate on pH has also been observed in thermal reactions [16, 17] of

peroxomonosu]fate jon whereas pH dependence is not normally observed in the
reactions of peroxodisulfate ion.

Peroxomonosulfate ion is a stro
range of oxidation reactions [18, 19].

oyed in a wide

ng oxidant and has been empl
pathways have

Thus far, two major reaction
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bcen delineated [20] in its thermal reactions and the most common pathway
involves a two-electron oxidation where, transfer of the terminal peroxo-oxygen
occurs. However, the role of sulfate radical ion (SO47) with interaction of one-
electron reductant such as VO** [21-23] and Fe(1l) [24] with HSOs ™ has also been
reported.

In view of these observations, we were tempted to undertake the title study from
the following view-point. Since ruthenium(Ill) chloride as a catalyst has been
variously reported in redox systems, our aim is to delineate the role of
ruthenium(Ill) chloride in reactions of peroxomonosulfate which is yet to be
established. Second, aspartic acid was chosen owing to the facts that (i) the system
would be less complicated in view of reduction of HSO;™ to SO,4%~ and (ii) neither
HSOs™ nor S04~ is known to form complexes with amino acids.

Experimental
Materials and method

Peroxomonosulfate is sold under the trade name ‘Oxone’ (Aldrich), which is a triple
salt with the composition of 2KHSOs-KHSO,4K,S04. The purity of the sample was
tested both iodometrically and ceremetrically to 96%. Since earlier efforts failed to
get a pure salt, no further efforts were made. Also H,0, is considered to be a
hydrolytic product of peroxomonosulfate decomposition (heretofore written as
PMS). Since H,0, was tested negative [25] in the hydrolysis of peracid under
experimental conditions, this possibility was eliminated The hydrolysis has also
earlier been ruled out and PMS is found [26] to be quite stable provided its solution
is kept in bottles painted black from the outside at refrigerated temperatures
(~5 °C). Anyway, afresh solutions of the oxidant were used as and when required.

Ruthenium trichloride hydrate (Johnson and Matthey) was purified by evapo-
ration with conc. HCI and its solution was prepared in HCl (0.3 mol dm™?)
eliminating the traces of Ru(IV) by treating with mercury [27]. This solution was
also tested [28, 29] negative for Ru(IV) as no trace of iodine was observed on
addition of iodide in its solution. The solution was standardized [30] and then stored
in glass bottles painted black from the out-side at refrigerated temperatures

(~5 °C).
Kinetic procedure

The kinetics was studied by taking reaction mixtures in glass-stoppered Erlenmeyer
flasks which were suspended in a thermostated water bath at 45 & 0.1 °C unless
stated otherwise. The kinetics was monitored iodometrically by assaying the oxidant
at different time intervals in aliquots of the reaction mixture (5 or 10 cm’). Initial
rates (k;, mol dm™> s~!) were computed employing the plane mirror method [31].
Pseudo-first order rate constants ', s!) were also evaluated for reactions where
[Asp. acid] >> [HSOs™]. The triplicate rate measurements were reproducible 10

within £6%.
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The reaction products interfered with neither analytical methods nor the method
employed for monitoring the kinetics. This was confirmed by undertaking a kinetic
study of a few reactions over the time and temperature range selected for the study
of the main reaction.

Stoichiometry

The stoichiometry of the reaction was determined under kinetic conditions when
aspartic acid concentration was taken sufficiently lower than that of peroxomono-
sulfate in acidic medium. The excess [PMS] was estimated iodometrically and the
results indicated a reaction of a mole of amino acid for a mole of per acid as
represented by Eq 1.

1l
R.CH-NHfCOOH + HSO; " R-CHO + NHf + CO,+ HSO; (1)

where, R = -CH,COOH.

The test for aldehyde with 2,4-dinitrophenylhydrazone derivative was not cleanly
confirmed. However, if qualitative investigations made by Dakin and Neuberg [32,
33] of Fenton’s reagent with simple amino acids are any guide, the deamination as
well as decarboxylation occur leading to the formation of aldehyde and CO,. Contrary
to biological oxidations [34, 35] and radiation [36] reactions, the oxidative
deamination exhibits only formation of keto acids. However, aldehydes are reportedly
formed [37] in thermal reactions, with two-electron transfer reagents such as
peroxomonosulfate in acidic aqueous medium.

Results and discussion

The concentration of peroxomonosulfate was varied from 1.0 x 10™%t05.0 x 1073
mol dm™ at three fixed concentrations of aspartic acid keeping constant concen-
trations of other reaction ingredients at 45 °C. Initial rates (k;, mol dm ™ s™!) were
calculated and a plot of initial rate against the concentration of peracid yielded a
straight line passing through the origin confirming first order with respect to
peroxomonosulfate ion (Fig. 1).

The concentration of aspartic acid was also varied from 2.0 x 107> to 2.0 x
10~% mol dm™? at constant concentrations of peroxomonosulfate ion, at 45 °C, the
concentrations of other ingredients were kept constant. A plot of initial rate (k;)
against the concentration of aspartic acid showed initially first order but, at higher
concentrations of amino acid, it tended towards a limiting rate. Such a trend for
amino acid dependence was further verified by undertaking variation of amino acid
at different hydrogen ion concentrations.

The concentration of ruthenium(IIl) chloride was varied from 5.0 x 10~ to
1.0 x 107" mol dm™ keeping constant concentrations of other reaction ingredi-
ents. Pseudo-first order rate constants were evaluated in view of concentrations
of peracid and substrate. A plot of first order rate constant (k', s™') against the

< 3
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RO

7.0

0.0

4.0

3.0

10%(k ), mol dm™ sec’!

0.00.0 1.0 2.0 3.0 4.0 5.0
10°[PMS], mol dm"

[Aspartic acid] = 4, 5.0x107 mol dm™; O, 1.0x10* mol dm?;
[H,S0,] = 0.1 mol dm; [Ru(ll)] = 1.0x10** mol dm?; 45°C.

Fig. 1 Order with respect to peroxomonosulphate

concentration of the catalyst was made that yielded a straight line passing through
the origin indicating first order with respect to [Ru(Il)] (Fig. 2).

The effect of hydrogen ion concentration was studied employing perchloric acid
concentration from 0.25 to 1.5 mol dm™ at constant concentrations of other reaction
ingredients and I = 1.5 mol dm™ (ionic strength (I) was adjusted employing
lithium perchlorate)- at 40, 45 and 50 °C, respectively. The rate slightly decreases
with increasing hydrogen ion concentration.

The effect of temperature was studied by undertaking the reaction for that part of
the aspartic acid where the rate is first order in its concentration at 35, 40, 45, 50 and
55 °C. An Eyring plot was made and enthalpy of activation was calculated from the
gradient of the line to be (64.4 & 2.0) kJ mol™! [38]. The entropy of activation was
calculated to be (—73.85 + 4.86) JK™'m™" in a conventional manner by employing
the Eyring equation, where all the terms have their usual meaning.
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12,0

10.0

8.0

10*(k ), sec”

4.0

2.0

0.0 -
0.0 20 4.0 6.0 8.0 10.0

10%[Ru(I11)}, mol dm™

[PMS] =2.0x10* mol dm*; [H,$0,) = 0.5 mol dm;
[Asp. acid] = O, 2.0x10? mol dm™: A.3.0x10? mol dm*; 45°C

Fig. 2 Order with respect to ruthenium(ITI) chloride

g KT ana/rr | SR )

Amino acids are known to exist as zwitter-ion in equilibrium with anionic and
cationic forms depending upon the pH of the solution [39, 40]. Since the concentra-
tion of hydrogen ion employed in the reaction is appreciably high, aspartic acid, in
view of its pK, [41], should exclusively be in its cationic form:

RCHNH;COOH‘% RCHNH;COO—"% RCHNH,C00"~ (3)
+H* +H*

where R = -CH,COOH.

Peroxomonosulfate ion is present as HSOs™ in the range of acidities 2 <
pH < 6.5.

Since the order with respect to peroxomonosulfate ion is one, and is not supposed
to form a complex with amino acid, the complex order with respect to aspartic acid
in all probability is due to the formation of an intermediate complex of amino acid
with the catalyst. Ruthenium trichloride is considered to be a significant catalyst in
several redox reactions in acidic medium [42, 43). Amino acids are also reported
[44—46] to form an adduct with Ag*. Such an intermediate between ruthenium(IIl)
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and aspartic acid on interaction with peroxomonosulfate changes to another
intermediate of higher valent ruthenium.

However, the hydrogen ion dependence can not be correlated to the properties of
either the oxidant or the substrate. Therefore, the apparent hydrogen ion dependence
must come from the catalyst. If this is the portrait of the reaction events, the
mechanism consisting of steps (4) to (7) can be envisaged considering hydrolyzed
species of ruthenium(III) to be the reactive form

Rulll + H,0 < [Ru™OH]™ +H* (4)

Table 1 Initial rates (k;, )
B o IAAIES (] 10Asp]  10°RuCID)  10°(PMS]  107Gk)  10°K) (ko) dm’

33 by @
2;?]13:2:[8 k? (S):If;r:;;r;zroza;e mol dm™® mol dm™  mol dm™> m—(zl dm™ s~ mol™'s”
orde.rlratel constants (ky, dm® ’

:‘;‘e"mzﬁo)n'gf 50 10 10 8.0 - 8.0
peroxomonosulphate and 2l kb = h%5 - 83
aspartic acid in the presence of 3.0 1.0 2.0 158 = 8.0
RuCl; as catalyst 5.0 1.0 2.5 20.0 _ 8.0
50 1.0 3.0 250 - 83
5.0 1.0 3.5 283 - 8.0
5.0 1.0 4.0 32.6 - 19
5.0 1.0 4.5 35.0 - 1.7
5.0 1.0 5.0 40.0 - 8.0
100 1.0 10 14.0 - 14.0
10.0 1.0 1.5 229 - 15.2
10.0 1.0 2,0 29.0 - 14.5
10.0 1.0 2:5 375 - 15.0
10.0 1.0 3.0 45.8 - 152
10.0 1.0 3 54.0 - 15.4
10.0 1.0 4.0 62.5 - 15.6
10.0 1.0 4.5 70.8 - 15.7
10.0 1.0 5.0 75.0 - 15.0
20.0 0.5 2.0 - 4.6 9.2*
20.0 0.6 2.0 - 575 9.6*
20.0 0.7 2.0 - 7.02 10.0%
200 08 20 - 766 96*
20.0 0.9 2.0 - 8.63 9.6%
20.0 1.0 2.0 - 9.21 9.2*
30.0 0.5 2.0 - 536 107
30.0 0.6 2.0 - 6.7 11.1*
30.0 0.7 2.0 - 7.66  109*
k" marked with star (*) were at 30.0 0.8 2.0 - 8.63  10.78*
[H;S0,] = 0.5 mol dm™ 30.0 09 2.0 - 9.6 10.66*
(H2504] = 0.1 mol dm™* and 30.0 1.0 2.0 - 105 10.54*
0.5* mol dm ™" a1 45 °C
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R - OH)*" + Asp’ & [Ru"™ — OH....Asp]™ (5)

[Ru"-OH-Asp)>*

(RU-OH-Asp* + HSO, === "
HSO5"

[Ru-OH-Asp]** &
; > RCHO + CO,+ NH," + HSO; +[Ru"OH*  (7)
HSO4~

Such a mechanism will lead to the rate law given in Eqgs. 8 or 9.

_ dHSO3] _ KWK Ko [PMS]y[Asp][[Ru'"];
d  [HY]+K, +KKy[Asp] ol

Here, [PMS]y and [Ru™}y, are the gross analytical concentrations of peroxo-

monosulfate ion and catalyst respectively, [Asp] is the free equilibrium concen-
tration of aspartic acid. Or

1.00

0.80

), sec

obs

(k

0.40

0.20

0.00
0.0 50 100 150 200 250

|Asp. Acid]"!, mol” dm?

[PMS] =3.0x10" mol dm™; [Ru(l11)] = 1.0x10"* mol dm"*
[H,S0,] = W, 0.1 mol dm?; O, 0.25 mol dm”; 4, 0.5 mol dm?;

0,0.75 mol dm”; A, 1.0 mol dm” ; 45°C

Fig. 3 Plot of (Kaps) ™" versus [Asp. acid)™" in the reaction of peroxomonosulfate and aspartic acid
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kKhK|K2[ASp]
Kb 2 gt s 9)
[H ] + Ky +K K} [Asp]
where ‘kgps' 15 an observed second order rate constant (Table 1).
The double reciprocal form of Eq. 9, on re-arrangement gives Eq. 10
H*]+K 1
l/kobszu_h_) Y (10)
kKhKle{ASp] sz
A plot of 1/koys versus 1/[Asp] was made from Eq. 10, that yielded a straight line

with non-zero intercept (Fig. 3) kK, were calculated from the intercept to be
(66 + 2). The gradient (G) of the line is represented by Eq. 11.
G- [H*] + K,
 KKuK(K,
Or

(H*] 1
G= 1
KKK K; | KK K; (L)

Further plot of ‘G’ versus [H"] was made from Eq. 11 that also yielded a straight
line with a non-zero intercept (Fig. 4). The ratio of intercept and slope yielded Ky, to

be 0.087 mol dm™>. ‘K" was calculated from the ratio of intercepts of Figs. 3 and 4
to be 67.00 £ 1 dm>mol™".

Fig. 4 Plot of (G) versus [H™)
in reaction of 30.0
peroxomonosulphate and
aspartic acid
25.0
20.0
®)
O 150
10.0
5.0
"% 025 0.50 0.75 1.00
[H*], mol dm”
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1—1~1'\1-c|71i-c—?—Rtn“zo + SO,

H R H

|

R-CH = *NH; + CO; + Ru!! & 1,0

L tast R-CH = NH + H*

R-CH =NH + H,0 —18L . R.CHO + NH;

Scheme 1 Mode of reaction events in the reaction of aspartic acid and peroxomonosulfate

In view of the proposed mechamsm the detailed mode of reaction events can be
suggested as in Scheme 1.

Since the pKs of amino acids [46] usually lie in the range (2.1 & 0.3)-
(9.6 £ 0.7), the presence of an alkyl group at the a-carbon hardly influences either
amino or carboxyl groups. The hydrocarbon portion of the amino acid does not
undergo any chemical reaction, obviously due to the presence of highly reactive
functional groups.

The cleavage of the bond between the a-carbon and the carboxylic carbon yields
imine intermediate. Further reaction of imine may occur either via hydrolysis or an
oxidation with oxidizing species. The hydrolysis of imine appears to be the most
predominant path. Imines of the type RCH=NH with hydrogen attached to the
nitrogen have been identified spectrophotometrically [47), and cannot be isolated
owing to their fast hydrolytic decomposition [48].

Since such transformations develop partial positive charge on the a-carbon in the
transition state, this may be attributed to the positive charge on the nitrogen clearing
carbon—carbon bond preceding formation of carbon-nitrogen bond. Therefore,
Ru(V) attacks carboxyl group bonded to Ru(Ill) through HSO5™ instead of amino

group. However, the interaction of electron deficient metal ion with the protonated
amino group can not be considered to be a sound proposition. Thus the hydrolytic
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decomposition of imine rather than interaction with metal ion oxidant becomes
dominant pathway yielding aldehyde. This is further supported by the fact that the
color reaction [49] for the presence of nitrile in the reaction mixture by the addition
of hydroxylamine and ferric chloride ruled out any interaction of imine with metal
jon.
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(Elementary Quantum Mechanics)

1.1 uREd (Introduction) :

sl e Bie-ore gen i (ST, M2, 2 Wil HG7) 3 frera & an 3 )
N T Q€ 1 ik form 3 foforet et forgrat 3 AT A 37 Yo FO F AT
F TR faagq (Mathematical Treatment) 392 T (Quantum Mcchanics) H
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fagr (Heisenberg’s Uncertanity Principle) 39T Afga1 &1 707 ge (Schrodinger’s
Wave cquation) % | '

Farums i AL FA0EY AitAH (Classical Mechanics and Quantum mechanics)
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a9l ge Jeq F T & frgi (Newton’s Laws of motion) @@ LESE ﬁﬂ'ﬁw aa
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(Molecular Orbital Theolry)

2.1 GEHASTd 9 6l 3] Héfh ﬁ?@ﬁ (Molecular Orbital Theory of Covalent Bond) :

TR 1 B -GHI g FANThd] I fgT= (Valence Bond Theory) T2
s RIgT= (Molecular Orbital Theory) f&U 7 | feeeR Teil oive (Heitler &
London) ERT FX T wiieresanl 941 Rigr=d (VBT) @ ARaR & W12, Wexidiord a4
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3.1 uf=g (Introduction)
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32 ﬁqa—gxaaﬂuﬁﬁmm (Electromagnetic Radiations)—

7 faferroll o) welwerm Sermae 3 veur | SR 9T R e = saf el weret a
s et & 3 R el 35 A For v Pt o e s & 2 ¢ e
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(Photo-chemistry)

4.19R=g (Introduction)
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(PHYSICAL PROPERTIES AND
MOLECULAR STRUCTURIC) '

5-l qfR&@ (Introduction)
e ¥ e o o st e f fn g fi o 3,
qmmﬁ%lwﬁbﬁmiﬁwm,fﬁmﬂm,qmmmfﬁmﬂfwmﬂmﬂm
cfirdt % i i o ¥, % o ooew o ey 41 e s s o it oo
| ey Wﬁ (Intermolecular foregs) T Faoft g # o sy o) sttt sfveen 1 wnEA
& 3w o 1 o o) oft e B s o K g et (Optical activity), fE%
oot (Dipole moment), HrrEg 10T ( Mugnclic propertics), i frere "ﬁ"{’? (Molecular
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| A y e # s 8 | ot Tt foe ot s A
(1y Anrrer o (Additive Properties) - Yt 7o o swjait # Fufir s i
% vt Tt % A e ot o ¥ | aereemel—fmed e o s aerd o avfan fafiee
oyt 3 o it & v A e e e 4
: (i) Faeam o7 (Constitutive Properties) . e 7o o B e # aufega
| yorupat @ sreedl (molecular arrangement) 9T fAsft % ¥, Ty e ot qe
| FETEO— YAV ‘T’T‘EW (Optical activity) | :
: (1) ArTyier v T O (Additive and Constitutive Properties) - 77 1
'iﬁméﬁmmﬁﬁmﬂmqmmmﬁvﬁ«hmin
mm—imw (Parachor), fraT (Rheochor), &foad L GEIL] (Molar Refractivity)
yarfe | '
(iv) ST T (Colligative Properties) ~ 3 791 77 e ¥ aufern st
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|\ i # I, feuid # sE g |

5.2 ¢aT UIEAT (Optical Activity) |
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(PHYSICAL CHEMISTRY)
( faf= favafaeneat & e <R S ﬂmmiwww & o)

ST. HeYT FHR ureiaret | SF. ggom vt
rEar || fayrTreer
& e FreE R gEifaeera | A= fach s ds HEifegrerE, /
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- SER (TSL)
2017-18
. wvmﬂ;xmzo
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(MATHEMATICAL CONCEPTY)

TR : SO T4, Tk TIeraH, Yed STad T8 gt a1 Mo, K, ¢, x”, sin x T logx
S el & e, st vd i, orifve stawer Td aReaRs ey, FB Seant
TR e % HHTheH, U TE 9, B qun e

forgm it sifeeraietl i vt w0 § Tt sTaRoIEH I gl ATerH B § | g
R e T # oft wrrcTe frvetr 9 ¥ 3 srauronet s aga Stfe ST g
37 : foram 3 foremelt =) fora it e = e % fore o o wfvwits sTaamonsti 1 9F €
ST T | 37 TH T H F9 Tt Ot Sraercona? S STIeh 9 Ty, 5 ST,
e 1 T BTt IO, Sraeer, T, Sfers qen fifis, s, S Wit
T 1 o fr T
YTk WY (Logarithmic Relations)

W foam o wenes wrenstl il g9 w0 W YE: o, 99, i a9 379

Hfshand et et ¥ 1 37 whmarsil A o oM Al e afe 9 81 4 5% ' w A 9
a1fere T € TS STYfGE B ST Rt STIYeR il € | § weeEietl o et S % T erpTors
Tl 1 SYA R S § | SOk W O o I Skt WishATSH W shHW: WIS 9 ST &)
fsran 9 wftreentia 9 33 @ 3 GHFEATC WA B S § T o 6 e oft @ R e €t w ey
STY&Al st qeerer 9 g St 81
UftTeT ud Wakhd (Definations and Notations)

1. 3L WE (base number) : TV faft @ eft Teemsti = frdht v g
(2 1) % fafir= o & wa A foeh ot 8 ol sam den wea 2

2. YOS i YRUTET (Definations of logarithmic) Ak N aer o areafaes 4 g
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& log, N = x (STOHE &9)
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(LIQUID STATE)
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SRR Td 6 T A |
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mﬁaﬁaﬁ%ﬁﬁmmﬁﬁaﬁawﬁlmmammﬁamﬁqmﬁﬁ%
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5t % fafi=1 7o =t 11 @l (characteristic properties) 3 SR T T ST Hehall ©-

L Sa%maﬁ%qmﬁv%maﬁaﬁwﬁmmloﬁwmmmwm
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VAT, TS T UG 354 9TS9 ST o1 THSTE] ST Hehell ¥ |

2. BAF Y STHETE o7k frehe St Ta € e s1ujstt % Wem srcaw e T Sufte
&1 & 1 370 STl o HeRt Freor o FAU Tom ot o B R | 5 STER Tgal % v
Bcel, STTEEd (Incompressibility) Ta 7= foraror e 7ot <t rman st weren 2

3. wa¥ eyt % sitewd Tfost St (Kinetic energy) TRHATY 419 3 HHIAW €1t & | a9 &
& & T wa F o7upil # St ot st €, fred srupetl & weg st e § FH R S
T 1 7% YR W 5a! % o159 T4 (vapour pressure) # 119 3 V1Y 1% =) THZRN o1 W1 £ |

34, 5a Ud T 3raeer § Giemrde =

(Structural difference between Solid, Liquid and Gasesous states)

TEfy %9 SYae &) HY ST & el ©9 991 Terd 518 JH S gehdt &, SR
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(THE GASEOUS STATE)

e i

(W:ﬂﬁ#mﬁmfﬂmﬁﬁum,mfﬁm,mml

e UREEAN : Srfos i % PV HHar, ey i, SISt W 3 HAT,
WW@WW%HWH@‘%WWﬁWﬁH&WWW |

aﬁamén:aﬁquﬁ,aﬁwqéafwmﬁwan,aﬁﬁwﬁ%ﬁmm
ﬁwmwuﬁww,mwm,mmgaaw@mm,ﬁﬁm
Liﬁﬁm (St~ TS Fee W ST ) )

T ) T < STy B § - S, g e it | R Frefter svoreer weeH it
%laﬁmmmﬁmﬁ%mmmﬁm@ﬁ%éﬁaﬁ@f%maﬁwg—?ﬁ%%l
Wmaﬁmwﬁﬁaﬁm%amﬁﬁwﬁnﬁﬁwaﬁw@wﬁ *
FROT I S | e T Sucte T H YU o T TereROl BT € | STl I T
F T % a1 famfa A s B 1

ﬁﬁ%mﬁ%quaﬁw@afwﬁ%wmwmwm
# e Gteaa (Compresibility) ST Bt & 1 571 1t Ter & 6 & e, T T §oTRaA
YT & a1 Seleddl T A Tl SRR e ¥ | o7 U el o 3vee, fe W "o
X, AT H AT A FH FA A, 30 ¥ gheg A, Tefra v wgaw €1

=it s Farfar= TR Y ST T g 3 weach W o T @ <t 3 o @ o @
Tt fsor (Homogeneous mixture) SR € | 37 : gt T e T e an e €
o rF STTER T Y Q) FehR W B B

(i) 3113?? 9 (Ideal Gases) (ii) e TR (Real Gases)

a9 71 (Ideal Gas):3 18,3 Toft a7q o <1 TR ST e effofer 1 I el
<% O 1 ST T g e g T 3 shoi <R STreTfvees it sTelen € & w
TrE NS SRREE (SR st Wi el gt 2 fored s A afs w0 W, v o
aftad st 75 g, s1reel 1 wEad € | '

areafaes T (Real Gas): 3 T4, < st a0 & Frt g T oteet 9wt 1
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T T} & 3i arafas i A qftafda @ s € |

arreyt T WOt (Ideal Gas Equation):
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(SOLID STATE)

TTEIRH : P et st R, ohs st fomeaet (9T % 1709 (i) ST<TTher 1
feerean 1 e, (i) R st w1 B, (i) Tt fem, e § waf T,
et 701 X-Tofon foeref ot st s, Sy psftepcor oty NaCl T CsCl o et
H 1wt (A fafl v vl ff), St dve o, o gf

ST, HER A2 Aot T T S ¥ =i T ) e o w1 e
TR A T T ¢ Tor Sl A vy, Wy sversn st yare st we gRT steafi fee €1
€, forerdy A i &l o R o e ST s A R B ¥ 1 sreifn et oreeen A
Y RO T QR ¥ o 3 37 5o sufem fiep wam & wey i a1 R § vt v
ST o ST e TeT 2ve | 51 arereen & a1vy et sweption wret & wieor weoR Pk e €

Ak 37h 7eA o e T 28 % o 3 iR o6 o ¥ | 5 T S STRT A FeeR BT
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Hifsam Figs, Tive, weeRt soarte | X-foror frerd (diffraction) 11 31859 @ T wefil
% 75 57 Sl % o7u), WAy Sreran a1 R Fifem A Frfyaa s A orafier O ¥ 1 59 TR F
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T 3R, o S # oTHUeTd qU1 FHAal S U A1 B ¥, Afwa 3 Fafyem safinfy
T e Il S | SH-ohre, (S, Wi s, 5% ST oy el S |
T YR S werdl I g 7 Wﬁﬁmmwmﬁl

%ilzﬁq‘oﬁ'ﬂ emijﬁa@m
(Crystalline Solids) (Amorphous Solids)
3 T T vt & 9 s (Krustallos) @ femn mn R | soem ared =g a2
¥ | T AR @ Fees 1 e T iR 4% URGHl, SRR G 3Tk SRk w
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(COLLOIDAL - STATE)

? [mmﬁmmmw 7t & o (aten)
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(CHEMICAL KINETICS)

e ¥
WEIHH : TPl serfiedt wd o o, stfvrsten o, sifirn 3 A yrfera w0 ardl
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uftem (Introduction) :
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IS A 9ol A W Tew 1t 1R % €9 o T €9 v sam v swhes
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Tk | (Chemical equilibrium) 3 €11 € | Af qeta wed s1efq stfufran 2t @) g 3m
(1) A BT =6 e iR seriasht (Chemical kinetics) @1 TErafR T (Chemical
Dynamics)¥ 318997 | Y T 2 |
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