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Effect of cetylammonium bromide micelles on decolouration of rosaniline hydrochloride by
periodate: Experimental and theoretical approach
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Rosaniline hydrochloride (RH) is a triaminotriphenyl methane dye, which is widely used as biological stain, mordant, printing,
in cotton tannings, and dyeing in textile industry. The reaction obeys first order kinetics with respect to RH and 10,~. The
reaction is around hundred times faster in the presence of CTAB compared to aqueous medium under identical conditions.
This is due to lower dielectric constant in micellar medium in which the transition state in more stabilized. The rate of the
reaction increases with increase in concentration of CTAB up to 0.08 mol dm= and thereafter shows a limiting behavior with
increase in micellar concentration. The monotonic increase indicates a unimolecular pathway. Using Menger and Portnoy’spre
equilibrium kinetic model binding constant was found to be 21.84 mol~! dm3. This value was found to be in good agreement
with the calculated binding constant K, (= pV) = 39.2, where p is partition co-efficient and V is molar volume. In order to
account for the catalytic behavior of CTAB, theoretical calculations of single point energy and energy gap were done using
GAUSSIAN 09 W program employing density functional theory (DFT) with Becke's three-parameters hybrid functional in com-
bination of Lee-Yang-Parr functional implemented with LANL2DZ basis sets using conductor like polarizable continuum model
(CPCM). (DFT/B3LYP/LANL2DZ/CPCM (solvent = water)). Based on the structures of RH, KIO, and CTAB, binding energies
(BEs) were calculated for the dimer complexes RH-KIO, and RH-KIO,-CTAB. BEs of the RH-KIO, and RH-KIO,-CTAB sys-
tems have been found to be —60.4 kcal/mol and -70.4 kcal/mol, respectively. The high binding energy (RH-KIO,-CTAB, -70.4
kcal/mol) indicates the catalytic behavior. The HLEG (HOMO-LUMO Energy Gap) measures the stability of the system. A large
HLEG implies high stability (less reactive) and slight gap implies low stability (highly reactive). In this work, RH-KIO,-CTAB
system, the gap is reduced around 1.28 times than the RH-KIO, system which clearly indicates that the CTAB surfactant plays
a vital role in this reaction. It explains that catalytic behavior of CTAB by theoretical approach.
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Introduction tion reactions of the dye in the presence of micelles will be

Rosaniline hydrochloride (RH) which is a triaminotriphenyl  helpful in exploiting their use in industries.

methane dye, is widely used as biological stain, mordant,
printing, in cotton tannings, and dyeing in textile industry'-5.
These dyes enter the environment in natural waters. It is
also an important constituent of Schiff's reagent as an indi-
cator for the detection of aldehydes and ketones’~®. The in-
termediates of these dyes are also encountered in several
organic and enzymatic reactions. Studies on the chemical
reactions of these dyes are therefore important. Since rates
of reactions change in the presence of micelles the oxida-

Babatunde et al.'%-12 have studied the reduction of rosa-
niline hydrochloride extensively in tri oxo carbonate (1v), hy-
droxide ion and nitrite ions. In these reactions, a stoichiom-
etry of 1:1 was found for rosaniline hydrochloride and the
reductant. In the reaction of rosaniline hydrochloride with
chlorite a stoichiometry of 1:2 was reported, the order of the
reactions with respect to both the reactants was found to be
two. The rate of reaction increases with increase in ionic
strength®. In the reduction of rosaniline hydrochloride by
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hydroxide ion'!, the rate of reaction decreases with increase
in ionic strength. The oxidation of malachite green, brilliant
green and crystal violet'®, other members of the tri amino tri
phenyl methane dyes by peroxydisulphate was studied by
Joshi et al. in the presence of different micellar media. Lon-
don Singh et al.! have studied the effect of anionic and non-
ionic micelles on nucleophilic addition reaction of rosaniline
hydrochloride (RH) with hydroxide ion. Mishra et al.'® were
reported that rate enhancement (2.25 fold) of hydroxylation
of rosaniline hydrochloride by NaOH in the presence of CTAB
micelles. Padma et al.!” studied fading of rosaniline hydro-
chloride by periodate (10,7) in presence of reverse micellar
systems. Since rates of reactions are altered in the pres-
ence of micelles, kinetic studies of rosaniline hydrochloride
by periodate in the presence of CTAB micelles have been
carried out and the results are presented in this paper.

Results and discussions
Experimental analysis:

The kinetic investigation of the decolouration of RH by
|0, has been carried out in the presence of CTAB micelles
at constant ionic strength (1) of 0.5 mol dm=3 under the ex-
perimental conditions [RH] << [I0,7], isolating RH. The reac-
tion obeys first order kinetics with respect to RH and 10,,™.
The reaction is around hundred times faster in the presence
of CTAB micellar medium compared to aqueous medium
under identical conditions (Table 1).

The increase in rate is due to the lower dielectric con-
stant of CTAB micellar medium compared to aqueous me-
dium. The transition state in this reaction is less polar when
compared with initial state which is more stabilized in CTAB
micellar medium.

Effect of CTAB concentration:

The rate of the reaction increases with increase in CTAB
concentration up to 0.08 mol dm=3 and thereafter a satu-
rated behavior with increase in CTAB concentration (Fig. 1).
The saturation limit indicates a unimolecular pathway.

The effect of CTAB can be explained using the pre-equi-
librium kinetic model proposed by Menger and Portnoy8 for
a reaction mechanism shown in Fig. 2.

The rate law for a unimolecular reaction can be repre-
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Table 1. Kinetic data for decolouration of RH by [I0,7]in presence

of CTAB
[RH]x0° [10,71x103 [CTAB] u T K'x10
(mol dm=3)  (moldm™3)  (mol dm) (K) s
1.12 1.0 0.0 05 300 0.03
0.6 0.75
1.0 1.12
4.0 4.29
8.0 6.53
12.0 8.28
20.0 121
40.0 19.8
60.0 275
80.0 33.3
100 35.7
0.11 1.0 40.0 56.3
0.28 36.7
0.56 22.7
0.84 20.9
1.12 05 4.10
2.0 33.9
3.0 55.8
4.0 74.8
5.0 106
1.12 1.0 40.0 313 589
323 131
400.0 -
350.0
300.0
5 2500
= 2000
X
X 1500
100.0
50.0
0.0 T r T T )

0.0 20.0 400 60.0 80.0 100.0

[CTAB] x 10 mol dm3

Fig. 1. Plot of kK" vs [CTAB].
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where S - Intermediate(X), D, - CTAB, K - binding constant,
k,, - rate constant in aqueous medium
and K, - rate constant in micellar medium

Fig. 2. Scheme of pseudo phase model.

sented by Menger'®, eq. (1).
pe ky + kK [Cl
1+ Ky [Cyl

(1)

where Cy, = C - CMC and C is the stoichiometry concentra-
tion of CTAB. k” is the observed rate constant in presence of
CTAB micelle, kyy and ky, are the rate constants in water and
micelle phase respectively, Ky, is the binding constant of the
ion-pair intermediate with the micelle. Eq. (1) rearranges to

1 1 1

= + 2)
K - kw kM - kw (kM - kw) KMCM

According to eq. (2) the plot of 1/ (k" - kyy) versus 1/C,; must
be linear with a positive slope and intercept. Such a plot has
been obtained and from the slope and intercept and the value
of K,y was found to be 21.84 mol~! dm3 (Fig. 3). The ion pair
intermediate of RH---10,~ is bound to a micelle only by hy-
drophobic interactions and for such interactions the partition
coefficient p for each substrate with the micellar phase and
wateris givenas p = e A/RT where Apis the standard chemi-
cal potential (p = 280 for CTAB)'®. The molar volume of the
surfactantand is equal to 0.14 dm® mol~" for CTAB micelles.
Therefore the binding constant Ky, = pV = 39.2, which is of
the same order and in good agreement with Kj, obtained
from eq. (2).
Computational analysis:

To understand the catalytic behavior of CTAB in the
present system by computational analysis authors performed
single point energy and HOMO-LUMO calculations. Single
point energies and energy gaps were obtained from the
method DFT/UB3LYP/LANL2DZ/CPCM (solvent = water) for
RH, KIO,, CTAB and also combined form of RH-KIO, and
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Fig. 3. Plot of 1/(k" — ky) vs 1/Cy.

RH-K10,-CTAB. Values are presented in Table 2. Binding
energies (BEs) were calculated for the dimer complexes RH-
KO, and RH-KIO,-CTAB. BE values for the complexes were
obtained employing the supramolecular approach in which
the sum of the energies of the constituting monomers is sub-
tracted from the energy of the complex. BEs of the RH-KIO,
and RH-KIO,-CTAB systems have been found to be —60.4
kcal/mol and -70.4 kcal/mol, respectively. The above BE
value fairly suggest that the substrates-surfactant complex
RH-KIO4-CTAB is more stable than the dimer complex RH-
KIO,. The high binding energy facilitates the rate of reaction.
It shows that catalytic behavior of CTAB by theoretical ap-
proach.

The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of a molecule

Table 2. HOMO-LUMO analysis for the RH-KIOIl, and RH-KIO,-

CTAB system
HOMO LUMO HOMO-LUMO
(eV) (eV) energy gap (eV)
RH-KIO, -5.93 -4.71 1.22
RH-KIO,-CTAB -5.67 -4.72 0.95

873



J. Indian Chem. Soc., Vol. 97, June 2020

are well known as the frontier molecular orbitals. Fukui?d was
the one who first noticed the prominent role played by the
HOMO and LUMO in leading chemical reactions. The HOMO-
LUMO energy gap (HLEG) explains the chemical reactivity
of a species. The HLEG analyses for the system without the
catalyst, RH-10,~and with catalyst RH-10,~-CTAB were con-
ducted by the B3LYP/6-31G(d,p) level of study. This can be
calculated by the subtraction of LUMO and HOMO energy
values.

The positive lobes are represented by the green color
scheme and the negative lobes are indicated by the red color
scheme (Fig. 4). HOMO lobes are distributed throughout the
two benzene rings in RH moiety where as LUMO lobes dis-
tributed over KIO4 and one benzene ring in RH which is near
to KIO, (Fig. 4a, 4b). This is because of weak interactions
between O atoms in KIO, and C atoms in third benzene of
RH which near to KIO4. The HLEG 1.22 eV obtained.
Whereas in RH-KIO,-CTAB system the HOMO lobes exist
at Br atom from CTAB and LUMO lobes spread around the
KIO, molecule and N atom in third benzene ring in RH which
is near to KIO, (Fig. 4c, 4d). Due to CTAB existin RH- KIO,~
CTAB system HOMO-LUMO lobes distribution changes this
leads to decrease energy gap (0.95 eV) and enhance the
rate of reaction. The HLEGs of the RH-KIO, and RH-KIO,-
CTAB are 1.22 eV and 0.95 eV respectively which indicate
that the RH-KI0,-CTAB is chemically more reactive than the
RH-KIO, system. The HLEG measures the stability of the
system. A large HLEG implies high stability (less reactive)

and slight gap implies low stability (highly reactive). In this
work, RH-KIO,-CTAB system, the gap is reduced around 1.28
times than the RH-KIO, system which clearly indicates that
the CTAB surfactant plays a vital role in this reaction. The
HOMOs, LUMOs and HLEGs can be seen in the Table 2.

Experimental

All chemicals were obtained from Merck (India). Stoichi-
ometry of the reaction indicate that one mole of RH reacts
with one mole of |0~ which was determined by spectropho-
tometry using mole ratio method. The analysis of product
was carried out by mixing equimolar amount of |O,~ and RH.
After the completion of the reaction a colorless solution indi-
cating that destruction of the quininoid group was obtained
and UV-Visible spectrum of the product showed no absorp-
tion peak at wavelength (A,,,) = 545 nm. However, the au-
thors interest about catalysis because the product already
reported?’.

The reaction was followed by measuring the absorbance
of the unreacted RH at wavelength 545 nm using Shimadzu
UV-1800 spectrophotometer. The experiments were carried
outin a temperature controlled thermostat at 27+0.1°C. The
reaction was initiated by adding 10,~ (1.0x1073 mol dm3) to
the rosaniline hydrochloride (1.12%x10~° mol dm™3) at ionic
strength (0.5 mol dm~3) and CTAB (0.04 mol dm~2) under
pseudo-first order conditions, [I0,7] >> [RH]. Plots of log
(Ay) versus time (where A, is the absorbance at time t) were
found to be perfectly linear for at least 95% of the reaction.

Fig. 4a. LUMO structure of RH-KIOy.
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Fig. 4b. HOMO structure of RH-KIO,.
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Fig. 4c. LUMO structure of RH-KIO,-CTAB.
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Fig. 4d. HOMO structure of RH-KIO,4-CTAB.

875



J. Indian Chem. Soc., Vol. 97, June 2020

The kinetic data are the averages from triplicate runs with a
reproducibility +3%. Critical micellar concentration (CMC) of
CTAB determined by surface tension measurements under
the present experimental conditions was found to be 2.62x10-3
mol dm~3. The theoretical calculations of single point energy
and energy gap were done using GAUSSIAN 09 W program??
employing density functional theory (DFT) with Becke’s three-
parameters hybrid functional in combination of Lee-Yang-
Parr functional?32* implemented with LANL2DZ basis sets
using conductor like polarizable continuum model (CPCM).
In this method water consider as solvent (DFT/B3LYP/
LANL2DZ/CPCM (solvent = water)).

Conclusions

The reaction between rosaniline hydrochloride and
periodate is around hundred times faster in CTAB micelles
compared to aqueous medium under identical conditions.

Since CTAB is an ionic surfactant, in addition to micellar
medium effect and proximity effect of reactants, ionic strength
of ionic micellar surface and electrostatic interactions between
reactants and ionic head groups have effect on rates of re-
actions.

The effect of CTAB on the rate of the reaction confirms to
a unimolecular pathway as shown by limiting behavior in a
rate-surfactant profile.

The value of K), obtained from the plot of 1/k” vs 1/Cy,
was found to be 21.84 mol~! dm3 and is of the same order
as the calculated value i.e. 39.2.

This reasonably large binding constant is indicative of a
strong interaction between reactants and CTAB micelles.

BEs of the RH-KIO, and RH-KIO,-CTAB systems have
been found to be —60.4 kcal/mol and -70.4 kcal/mol, respec-
tively. The above BE value fairly suggest that the substrates-
surfactant complex RH-KIO,-CTAB is more stable than the
dimer complex RH-KIO,.

The high binding energy facilitates the rate of reaction.
The HLEGs of the RH-KIO, and RH-KIO,-CTAB are 1.22 eV
and 0.95 eV respectively which indicate that the RH-KIO,-
CTAB is chemically more reactive than the RH-KIO, system.

The HLEG measures the stability of the system. A large
HLEG implies high stability (less reactive) and slight gap
implies low stability (highly reactive).
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In this work, RH-KIO,-CTAB system, the gap is reduced
around 1.28 times than the RH-KIO, system which clearly
indicates that the CTAB surfactant plays a vital role in this
reaction.
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