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Abstract The surfactant complex ion cis-[Co(tmd)2(C12

H25NH2)2]3? (tmd = 1,3-propanediamine, C12H25NH2 =

dodecylamine) has been synthesized and characterized by

elemental analysis and spectral data. In addition we have

determined the critical micelle concentration of the sur-

factant–cobalt(III) complex and studied the kinetics and

mechanism of the complex with ferrocyanide anion. The

reaction is found to be second order, and the second-order

rate constant increases with increasing initial concentration

of the surfactant–cobalt(III) complex due to the presence of

self-micelles formed by the complex itself. The thermo-

dynamic parameters were determined. The results have

been analyzed.
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Introduction

Surfactants are often used in the formulations of pesticides

and herbicides [1]. They have also found a wide range of

applications because of their unique solution properties

such as detergency, solubilization, and surface wetting

capabilities in diverse areas such as chemical as well as

biochemical research [2] and as catalysts in several organic

and inorganic reactions [3]. Surface-active materials are

major building blocks of many physical, chemical, and

biological systems. They have been introduced into several

commercial products such as antiseptic agents in cosmetics

and as germicides [4], and have also found a wide range of

applications in diverse areas such as mining, petroleum,

and pharmaceutical industries. It has been observed that

several redox reactions in micellar media were influenced

by the hydrophobic and electrostatic forces and, for a given

set of reactions, the observed rate depends on the extent of

association between the reactants and micellar aggregates

[5–9]. In the course of studies on the effects of metallo-

surfactants on chemical reactions, catalytic effects were

observed above a critical micelle concentration (CMC).

Such systems offered the possibility to investigate the

effects of the local reactant concentrations in the micellar

subphase, as well as the local microenvironment, on the

reactivity [10–14]. Cobalt(III) complexes, by virtue of their

abundance and diversity, have played a fundamental role in

our understanding of the structural, spectroscopic, and

electrochemical properties of coordination compounds. We

have been interested in the synthesis and micelle-forming

properties of cobalt(III) complexes containing lipophilic

ligands for a long time [15–18]. Gaswick et al. have

reported that the hexacyanoferrate(II) anion can reduce

some pentaamine cobalt(III) complexes to cobalt(II) via an

outer-sphere electron transfer step [19], and they have also

reported that the substituted pentaaminecobalt(III) com-

plexes could be reduced by hexacyanoferrate(II) with the

formation of an ion pair [20]. It has been postulated that the

ion pair was approached by Fe(CN)6
4- on the ammonia side

of the cobalt(III) complexes. In spite of the great effort and

success in the study of metallosurfactants of cobalt(III)

complexes, such complexes still attract much attention due

to their interesting properties and the relative simplicity of

their synthesis. To the best of our knowledge no previous
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studies to find electron transfer reactions of surfactant–

cobalt(III) complexes containing double-chain metallo-

surfactants with Fe(CN)6
4- have been published. Also the

ligand 1,3-propanediamine reacts faster with cobalt(III)

complexes than do other ligands such as triethylenetetra-

mine, phenanthroline, and bipyridine. From this point of

view the results presented herein are of interest. In the

present study we have realized the synthesis, characteriza-

tion, and CMC determination of a novel surfactant–

cobalt(III) complex containing a single, long-chain amine as

one of the coordinating ligands. Also we report our studies of

electron transfer reactions of this surfactant–cobalt(III)

complex with Fe(CN)6
4- under various conditions.

Results and discussion

Spectroscopic characterization

The surfactant–cobalt(III) complex synthesized in the

present study was characterized by UV–Vis, IR, and NMR

techniques. The purity of the complex was checked by Co,

C, N, H analysis, and the results were found to be in good

agreement with the calculated values.

Visible absorption spectrum

The visible absorption spectrum (Fig. 1) of this complex

shows a maximum at 503 nm with an extinction coefficient

e of 71 mol-1 dm3 cm-1, comparing well with spectrum of

the corresponding butylamine complex [21]. This shows

that both the ordinary and the surfactant complexes have

the same structure and the replacement of lower aliphatic

amine ligands by long-chain aliphatic amines does not

affect the symmetry of the surfactant complex.

IR spectrum

The infrared spectrum was used for the assignment of the

geometrical configuration of the complex. Buckingham and

Baldwin have studied the NH2 deformation mode in the

1,700–1,500 cm-1 region, the CH2 rocking mode in the

900–850 cm-1 region, and the Co–N stretching mode in

the 610–500 cm-1 region to distinguish between cis and

trans isomers of cobalt(III) ethylenediamine complexes

[25–28], reporting that the important variations between

the cis and trans isomers are found in the CH2 rocking

region 900–850 cm-1. Trans isomers always show only

one peak, and cis isomers occur as shoulders. Because of

the lower-symmetry cis configuration, our complex (Fig. 2)

shows two bands for NH2 deformation in the 1,630–

1,580 cm-1 region, two bands for NH2 wagging in the

1,120–1,156 cm-1 region, the CH2 rocking mode in the

940–830 cm-1 region, and two bands for Co–N stretching

in the 760–550 cm-1 region.

1H NMR spectra

In the 1H NMR spectrum of our complex (Fig. 3a), the

amine protons of 1,3-propanediamine appear as a singlet at

3.5 ppm and, due to the lower symmetry, the methylene

protons of 1,3-propanediamine show a more complex

absorption around 2.1–2.9 ppm. The methylene protons of

the dodecylamine moiety give rise to a multiplet, usually at

1.2–1.8 ppm.

13C NMR spectra

Oulaghan [21, 22] studied the 13C NMR spectra of a

number of cobalt(III) complexes with flexible tetraamine

ligands, showing the expected six resonance signals

for the tetraamine. They distinguished the trans- and

cis-complexes by differences in their chemical shift,

considering that these differences can be attributed to

the different environments of the carbon atoms in the

complex. In the 13C NMR spectrum of our surfactant–

cobalt(III) complex (Fig. 3b, c), for the 1,3-propanedi-

amine six signals are observed. For dodecylamine, the

aliphatic methylene carbons of all the complexes appear

around 22–40 ppm and the terminal carbon atoms appear

at 14 ppm.

Uniqueness of the surfactant–cobalt complex

The uniqueness of the surfactant–cobalt(III) coordination

complex lies in the fact that the bond between the head
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Fig. 1 Electronic absorption spectra of cis-[Co(tmd)2(C12H25

NH2)2]3?
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group and the tail part of the surfactant–cobalt(III) complex

is a coordinate bond and the surfactant contains a higher

charge on the head group, unlike common surfactants such

as sodium dodecyl sulfate. At the same time, like common

surfactants, this surfactant–cobalt(III) coordination com-

pound forms foams in aqueous solution when mechanically

disturbed, e.g., by shaking, and this complex dissolves

slowly in water, though sometimes we had to sonicate the

solution to get a homogeneous solution.

Critical micelle concentration values

The CMC value of the surfactant–cobalt(III) complexes

was computed from the plot of concentration of cobalt(III)

complex versus specific conductance (Fig. 4). The complex

concentration at which the micellization starts is evident

from the change in the slope of the plot, and that particular

concentration is the CMC under experimental conditions.

The CMC value was determined by fitting the data points

above and below the break to two equations of the form

y = mx ? c and solving the two equations simultaneously

to obtain the point of intersection. Least-squares analysis

was employed, and correlation coefficients were greater

than 99%. The CMC value thus obtained for our complex is

3.5 9 10-4 mol dm-3.

Electron transfer kinetics

Nature of reaction

On mixing Fe(CN)6
4- and surfactant–cobalt(III) complex

in aqueous solution a precipitate was formed and there-

fore homogeneous kinetic measurements were precluded.

However when disodium dihydrogen ethylenediaminete-

traacetate (Na2H2EDTA) was added to the solution, no

precipitate was produced [19]. A repetitive scan of the

spectrum during the reaction time at 25 �C is shown in

Fig. 5, where an increase in absorbance is observed.

Effect of concentration

The electron transfer rate of the reaction is such that the

process must be of outer-sphere type [19, 20, 29–34]. The

most favorable mechanism for the second-order reaction is

an outer-sphere electron transfer process which consists

of three elementary steps (Scheme 1): ion pair formation

(Kip), electron transfer (Ket), and product successor

dissociation.

The values observed for the second-order rate constants

are summarized in Table 1. As seen from this table the rate

constant increases with increasing initial concentration of

the surfactant complex. All these values correspond to rate

constant values in self-micelles formed from one of the

reactant molecules themselves. Thus the surfactant–

cobalt(III) complex molecules act both as one of the

reactants as well as part of the micellar environment. So,

when the concentration of the surfactant complex is

increased above the CMC, the number of micelles also

increases in the medium. This is the case at each concen-

tration of the surfactant–cobalt(III) complex, because for

different concentrations of micelles the medium environ-

ment can be considered as different. So in our case we

encounter this peculiar behavior of dependence of the

rate constant of the reaction on the initial concentration

of one of the reactants, namely the surfactant–cobalt(III)

complex.
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Fig. 2 IR spectrum of cis-

[Co(tmd)2(C12H25NH2)2]3?
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Fig. 3 a 1H NMR spectrum of

cis-[Co(tmd)2(C12H25NH2)2]3?.

b 13C NMR spectrum of

cis-[Co(tmd)2(C12H25NH2)2]3?.

c 13C NMR spectrum of

cis-[Co(tmd)2(C12H25NH2)2]3?

(range = 15–38 ppm)
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The increase in the rate constant of the outer-sphere

electron transfer reaction with increasing concentration of

the complex may be attributed to aggregation of this metal

complex in its own self-micelles. As this reaction is consid-

ered equivalent to intramolecular electron transfer reactions

(rather than collisional contact electron transfer) with larger

average separation between the reactants due to the statistical

distribution of Fe(CN)6
4- ions in the Stern layer of the self-

micelles of the cobalt(III) complex, a higher number of

micelles at higher initial concentration of the cobalt(III)

complex enhances the rate constant of the reaction.

Effect of temperature

The effect of temperature on the rate was studied at three

different temperatures (303, 308, and 313 K; Table 2) in

order to obtain the activation parameters for the reaction

between cobalt(III) surfactant complexes and Fe(CN)6
4-.

Figure 6 shows that increasing the temperature increases

the rate of the electron transfer reactions of the surfactant–

cobalt(III) complexes.

Isokinetic temperature and activation parameters

(DS# and DH#)

From the transition-state theory, the values of DS# and DH#

were determined by plotting ln(k/T) versus 1/T. The results

obtained are shown in Table 2.

ln k=T ¼ ln KB=hþ DS#=R� DH#=RT :

The activation parameters were calculated from k at 303,

308, and 313 K using the Eyring relationship by the

method of least squares and are collected in Table 2. From

the slope the value of DH# was calculated and from the

intercept the value of DS# was calculated. The negative

value of DS# is due to the more ordered structure of the

transition state that is a compact ion pair (step 1 in

Scheme 1), in which the opposite charges, namely 3? on
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Fig. 4 CMC plot: specific conductance versus concentration of cis-

[Co(tmd)2(C12H25NH2)2]3? in aqueous solution at 298 K
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Fig. 5 Repetitive scan for the reduction of cis-[Co(tmd)2(C12H25

NH2)2]3? by Fe(CN)6
4- at 298 K, [complex] = 4 9 10-4 mol dm-3,

[Fe(CN)6
4-] = 0.01 mol dm-3, cycle time = 60 s

[Co(tmd)2(DA)2]3+ + Fe(CN)6
4- [Co(tmd)2(DA)2]3+ ; Fe(CN)6

4-
K ip

[Co(tmd)2(DA)2]3+ ; Fe(CN)6
4-

Ket

Products

[Co(tmd)2(DA)2]3+ ; Fe(CN)6
3-

[Co(tmd)2(DA)2]3+ ; Fe(CN)6
3-

Fast

Scheme 1

Table 1 Second-order rate constants for the reduction of [Co(III)] by

[FeCN6
4-] in aqueous solution at 298 K

Oxidizing agent [Co(III)] 9 104

(mol dm-3)

k
(mol-1 dm3 s1)

cis-[Co(tmd)2(C12H25NH2)2]3? 4 0.8

5 1.8

6 2.6

7 3.7

8 5.6

Table 2 Thermodynamic parameters

Oxidizing agent [Complex] 9 104

(mol dm-3)

DH#

(kJ mol-1)

DS#

(J K-1)

cis-[Co(tmd)2(C12H25NH2)2]3? 4 8.3 -79.4

5 20.9 -38.8

6 26.1 -20.4
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the surfactant–cobalt(III) complex and 4- on the

Fe(CN)6
4-, reside in one single entity (of the ion pair).

Hence, such a situation leads to more attraction of

surrounding solvent molecules around the positive and

negative charges on the ion pair, itself resulting in the loss

of freedom of movement of the solvent molecules in the

transition state, thus exhibiting electrostriction as reflected

in the DS# values.

This proposed mechanism is confirmed by the isoki-

netic plot (Fig. 7). The isokinetic temperature can be

calculated from the slope of the following equation:

DH# ¼ DH0 þ bDS#:

The isokinetic temperature is the temperature at which

all compounds react fast. Also, at the isokinetic tempera-

ture, variation of substituent has no influence on the free

energy of activation. In an isoentropic oxidation, the

isokinetic temperature lies at infinity and only the enthalpy

of activation determines the reactivity. The isokinetic

temperature is zero for an isoenthalpic reaction, and the

reactivity is determined by the entropy of activation [35].

In the present reduction reaction the enthalpy of activation

is linearly related to the entropy of activation, and the

isokinetic temperature is 335 K. Below this temperature

the reaction is controlled by the enthalpy of activation DH#,

and above this temperature the reaction is controlled by the

entropy of activation DS#. From the isokinetic plot it is

concluded that a common mechanism exists, and it was

evident that the reaction of surfactant–cobalt(III) complex

and the ferrocyanide anion is an outer-sphere electron

transfer reaction.

Conclusion

The presence of a metal complex in the hydrophobic part

of an amphiphile increases the ability for aggregation.

The CMC value of the surfactant–cobalt(III) complex is

very small compared with that of the simple organic sur-

factant dodecylammonium chloride (CMC = 1.5 9

10-2 mol dm-3) [15, 16]. We therefore conclude that the

surfactant–metal complexes have greater capacity to

associate with themselves.

Experimental

Materials

Cobaltous chloride hexahydrate and dodecylamine used for

the synthesis of the surfactant–cobalt(III) complex were

purchased from Merck, India. Sodium perchlorate was

obtained from Fluka and was used as such. K4[Fe(CN)6]

and EDTA (disodium salt) of AR grade were obtained from

Merck. Milli-Q water was used in all our studies.

Synthesis of the surfactant–cobalt(III) complex

The surfactant–cobalt(III) complex cis-[Co(tmd)2(C12H25

NH2)2](NO3)3 was synthesized from the precursor com-

plex, trans-[Co(tmd)2Cl2]ClO4 by a similar method to the

same type of ordinary complexes reported in the literature

[21, 22], except in the place of lower amines, dodecyl-

amine was used. Trans-[Co(tmd)2Cl2]ClO4 (3.0 g) was

dissolved in 20 cm3 water. To this solution slightly more
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Fig. 6 Plot of cis-[Co(tmd)2(C12H25NH2)2]3? versus k at 303, 308,

and 313 K. [Fe(CN)6
4-] = 0.01 mol dm-3, l = 1.0 mol dm-3
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of cis-[Co(tmd)2(C12H25NH2)2]3? by Fe(CN)6
4-
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than the calculated amount of dodecylamine (4.3 cm3) in

3 cm3 ethanol was added dropwise over a period of

30 min. The green solution gradually became red and the

mixture was set aside at 40 �C for 2 days until no further

change was observed. Afterwards a saturated solution of

sodium nitrate was added. Slowly the complex cis-

[Co(tmd)2(C12H25NH2)2](NO3)3 was separated as a pasty

solid mass and was filtered off, washed with small amounts

of alcohol and acetone, and then dried over air. The

semidried solid was further dried in a drying pistol over

fused calcium chloride and stored in a vacuum desiccator.

UV–Vis: kmax(e) = 503 (71) nm (mol-1 dm3 cm-1); IR

(KBr): �m ¼ 1,630�1,580 (NH2 deform), 1,120–1,156 (NH2

wagging), 940–830 (CH2 rock mode), 760–550 (Co–N

stretch) cm-1.

Instrumentation and physical methods

CHN analysis of the sample was carried out at SAIF,

Lucknow, India. UV–Vis absorption spectra were recorded

on a Varian cary 500 scan UV–Vis–NIR spectrophotometer

using cuvettes of 1 cm path length, and the FT-IR spectra

were recorded on a FT-IR Perkin Elmer spectrophotometer

with samples prepared as KBr pellets. NMR spectra were

recorded in appropriate deuterated solvents using a Bruker

AC 500F (500 MHz) spectrometer with TMS as internal

reference. Conductivity measurements were taken using a

Elico conductivity bridge-type CM 180 and dip-type cells

with cell constant of 1.0.

CMC determination

The critical micelle concentration value of the surfactant–

cobalt(III) complex was measured conductometrically.

Various concentrations of surfactant–cobalt(III) complexes

were used in the range of 1 9 10-5 to 1 9 10-1 mol dm-3

in aqueous solution. The conductivity cell was calibrated

with KCl solutions in the appropriate concentration range.

Kinetic measurements

The rate of the reaction was measured spectrophotometri-

cally using a Varian cary 500 scan UV–Vis–NIR

spectrophotometer equipped with a water Peltier system

(PCB 150). The temperature was controlled within

±0.01 �C. A solution containing the desired concentration

of potassium ferrocyanide, sodium nitrate, and disodium

ethylenediaminetetraacetate (Na2H2EDTA) in oxygen-free

water was placed in a 1-cm cell, which was then covered

with a serum cap fitted with a syringe needle. This cell was

placed in a thermostated compartment in the spectropho-

tometer and then the solution containing the surfactant–

cobalt(III) complex was added anaerobically using the

syringe. The absorbance at 420 nm was recorded as a

function of time. The second-order rate constant, k, for the

Fe(II) reduction of the cobalt(III) complex defined by

-d[Co(III)]/dt = k[Co(III)][Fe(CN)6
4-] was calculated

from the concentration of iron(II) and the slope of the

log(At - Aa) versus time plot, which is equal to

-k[Fe(CN)6
4-]/2.303, where At is the absorbance at time t,

Aa is the absorbance after all the cobalt(III) complex has

been reduced to cobalt(II), and k is the second-order rate

constant. Usually the value of Aa was measured at times

corresponding to ten half-lives. All the first-order plots

were substantially linear for at least five half-lives, with a

correlation coefficient of [0.999. Each rate constant

reported is the average result of triplicate runs. Rate con-

stants obtained from successive half-life values within a

single run agreed to within ±5%. The stoichiometry of the

reaction was determined by measuring spectrophotometri-

cally the concentrations of Fe(III) and Co(II) ions produced

from equimolar mixtures of the reactants after completion

of reaction.

Stoichiometry

The stoichiometry of the reactions was determined by

estimating Fe(III) and Co(II) present in the product mix-

ture. Fe(III) was determined spectrophotometrically by

Kitson’s method [23], and Co(II) was determined [24] as

[CoCl4]2- at 690 nm in an excess of HCl. The ratio of

Fe(III) to Co(II) was found to be 1:1 in the reactions

studied, indicating 1:1 stoichiometry.
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