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Abstract: Electron transfer reactions have beneficial implications from biological applications to industrial relevance.
Several transition metal complexes have been used as model systems for studying electron transfer reactions. We have picked
the octahedral Co(lll) complexes from among them due to their inert characteristic making them ideal for theoretical and
experimental studies. Kinetics of reduction of Co(lll) complexes is negligibly affected by reversible electron transfer,
incorporation of water molecules, substitution and isomerisation reactions. Herein, such studies have been performed on the
reduction of pentamminechlorocobalt(lll) nitrate, [Co(NH3)5Br](NO3)2 by Mohr’s (Fe(ll)) salt. Effect of ionic micelles on
the redox reaction was studied spectrophotometrically and the influence of various soluble salt concentrations on the
reaction rate has been monitored. The outcome of the effect of the water pools of anionic reverse micelles of SDS/1-butanol/n-
heptane was also monitored and the results were intriguing. The redox reaction in aqueous solution has been parallelly
investigated using a theoretical quantum mechanical approach. The analyses of structures of the reactants, transition state,
products and calculation of their energies were done using the density functional theory (DFT). The calculated energy values
corroborate with the experimental ones. The activation energies were calculated at three levels of ab initio molecular orbital
theory [HF, DFT (B3LYP) and MP2] combined with three basis sets (3-21G*, 6-31G* and 6-31+G**).
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1. Introduction

In the past two decades, the importance of organized assemblies on biological, photophysical and kinetic processes
has been accepted globally. Reactants accommodated in molecular assemblies such as micelles, micro-emulsions
and vesicles, etc., often achieve a greater degree of organization in homogeneous continuous solution and can mimic
reactions in bio-systems, and also have potentials for energy storage [1-6]. The behavior of a molecule at an interface
between two bulk media is often significantly different from that in either of them. Since the polarity and viscosity
at the interface are often very much different from those of the bulk media, the structure, dynamics and reactivity
of an organic or bio-molecule at an interface differ noticeably from those observed in the bulk. Interestingly most
natural and biological processes occur at such interfaces or in confined systems, e.g., proteins, bio-membranes and
vesicles. Typical example of such membrane mimetic model is “reverse micelle”, which is an organized assembly
of surfactant in continuous organic solvent. Study of reverse micellar environments is of growing importance and
is recognized as a method to better understand the mechanisms involved, as well as a route to control the rate and
to improve reaction yields. It has been reported that water pools in reverse micellar cavities have a much lower
micro-polarity than the bulk phase, which can influence kinetic features [7-9]. Interactions between the substrate
and the polar head groups of the surfactant, between the substrate and the solubilized water and between the
solubilized water and the surfactants can be intense and definite. Here we have reported the rate of reduction of
pentamminechlorocobalt(l11) nitrate, [Co(NH3)sBr](NOz). by Mohr’s (Fe(I1)) salt in SDS reverse micellar systems.
Besides this, several additives, e.g., salt and urea in presence of surfactant can also alter the rate of the reaction as
polarity of the medium changes [10,11].

We have chosen such inner sphere reactions to determine the activation energy experimentally and compared
the results theoretically by density functional theory (DFT)and Hartree-Fock (HF) methods. However, in order to
reproduce the experimental values of the activation energy, it is necessary to employ ab initio methods and a good
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basis set [12,13]. The most demanding computational analysis is evaluation of activation barrier for chemical
reaction. Thus, we prefer to calculate the activation energy of the reaction.

The applicability of the DFT dealings for estimating various thermochemical properties is an area of continuing
research interest [14-17]. There are some advantages in using the DFT procedure. Firstly, it is computationally inexpensive
compared to the high level ab initio methods based on molecular orbital theory and thus calculations can be performed with
a large basis set. Moreover, DFT methods scale much more favorable with the size of basis set [18,19]. With this in mind,
we report the accurate energies computed from the combination of three levels of theory: Hatree-Fock (HF), second order
Magllet-Plesset (MP2) [20] and the density functional B3LYP scheme [21,22], and three popular basis sets, 3-21G*, 6-31G*
and 6-31+G** [23] in DFT level and LanL2DZ basis set for the electron core potential (ECP) calculations in the HF level.

2. Experimental

2.1 Materials and methods All the reagents used were of either GR or AR grade. Sodium dodecyl sulphate (SDS),
potassium chloride (KCI), potassium nitrate (KNQ3), potassium sulphate (K2SQ4), potassium perchlorate (KCIO4),
urea, Mohr’s salt, ammonium sulphate, sulphuric acid, 1-butanol and n-heptane were used as obtained from Merck
(India). N-cetyl-N, N, N-trimethyl ammonium bromide (CTAB) of 98% purity from Loba Chemie (India), from
SRL India were used as received. All aqueous solutions were prepared in deionised and double distilled water with
second distillation being carried out from alkaline permanganate in all Pyrex still.

The [Co(NH3)sBr](NOs). complex was prepared by a standard method [24].This coordination compound was
characterized long back in 1962 by Shimanouchi and Nakagawa [25] and later analyzed by Watt and Klett [26] and
Jordan et al. [27]. The metal-ligand stretching and skeletal deformation frequencies for the cobalt pentammine
complex were expected [25]. Therefore, the skeletal frequencies are hardly affected by ligand frequencies and in
the analysis of skeletal frequencies. The NH3 ligand vibrations were assigned in the IR spectrum, where the lowest
one of these is due to the NH; rocking vibration observed near 800 cm. The molecular symmetry of
[Co(NH3)sX]?*is assumed to be Cay. In these ions the vibrations of the A; and E-species were found to be infrared
active among which some remain invisible due to weak intensity because of the nature of their vibrational modes
[25].The Co-Br stretching in [Co(NH3)sBr](NOs) is observed at 487 cm™ [26].The compound that we have used
was obtained as gift from Prof. C.R. Sinha of Jadavpur University in pure form and hence we checked its UV
spectrum to ensure the purity (Fig. 1).
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Figure 1

All kinetic and spectral measurements were recorded on Agilent 8453E UV -visible spectroscopy system. Quartz
cells (1.0 cm optical path length) from Hellma were used.The Kkinetic studies of the reaction between
[Co(NH3)sBr](NOs). and Mohr’s salt in different micro heterogeneous media were studied spectrophotometrically
at 298 K. Concentrations of reactants were chosen such that iron(ll) was always in considerable excess, which was
often sufficient (> 40 times) to ensure pseudo first order condition. All kinetic runs were performed at 298 K by
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mixing required volumes of the thermostated reactants with proper dilution to the required volume in the quartz
cell. The change proceeds through an isosbestic point at ca. 507 nm with a decrease in absorbance at ca. 550 nm
and an increase at ca. 425 nm (Fig. 1). The decrease in absorbance (Ay) of the reaction mixture with time(s) was
recorded at 550 nm. The integrated rate equation used to determine the observed pseudo first order rate constant,
Kobs Values from the plot is: A: = As+aiexp(-kons*t); which is first order exponential decay equation. The standard
error in determination of Kops Value was within £3%.

3. Computational details

All the computations were performed with the GAUSSIAN 03 (G03) program suite [28]. Both ground and transition state
geometries were fully optimized in aqueous medium at DFT (B3LYP) levels (the Becke’s three-parameter hybrid exchange
[29] with the Lee-Parr-Yang correlation functional) [30] with Pople’s 6-31G* basis set [31],and LanL2DZ basis sets, used
to calculated the core electron potential, are internally available in the Gaussian package which is a multi-processor
system.Frequency calculations were also carried out for ground and transition state geometries and it is observed that the
latter having one imaginary frequency corresponding to the reaction coordinate. The activation energy in this study was
calculated as the energy difference of the sum of total energy, plus zero-point energy (calculated in the consistent level) and
the thermal energy at 298K between the reactant and transition state structure and the value compares/agrees very well with
the experimentally determined value.

4. Results and discussion

4.1 Kinetic effects

The Fe' salt (Mohr’s salt) reduces [Co(NH3)sBr]?*following second order kinetics as shown below [32]:
[Co(NH3)sBr]>*+ Fe?* + 5H* = Co?* + Fe®* + Br + 5NH,* (1)

Here, the relative effect of aquation (egn. 2) is minimized at high Fe'' concentration.

[Co(NH3)sBr]?* + H20 = [Co(NH3)s(H20)]3* + Br- 2)

Formation of the bimolecular bromo-bridged inner sphere complex permits transfer of an electron from Fe'' to Co""
involving a bridged complex with both metals in octahedral centers [33].The halide ligand as electron mediator in
this process where the higher polarisability of the heavier halide ions are more effective. The reaction is first order
with respect to both the Co"' complex and Fe" salt.

_ d[Com] _ n I
g =Kk[Co" ][Fe"]

4.2 The effect of reverse micelles on the reaction

The hydrophobic heads of the surfactants are exposed to the surrounding non-polar solvent molecules in a reverse
micelle, which is energetically unfavourable, and gives rise to a water-in-oil system. The hydrophilic groups are
sequestered in the micelle core and the hydrophobic groups extend away from the centre. Inverse micelles are
proportionally less likely to form on increasing head group charge, since hydrophilic sequestration would create
highly unfavourable electrostatic interactions [34]. The alkenes, iso-octane or n-heptane, permit maximum
solubilization of water at room temperature and thus are normally used to stabilize the reverse micelle. Increase in
the amount of surfactant-entrapped water results in the formation of water-in-oil microemulsions. Effect of varying
the concentration of SDS on the reaction rate has been studied at different values of W (4 - 10) (defining the
concentration of water in the microemulsions and hence the aqueous pool size)as shown in Fig. 2. The reverse
micelles of SDS (0.10 - 0.30 molL?) have significant effect on the rate of the reaction at lower W value. The
reactants being ionic cannot exist in the bulk organic phase; thus the reaction takes place either within the water
pool entrapment or in the micellar interphase. It is known [38] that at constant W the increase in surfactant
concentration results in increase of the micellar concentration and hence the area of the interface, with no change
of the micellar composition and other properties [35].

© 2024 KMV
Khalisani Mahavidyalaya



a¥hig,

AADAHMAOHAND
oTer aras

nwAm
AN

Ky

Mousumi Mukherjee: Modulation of the rate of electron transfer ... 4

¥ N8

10°% (s
o

-
b

bl

010 015 020 025 030

[SDS],, mol L

Fig. 2

Thus, increase of rate with SDS concentration shows that the reaction is taking place on the micellar interface at
low W value. At high value of W the effect of SDS concentration is much smaller. The increase in the surfactant
concentration at high W value increases the interfacial area and thus the reactants are displaced from the micellar
interface to the bulk of large sized water pool. Hence, the reaction takes place mainly in the bulk of the entrapped
water pool [36]. Thus, at high W value the reverse micelle has very little effect on the rate. In other words, as W
increases, the properties of the entrapped water pool become similar to those of bulk water.

It has been found that the rate of reaction in presence of SDS reverse micelles is much higher than that in presence
of TX-100 [37]. This is because the substrates are attracted towards the SDS surfactants with higher coulombic
force of attraction than that of the TX-100ones. Anionic surfactants help to increase the probability of encounter
between the Co"' complex and Mohr’s salt through interaction between the compact region of the charged head
groups and the relatively small counters ions. Thus, rate of the reaction in presence of TX-100 reverse micelles is
lower compared to SDS due to the low encounter probability between the Co'"' complex and Mohr’s salt.

4.3 Effect of urea and salts on the reaction in micellar medium

Micellar catalysis is affected in the presence of additives, such as urea, KCIO4, KNO3;, K2SO4 and KCI (Fig. 3(a)
and3(b)). The rate of reduction diminishes upon addition of 8 mmolL"! urea to the aqueous solution of CTAB above
its CMC (10 molL™Y). The rate of electron transfer (and hence reduction) was also determined in presence of
SDS.The CMC values of CTAB and SDS are well known and hence we have considered them as reported. Most
likely, urea decreases the polarity of the aqueous phase affecting the stability of the transition state, and hence
lowering the rate of the ionic reaction. However, addition of KClI increases the reduction rate. KCI increases polarity
of the medium, enhancing the rate of the reaction since the transition state is supposed to be positively charged. So
is the case with other added salts where the rate of the reaction increases due to increase in the polarity of the
medium.

All the above results indicate a vital role of the non-ccoulombic interactions in accelerating the rate of reduction
of the Co"' complex in micellar medium [37]. Due to the non-coulombic interaction, the surfactants form micelles
of colloidal size [38] and occupy large space in the reaction volume ultimately increase the local concentration of
the reacting species as well as the rate. Non-coulombic interaction persists due to the hydrophilic nature of the
Co'""complex [39]. The non-coulombic interaction gains more importance for the SDS micelles over the CTAB ones
because of coulombic repulsions [40].The cationic complex binds to the SDS micelles by coulombic as well as non-
coulombic interactions. The stronger force of attraction between the negatively charged SDS micelles and the
complex induces a degree of immobilization to it and explains qualitatively its faster rate of reduction in presence
of salts. The reduction rate does not increase appreciably in the cationic micelles due to the low collision probability
between the complex and the Mohr’s salt.
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4.4 Calculation of activation energy by DFT

The calculated activation energies(E,) obtained at different levels are given in Tablesland2at 298 K.The E, values
were calculated from the Arrhenius equation (k = Ae~Fa/RT) where k= the rate constant, A= pre-exponential factor,
E.= activation energy, R= universal gas constant and T= temperature in kelvin.The second column of Table 2shows
the differences between the calculated and experimental activation energyy and the last column contains the total
time for computing that includes the optimization time for reactants and transition states. The following observations
are apparent from here.

(i) The DFT method produces the highest calculated activation energies which are closer to the experimental values;
whereas those calculated from MP2 and HF are lower. It is logical that the density functional scheme produces
better results than the single HF Hamiltonian. However, the HF LanL2DZ basis set, which includes the electron
core potential, provides satisfactory values.

(if) The activation energies obtained from the MP2 scheme are similar to those obtained with the HF method.

(iii) However, with basis sets of moderate size, 6-31G* and 6-31+G™*, the results are better with the DFT method.
The small basis set 3-21G* produces lower values than the other two basis sets.

(iv) Results from 6-31G* and 6-31+G™* basis sets are similar. This is a consequence of the analogy of the two last
basis sets despite the differences in computational time. For this reason, it is better to use the quick and economical
basis set 6-31G* instead of the slow and expensive 6-31+G*.

(V)The best calculated activation energy was obtained from the combination B3LYP/6-31G*, but the activation
energy calculated with the combination B3LYP/6-31+G™* is almost as good. The use of the expensive basis set 6-
31+G* is unnecessary for this type of calculation.

(vi) As indicated in the last column of Table 2, whatever the method utilized, the basis set 6-31+G* requires the
longest computing time and hence looks impractical as is with MP2. Values obtained using the HF-LanL2DZ basis
set are acceptable within appropriate error since it saves large calculation time.

Table 1. Activation energy (Ea) and standard enthalpy of activation (A*H°) for the reaction of [Co(NH3)sBr](NOz)2 and
Mohr’s salt in aqueous solution at 298 K.

Calculated Experimental
kJmol* Method used kJmol* Method used
Activation energy (Ea) 76.78 B3LYP/6-31G* 76.29 Arrhenius plot
Standard enthalpy of 65.10 B3LYP/6-31G* 61.42 Eyring plot
activation (A*H°®)

Parameters

Table 2 Activation energy (Ea) for the reaction of [Co(NH3)sBr](NO3)2 and Mohr’s salt in aqueous solution at 298 K, Ea(exp)
=76.29 (kJ mol?).
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Method Ea(cal) - Ea(exp)
(kJ mol?)

HF/3-21G* 75.74 -0.55 2 h 35 min
HF/6-31G* 76.24 -0.05 3 h5min
HF/6-31+ G** 76.26 -0.03 3 h 55 min
B3LYP/3-21G* 76.17 -0.12 7 h 15 min
B3LYP/6-31+ G** 76.50 0.17 9 h 5 min
MP2/3-21G* 75.83 -0.46 8 h 20 min
MP2/6-31G* 76.23 -0.06 9 h 50 min
MP2/6-31 + G** 76.21 -0.08 11 h 10 min
HF/LanL2DZ 77.00 0.71 1 h 10 min
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Scheme 2.

The different levels of calculations provide the optimized geometries of the reactant, product and transition
state (Scheme 1 and 2). The calculated activation energies suggest that all the reactions proceed easily and the results
agree with the experimental observations. However, the optimized geometries showed slight difference. Inner
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sphere electron transfer proceeds via a covalent linkage between the two redox partners. Here the Br- ligand bridges
the two metal redox centers during the event of electron transfer. The energy of the transition state varies with the
change of ligand. These reactions are inhibited by large ligands, which prevent the formation of the crucial bridged
intermediate. Br- ligand serves as an electron donor. Electron transfer occurs reversibly through the bridge once it
is established through a transition state during the reaction.

Table 3. Equilibrium bond lengths and bond angles (of selected ones) of the reactants (R), transition state (TS) and products
(P) using different basis set.

Method

Parameter

Co'l Fe!l Co" Felll
Bond length HF/3-21G* 3.76/2.92 2.01 2.30/ 4.60/ 2.63 2.57 1.82
&) HF/6-31G* 4.08/ 2.88 2.07 4.30/7.08/ 2.86 2.57 1.93
HF/6-31+G** 3.80/ 2.87 2.04 3.76/ 5.76/ 2.63 2.55 1.99
B3LYP/3-21G* 4.98/2.90 2.00 2.29/4.29/3.42 2.57 1.94
B3LYP/6-31G* 2.41/2.01 2.01 2.53/5.09/ 2.02 1.97 1.95
B3LYP/631+G** 3.31/2.63 2.07 3.75/5.74/ 2.63 2.78 1.96
MP2/ 3-21G* 3.72/2.92 2.03 3.88/5.97/2.71 2.57 1.82
MP2/ 6-31G* 4.01/2.91 2.06 2.47/5.00/ 2.66 2.65 1.86
HF/LanL2DZ 3.90/2.90 2.06 2.50/5.12/2.70 2.70 1.87
Bond angle HF/ 3-21G* 4.56/ 2.95 2.04 2.30/ 4.60/ 2.42 2.85 1.82
© HF/ 6-31G* 171.63/164.38 179.94 112.20 87.84 177.41
HF/ 6-31+G** 173.84/162.36 179.94 112.20 87.82 177.41
B3LYP/ 3-21G* 174.47/146.79 173.53 107.60 87.82 177.41
B3LYP/ 6-31G* 176.20/167.80 178.42 111.50 87.82 177.41
B3LYP/631+G** 168.15/164.73 178.42 111.50 106.35 179.65
MP2/ 3-21G* 179.99/149.90 178.42 111.50 87.82 178.42
MP2/ 6-31G* 175.10/147.70 162.50 105.40 96.10 177.65
MP2/ 6-31+G** 175.90/133.43 179.13 112.50 96.10 179.40
HF/LanL2DZ 176.20/150.60 178.50 112.20 87.83 178.40

Selected bond distances and bond angles of the reactants (R), transition state (TS) and products (P) are given in
Table 3. The TSs for the reaction could be calculated directly from the computational software package. The variations in
the bond distances and angles clearly signify the reaction pathway since variation of the Co-Br distance shows how it is
transformed to Co-H,O from Co-Br. The transformation of Co-NHzbond to Co-H>O bond is also perceived in the reaction.
The change of Fe-H,O bond distance showsthe oxidation of iron in [Fe(H20)s]** to [Fe(H.0)]%*. Similarly, the change of
Co-H,0 bond distance also shows its reduction process. Change in the bond length of the TS clearly shows how the Co-Br
transforms to the Co-H,O bond through the Co-Br-Fe formation. It also shows the transformation of Co-NHj3; to Co-H.0,
Co'"'to Co" and Fe' to Fe'"'. The bond distances and angles in R, TS and P are well correlated to each other.

5. Conclusions

The rate of the redox reaction between the Colll complex and Mohr’s salt is modulated significantly by the reverse micelles
due to encapsulation inside the reverse micellar cavity. Increase of size of water pool decreases the rate. The activation energy
of the reaction in aqueous solution calculated theoretically using DFT and the results are in good agreement with the
experimental values that support the inner sphere mechanism.
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