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BINDING OF FERROCYPHEN BY SDS, CTAB AND TRITON X-100 IN WATER-
ETHANOL CO-SOLVENT
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Abstract
The binding of Ferrocyphen [Fe(phen.),(CN),I*" to sodium dodecylsulphate (SDS), cetyltrimethylammonium
bromide (CTAB) and Triton X-100 surfactants was studied spectrophotometrically in water-ethanol medium. -
The equilibrium binding constant (K, }and the number of binding sites () per surfactant monomer were obtained

from Scatchard plots. The change in free energy of binding AG, , and the change in free energy of dissociation

of bound complex per binding site [—AG,, /n] were calculated from K. 1t is proposed that ethanol stabilizes the

surfactant monomers when compared with hydrophobic hydration and hence enhances hydrophobic binding.
K, values suggest that the binding is driven largely by favourable entropic contribution moderated primarity by
hydrophobic and clectrostatic interactions. The entropic, hydrophobic and hydrogen bond interaction cffects
are suggested to go through multiple equilibria steps. [For CTAB the results indicate preferential electrostatic
interaction between 7z — electron rich phenanthroline ligands of the metal complex and the cationic ammonium

1. Introduction

The bulky ferrocyphen [Dicyano-bis-(1,10-
Phenanthroline) Iron II] complex, with significant
hydrophobic character and the three surfactants, SDS
(sodium .dodecylsulphate), CTAB
(cetyltrimethylammonium bromide) and Triton X-
100 were especially selected for their overall varying

hydrophobicity. Since binding in some biological

systems is predominantly hydrophobic in origin
(Tanford, 1978) the present study may give at [east
some qualitative insight into such interactions, where
ethanol is a moderating substrate. Hydrophobicity
is significant not only in micelle formation but also
in binding or surface adsorption (Shigeyosh et al.,
1989)

Surfactants are used extensively in drugs, food
industry and environmental clean-ups. In most of
these applications, surfactants are used with a
number of additives to improve their effectiveness
as binders, solubilizers and emulsifying agents,
alcohol being frequently used (Griffith, 2002).
Substrate-surfactant binding studies, in addition to
yielding information on the effectiveness of substrate
additives as binders, arc important for biological
reasons and attempts have been made to use such
binding studies to mimick important biological
processes (Linda ef al., 1981). Recently, reverse
micelle environment has been proposed to provide

the best conditions for mimicking reactions in cells. -

One of the most common biological processes is the

reverSible combination of ligand with known sites-

on the surface of biomacromolecules (Saboury,
2002). For example Solubilization of membrane
proteins like serotonin (Shanti and Amitabha, 2005)
is known to depend on ligand (small ion or

molecules) binding affinity while the presence of
additives affect the hydrophobic bonds in enzyme
protein binding (Marilyn and Alfred, 1967). In fact
most biological functions have binding as a primary
process. For example, a protcin complex likc RNA
polymerase has to bind to DNA to be able to perform
a DNA template directed RNA synthesis (Karstern,
1997). Many of these bindings have strong
hydrophobic contributions which vary significantly
in the presence of a co-solvent or additive like
ethanol.

Ethanol used as co-solvent in the present study, is
known to affect the onset of micellization in ionic

-and neutral surfactant media (Porter, 1991), an

interaction that is likely to affect binding sites and
the energetics of the binding process. In the present
work, the free energy of binding and the
corresponding changes in hydrophobic interactions

- and number of binding sites are examined as a

function of ethanol composition. Ferrocyphen is
known to have a high affinity for cthanol in which it
is quite soluble (Mounir, 1999). Therole of ethanol
in these interactions is also of interest. Alcohol
transferrase, a protein which metabolises alcohol in
the liver, must first bind the alcohol prior to
oxidation. Ethanol which has been investigated as a
hydrotrope is proposed to undergo self association
in aqueous solution with the ability to modify the
amphiphilic properties of surfactants (Zana, 1995)
by modifying the properties of water and hence the
chemical potential of the free surfactant.

2. Experimental

SDS and CTAB (BDH) were used as supplied

without further purification. Their degree of purity
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factors responsible for the observed structures
[ma\imum minimum] in the binding profiles [Fig. 3
and 4].

The fowering of the Gibb’s frec energy is cntiopy
driven by equilibria [9] and [13], that is cthanol-
dchydration of the surfactant monomer and
hydrophobic interaction of the bound complex and
cthanol molecule respectively. '

Irerrocyphen+S.fH ,O ﬁ
[1’01‘1‘0cyphen.S + pH 2()] (8

As the concentration of cthanol increases, ethanol
‘being comparatively morc hydrophobic than water,
more water molecules in the immediate hydration
shell of the surfactant monomer [equilibrium 9] are
replaced.

E1OH +S.pH,0 —==
[E1OH S]+ pH,0 C)

The physical origin of hydrophobic hydration is well
discussed in the literature (Finney and Soper, 1994).
Equilibrium [9] is represented appr oxumately in more
detail by scheme 1 below.

Scheme | is supported by the fact that alcohol-watei
mixtures are better solvents for surfactants. The
affinity of mixed water-alcohol for surfactants is so
strong that at greater than 25 % cthanol, the
monomers are preferentially stabilized over micelle
formation.

The transition from configuration | to ll must. be
accompanied with a less positive entropy change
since EtOH which is removed from the water to the
surfactant environment is more bulky than H,O
molecules, resulting in less distruption of the water
structure. This coupled with the comparatively less
hydrophobic monomer in configuration I accounts
for the initial decrease in K at low alcohol
composition [Fig. 3]. Ferrocyphen is bound by the
surfactant in configuration | or.Il. Configuration
obviously provides a stronger hydrophobic
intcmction This is compatible with what is found in
the solubilisation of alcohols where CH,CH,

Lce DUIUUIII)u 3
directed in the hydrophobic region and the -OH can
remain on the surface where it is largely hydrated
(Stilb, 1981). At high alcohol composition,
configuration Il is predominant, so that the stronger
hydrophobic bmdmg provided by configuration Il
leads to an increase in K. Increase in binding site
hydrophebicity normally increases binding ability
between a neutral hydrophobe and the surfactant.
Binding of the Ferrocyphen hydrophobe in
configuration I and I1 is cooperative, and the number

of available binding sites per monomer will therefore -

initially increase with the addition of alcohol and will

decrease at high alcohol composition when only
configuration Il is predominant. Competitive binding
to configurations | and Il adequately explains the
variation in [-4G,/n] and n as functions of alcohol
composition [Fig. 2 and 4].

As explained by scheme 1, the entropy change
accompanying Ferrocyphen binding to the surfactant
monomer in its initial transition from configuration
I to 11 for which some of the hydration water

“molecules have been displaced by EtOH, is a lower
positive value. This process contributes less to the .

lowering of the binding Gibbs frec energy and is
reflected as a decrease in K. Simultancously the
established affinity of the mctal complex for ethanol
via H-bonding between N of the cyano ligands and
-OH of the alcohol, implies that the metal complex
will readily bind ethanol molecules. Further evidence

for strong H-bonding tendency of cyano ligands of

transition metal complexes was reported-by present
authors (Ojo et al., 2006). The ethanol bound
complex [equnlibnum 10]

EtOH + Ferrocyphen 4—:__‘-)
LtOH Ferrocyphen (10)

_is entropically more faVourably bound to the

surfactant monomer because it is more bulky and
will displace more water molecules in the immediate
hydration shell of the surfactant monomer
[equilibrium 11], with the ethyl group enhancmg
hydrophobic mteractlon

E1OH.F errocyphen+S ,BH oO——= pa—

EtOH Ferrocyphen.S + pH,O (n |

This effect predominates at high ethanol
concentrations, and explains the observed increase
in K, as ethanol composition is increased [Fig. 3].
There are three other possible equlibria [12 to 13]
which must also be taken into consideration.

EtOH + Ferrocyphen z—K_;—Z
EtOH .Ferrocyphen.S (12)

FeirscyphenS + EiOH

ﬁ E1OH Ferrocyphen.S . (13)
Addition ofeqililibria (8) to (13) gives
Ferrocyphén+ EtOH + S.fH 2() A;——U_
EtOH .Ferrcyphen.S + fH,0

the overall binding equilibrium
The binding constant K, is hence composite and is
given by :
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’Kh:K1K3K3K4K5:HK, (]4)

At high ethanol concentrations, the affinity of the
metal complex for the alcohol will enhance equilibria
(10) and (11) and w ill contribute o increased K,

values. This affinity predominates over thc

hydrotropic ability of ethanol. This can only further
enhance the surfactant bmdmg of the metal complex.

Large positive K, values [Fig. 3] show that binding

is spontaneous for all the three surfactants. In figurc
4, we have plotted [-AG /n] against ethanol-water
composition so that obtamed values reflect the
tendency of the bound complex to dissociation from
the surfactant. Hence relatively high positive values
reflect comparatively less strongly bound complex.
The strength of binding or stability of bound complex
is hence CTAB<SDS<Triton X-100.

Triton X-100 the most hydrophobic of the surfactants
is most stabilized by ethanol and most strongly binds
the Ferrocyphen. In the study (Guiseppe et al., 1991)
of the solubilisation of doubly charged Iron [1]
complexes in aqueous neutral micelles, the degree
of binding of the iron [11] complexes to the neutral

micelles increases as the co-ordinated ligand to the -

metal becomes increasingly hydrophobic. Ouf results
are in excellent agreement with these observations.
In addition, Triton X-100 has more sites for hydrogen
bonding via the ~OH end group and oxygen atoms
of the oxy-ethylene units. This coupled with its
tertiary octly group para to the phenoxy group
accounts for high n-values relative to the two other
surfactants.

There is deeper penetration of aromatic com pounds
into SDS micelles relative to CTAB micelles
(Fornasiero et al., 1988). Multi-parameter analysis
(Quina er al., 1995) of non-ionic solubilisates into

micelles shows that hydrophobic interactions are

more ¢fficient for the solubilisation process with the
binding of the solubilisates in the hydrophobic
region. The bulky ferrocyphen hydrophobe fits into
this category. The same analysis suggests that
micellar microenvironment is less efficient
hydrogen-bond donor than bulk water. This does not
in anyway completely exclude the hydrogen-bond
interactions between Triton X-100 and ethanol via
the —OH head groups and the oxygen of the oxy-
ethylene units of the surfactant. In the same way
simultaneous covalent and hydrogen bonding
interactions canriot be ruled out (Kurtz, 1962). The
hydrogen bonding or electrostatic interactions
possible in Triton X-100 and SDS binding of the

Ferrocyphen hydrophobe is absent in the case of .

CTAB.

The contribution of the various hydrogen bonding
interactions to the overall energetics of the binding
process is not as significant as the hydrophobic
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interactions. For example, enzyme-bound alcohols
have becn reported (Anderson er al., 1984) to
participate in hydrogen bonding interactions without
providing any pronounced contribution to the net
energetics of alcohol binding. However, it is cxpected
that directional position of CH,CH.-hydrogen
bopded ethanol molecules W|ll enhdme the
hydrophobicity of the surfactant methylene groups
and the resulting hydrophobic bonding between the
Ferrocyphen hydrophobe and the surfactant.

CTAB has more methylené groups than SDS. A
priori, onc expects CTADB to cexhibit a stronger
hydrophobic interaction with the Ferrocyphen than
SDS. It is significant thercfore that K, values for
CTAB arc lower. l\(penmcnla! (ldll from the
literature (Motsadage and Kostenbauder, 1963)
suggest strong ion-dipole interaction between the
ammonium cationic head group of CTAB and the
clectron rich 7 —system of the phenanthroline
ligands in the metal complex hydrophobe. This is
the case in the hydrophobic binding of water solublc
organic molecules by chiral hosts (Micheal et «f.,
1988). On this basis, we expect relatively higher
concentration of the complex between the head-
group region and only a few carbon atoms below
the stern layer with less concentration of the complex
in the lower hydrophobic region of CTAB. The nct
effect is a relatively weaker hydrophobic binding
interaction. This coupled with the sterically located
methyl groups on the ammonium cation and the
bulky metal complex results in the obscrved lowest
K, values for CTAB. A

The simple hydrophobic naturc of the metal complex
predisposes it as a suitable probe of the relative
hydrophobicity of a homologous series of surfactants
in a suitable medium. All other conditions being
equal, the variation in K values will be indicative
of the relative degree 01 hydxophobluty in a family
of surfactants.

Comparative agreement of our data and the binding
in biological systems can be viewed as mainly
qualitative in the sensc that the same electrostatic
and hydrophobic intcractions are at play.
Hydrophobic hydration and subsequent dehydration
of the surfactant monomers by cthanol molccules

may be compared to the expulsion of waldr imolécules
from the hydrated cavitics of enzymes by cthanol
with the difference that some of the cthanol is
coordinated to ions in these cavities, which arc the
binding sites. While it is truc that cthanol binding is
not directly studied inthe present work, it moderates
the final binding of the Ferrocyphen hydrophobe
through stabilization of the surfactant monomer, and ‘
enhancing the hydrophobic interaction between the -
hydrophobe and the surfactant. Smatt molecules like:
ethanol have small binding energies and arc'effective -
only at high concentrations (Trudel-and Harris, 2004).
This effect is in agreement with the obscrved
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increase in K, values at high elhanol compositions
where surfactant monomer stabilization is most
significant and predominant. We propose that this
simple hydrophobic stabilization of surfactant
monomers may be similar to the way ethanol
interacts with proteins in the nervous system (Kruse
et al., 2003)

4, Conclusnon

In the presence of ethanol, hydrophobic and
electrostatic interactions are factors that do notonly -

affect the number of available of binding sites but
also the strength of the binding interaction between
the metal complex hydrophobe and the surfactants
SDS, TritonX-100 and CTAB. K, n, [- AG/n]

ethanol composition profiles exhlblt minima and
‘maxima. These structures are due to a combination
of the dehydration of the surfactant monomers,
hydrogen-bonding and hydrophobic interactions.
Electrostatic interaction between the positively
charged head group of CTAB and the aromatic
phenanthroline ligands of the metal complex
predominates over expected stronger hydrophobic
interactions with the methylene group much down
the surfactant chain, below the ammonium cationic
head group, yielding the lowest K, values for CTAB
- compared with SDS and Triton X-100. The strength
of binding is CTAB < SDS < Triton X-100. The
binding takes place in a series ofequlllbrlum steps.

Ige et aI.:B’inding of Ferrocyphen
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