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Abstract: The aggregation behaviour of cationic triphenyl tetradecyl phosphonium bromide (TTPB) in
presence of β-cyclodextrin (β-CD) has been investigated by tensiometry and conductometry in aqueous media.
The critical micelle concentration or CMC has been found to increase with increase in concentration of β-CD.
From the data of surface tension and conductivity measurements, surface excess of TTPB (Γmax), minimum
area of the amphiphile head group at the surfactant saturated monolayer at air/solution interface (Amin),
counter-ion binding (η), and Gibbs free energy for formation of micelle (∆G0

m) have been calculated by well
known equations. Diffusion co-efficient (D0) of Ferrocene probe is calculated from cyclic voltametry study
which shows to increase with increase in [β-CD]. Hydrodynamic diameter and Packing parameter have also been
calculated in this work.

Key words: TTPB; β-CD; Surface excess; Gibbs free energy; Diffusion co-efficient.

1 Introduction

Surfactants are amphiphilic molecules
which tend to reduce the surface activity
at air-liquid interface. Their extent of ag-
gregation is different in various polar/non-
polar medium. They offer many important
uses and applications in pharmaceutical,
technological, biochemical, chemical and
industrial fields by serving solubilisation,
stabilities and detergency behaviour [1-4].
The cationic surfactants exhibit speciality
when used as antifungal, antibacterial, and
antiseptic agents. The self-assembly and
interfacial behaviours of most cationic sur-
factants are based on long-chain quater-
nary ammonium groups, pyridinium or sul-
phonium as polar head-group [5-7]. But
surface chemical studies on alkyl triph-
enyl phosphonium bromides (ATPBs) with
polysaccharides are very limited [8-9]. The
study is therefore, interesting to highlight
the self-aggregation of TTPB (presence of

three phenyl groups as head part) with
polymer. Polymer-surfactant interactions
exhibit fundamental importance in the un-
derstanding of their mutual behaviour in
the mixed state to modify the rheologi-
cal properties, and to enhance the stabil-
ity of dispersions. β-Cyclodextrin (β-CD)
is an cyclic oligosachharide polymer con-
sisting of seven α 1-4 linked glucose units,
and it belongs to a category of macrocyclic
compounds which undergo completely hy-
drophobic interactions [10]. This com-
pound is of great importance not only
in chemistry but also in pharmaceutical
technology, food industry, agro-chemistry,
and other chemical industrial areas [11,12].
This is because cyclodextrin can form in-
clusion complexes with a wide variety of
organic or inorganic compounds (guests)
both in the solid phase and in solution
[13]. Surfactants being amphiphilic can
form complex with β-CD with their hydro-
carbon chain and can enter into the hy-
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drophobic cavity of β-CD. Thus, the mi-
cellization processes of the surfactants and
some micellar parameters are affected ac-
cordingly to a certain extent. There have
been reported some studies concerning the
effect of β-CD on the micellization [14-16].
The critical micellar concentration (CMC)

of a surfactant with all physical properties
of a surfactant solution exhibits a sharp
concentration dependent discontinuity in
the region of self-aggregation (or micelliza-
tion) which is schematically shown in the
following scheme 1.

Scheme 1. Schematic presentation of determination of CMC by different methods (above) and micelle
formation process (below).

Hydrophobic inner cavity of β-CD forms
strong inclusion complexes with the hy-
drophobic tail of TTPB and thus impart
significant influence on the micellar prop-
erties of this surfactant. The relevance of
this study is due to the fact that these sys-
tem can be employed to mimic the effect of
CD on phospholipids, a major constituent
of cell membrane. A lot of work has been
done to study the inclusion complex for-
mation between a variety of single ionic
surfactants and the CD cavity [17]. Hence,
The present work deals with to explore the
nature of aggregation by cationic surfac-
tant molecules in the presence of β-CD.

2 Experimental Section

2.1 Materials

Triphenyl tetradecyl phosphonium bro-
mide (TTPB) ( ≥ 98 %) was obtained
from Caledon Laboratories, LTD, Canada.
β-cyclodextrin (β-CD) ( ≥ 97 %, Sigma
Aldrich) was used as received. Double dis-
tilled water (κ 2-3 µS cm−1 at 250C) was
used throughout the study. All the exper-
iments were performed under a constant
temperature either by placing the samples
in water bath at a constant temperature
through the solution-holding compartment
of the instrument.

2.2 Tensiometry

Tensiometric measurements for air/solution
interfacial tension were performed with a
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du Noüy tensiometer (Krüss, Germany)
using a platinum ring detachment method.
6 mL of the water of β-CD solution was put
in a double-wall jacketed container placed
in a thermosetted water bath (accuracy,
± 0.1 K) at the requisite temperature con-
tainer and surfactant solution of known
concentration (10 to 15 times the CMC)
was added into it progressively.
During such measurements, a time inter-
val of 10 minute for equilibration was al-
lowed after surfactant addition and thor-
ough mixing in each case. The CMC val-
ues were determined from the break points
in the surface tension vs. log [surfactant]
plots. The determined surface tension (γ)
values were reproducible within ± 0.1 mN
m−1.

2.3 Conductometry

The conductivity measurements were per-
formed with Systronics Conductivity Cell
(India) conductivity meter with a cell con-
stant =1 cm−1. The temperature of the so-
lution was maintained with a temperature
controlled circulator water bath of accu-
racy ±0.1 K. About 8 mL of solution was
placed in a double-wall jacketed container
and the temperature was controlled by a
Hahntech DC-2006 circulating bath with
an accuracy of ± 0.1 K. Surfactant solution
of a known concentration was progressively
added using a micro syringe. The specific
conductance (κ) was measured after each
addition followed by thorough mixing. The
cmc values were computed from the plots
of specific conductance (κ) vs. surfactant
concentration.

2.4 Cyclic Voltametry

CV measurements were taken using an
electrochemical analyzer (Digi-Ivy, DY
2300 series) consisting of a working Pt
electrode (the interface at which the re-
dox reaction of interest occurs), saturated
Ag/AgCl as reference electrode and Pt
wire as counter electrode. The electrode
area was A =1.4 × 10−10 m2. 1 mM fer-

rocene was used as the probe in the redox
reaction. 100 mM KCl solution was used
as the supporting electrolyte. The concen-
tration of the electroactive probe does not
affect the micellization of surfactants.

3 Results and discussion

3.1 Surface Tension

The high value of surface tension of wa-
ter originates from strong intra-molecular
hydrogen bonding among the water
molecules. This leads to enhanced cohe-
sive force, which resists the separation of a
water layers. TTPB surfactant molecules
initially populate at the air/water interface
in order to overcome the highly energeti-
cally unfavorable interaction of water with
the hydrophobic tail of the surfactant. As
a result, the surfactant head groups are
coverted in the aqueous environment while
the tail parts are projected in the air phase.
This, in turn, hinders the intermolecular
hydrogen bonding present on the surface
of a pure aqueous phase, and surface ten-
sion starts decreasing. In presence of β-
CD, tail group of TTPB is buried in the
cavity of β-CD. The tail group of TTPB
with β-CD complex gets stabilised in the
bulk of aqueous solution. For a certain
β-CD concentration, initially some TTPB
will be required to complete the TTPB-
β-CD complex. Beyond a certain [TTPB],
there will be no β-CD to make the complex
with TTPB. Then decrease in the γ value
continues until the air/water interface is
saturated with surfactant monomers. Be-
yond this saturation, the added surfactants
assemble among themselves to form aggre-
gates to ensure a hydrophilic periphery,
hiding the hydrophobic tail within a cage
to avoid water. Then, γ value does not
change (beyond γcmc) after reaching a cer-
tain concentration of surfactant. This con-
centration of surfactant is called the crit-
ical micellar concentration (CMC) and is
obtained from the break point in the γ vs
log[surfactant] profile. The constant value
of surface tension at the cmc is called �cmc
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and is a measure of the efficacy of the sur-
factant to populate at the air/water inter-
face in the form of a monolayer prior to
micellization. Hence, CMC will be higher
in presence of [β-CD] as some surfactant
molecules go for inclusion complex with β-
CD.

3.2 Conductometry

The individual surfactant, being an elec-
trolyte, dissociates in water. As a re-
sult, solution of gradually added surfac-
tants shows increase in conductivity as the
number of surfactant molecules increases.
The rate of increase in conductivity de-
creases after a certain concentration of sur-
factants. That certain concentration is
called critical micellization concentration
(CMC). As the concentration of TTPB
needed to reach the CMC increasing with
increase of [β-CD], then breaking point
(CMC) is observed at higher concentra-
tion of TTPB i.e., CMC values increase
with enhancement of CD- surfactant com-
plexation. CMC can be obtained from the
breaking point of κ (conductivity) vs [sur-
factant] plot. From the ratio of pre- and
post- micellar slopes degree of dissociation
of surfactants (α) can be obtained. The
change in counter ion binding (η) is dis-
cussed later.

3.3 Cyclic Voltametry and DLS
study

The diffusion coefficients of the micelles
in different concentrations of β-CD were
determined from CV measurements. We
use ferrocene as the electroactive probe. It
does not perturb the micelles and their rate
of entrance and exit into the aggregates
with fast and reversible electron transfer
is comparable to that of the surfactant
monomer. Ferrocene is hydrophobic in na-
ture and is expected that it is solubilised
and diffused in the micellar phase. So the
determined diffusion coefficient value can
be assumed to be micellar diffusion co-
efficient. The oxidation of ferrocene was
shown as

Fc ⇔ Fc+ + e−

The self-diffusion coefficient was deter-
mined using the following equation

ip = (2.69× 105)n
(3)
2 AD

1
2
0 v

1
2C0

where n is the number of electrons involved
in the redox reaction, A is the surface area
of the Pt electrode, D0 is the diffusion co-
efficient of the electroactive probe, C0 is
the concentration of the probe, ip denotes
the peak current and v is the scan rate.
Hence, from the slope of ip vs. plot, the
D0 values were obtained for micellar solu-
tion of TTPB in different concentrations
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of β-CD. DLS measurements are taken at
173o angle in a Malvern Zetasizers Nano-
zs apparatus with a He–Ne laser (k = 632
nm) at 30oC. The sample cells are placed
in a temperature-controlled, refractive in-
dex matched bath filled with cis-trans dec-
ahydronaphthalene (decalin). All exper-
imented solutions are filtered 3–4 times
through Millipore membrane filters (poros-
ity 220 nm) to remove dust particles. The
mean values of two repeat experiments are
reported.

Determination of Critical Micellar
Concentration

The CMC values of triphenyl tetradecyl
phosphonium bromide (TTPB) have been

determined in aqueous β-CD media from
surface tension and conductance measure-
ments. The concentration of β-CD varies
from 0 to 9 mM. The CMC increases with
increase in β-CD concentration in both
techniques (Table 1). In case of con-
ductometry, the value of CMC is slightly
higher as compared to that obtained from
surface tension measurement. But the pat-
tern of change of CMC is similar for both
methods. The increase in CMC may be
due to the strong association of TTPB
with β-CD compared to the formation of
pure micelle [18]. The CMC values of each
method and average values are reported in
Table 1.

Table 1: CMC values of TTPB in aqueous β-CD medium at 298K.

[β-CD] CMC (mM)
(mM) Tensiometry Conductometry Ave

0 0.41 0.63 0.52
1 1.01 1.10 1.05
3 2.14 2.40 2.25
5 3.16 3.64 3.45
7 4.08 4.92 4.50
9 5.02 6.20 5.91

Figure 1: Tensiometric plot of γ vs log[TTPB] at different [β-CD], A: [β-CD] = 0, 1, and 3 mM and B:
[β-CD] = 5, 7, and 9 mM.

The nonpolar alkyl part of TTPB inter-
acts within the cavity of β-CD. The hy-
drophobic interaction plays the key role for

this association. Due to strong association,
TTPB-β-CD complex is stabilized in aque-
ous medium. This results more TTPB-β-
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CD consumption to reach the CMC value
which is higher at higher concentration of
β-CD. This increase in CMC may diminish
the thermodynamic activity of pure TTPB

molecules with rise in β-CD concentration
and for that micellization process is re-
tarded [19].

Figure 2: Conductometric plot of κ vs [TTPB] at different [β-CD], A: [β-CD] = 0, 1, and 3 mM (inset
of A) and B: [β-CD] = 5, 7, and 9 mM.

Counter ion binding (η)

Degree of dissociation of the surfactant
TTPB (α) is determined from the ra-
tio of post- and pre- micellar slopes in κ
vs [TTPB] in conductivity measurement
(Figure 2). The counter ion binding (η) of
the surfactant in micelle is related to the
following equation-

η = 1− S2/S1 (1)

With increase in [β-CD], η tends to in-
crease smoothly which follows a sigmoidal
curve (Figure 3). The CMC vs [β-CD] pro-
files have yielded well-fitted linear curve,
the equation obtained for tensiometric

method,

CMC = 0.485+0.504[β−CD](R = 0.997)

and that for conductometric method,

CMC = 0.537+0.626[β−CD](R = 0.999)

The graph for the above equations is de-
picted in Figure 3. The values (η) are con-
sistent with literature [20]. The interfa-
cial adsorption property of the amphiphile
is quantified by the Gibbs surface excess
(Γmax) and the minimum surface area per
surfactant molecule (Amin) according to
the Gibbs adsorption isotherm. The values
of Γmax and Amin can be calculated from
the following equations [21,22].

Table 2: The variation of Γmax, Amin, P, η, and Gibbs Free Energy of TTPB at different [β-CD].

[β-CD] Γmax Amin P η
-∆G0

m

(mM) (×106 molm−2) (kJmole−1K−1)
0 2.10 0.83 0.257 0.40 40.34
1 2.60 0.62 0.328 0.46 38.64
3 4.42 0.39 0.567 0.54 38.39
5 3.29 0.52 0.424 0.58 37.94
7 7.51 0.25 0.951 0.62 37.45
9 7.78 0.21 0.998 0.64 36.98
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Figure 3: Graphs for pattern of change in η (A) and change of CMC (B).

Γmax = − 1

2.303iRT
lim

C→CMC

dγ

d logC
(2)

where i is the number of ions dissociated
per surfactant monomer, R is the univer-
sal gas constant, T is the absolute temper-
ature and C is the concentration of surfac-
tant.

Amin = − 1018

NΓmax

(3)

N is Avogadro’s constant. The values
of Γmax and Amin are reported in Table
2. It is pronounced that with increas-
ing [β-CD] the value of Γmax increases,
as a consequence Amin decreases indicat-
ing lesser arrangement of TTPB molecules
at the air/water interface. The nature of

amphiphile packing in micelles and their
structural geometry were estimated based
on the proposition of Israelachvili [23], in
terms of the packing parameter (P):

P =
v

Alc
(4)

where, lc is the critical length of the hy-
drophobic chain of the monomer, A is the
surface area of the head group and v is the
critical volume of the hydrophobic chain.
Both lc and v for a saturated hydrocarbon
chain with Cn number of carbon atoms can
be obtained from the proposed formulas by
Tanford [24]. Thus,

lc = (0.154 + 0.1265Cn)nm

v = (0.0274 + 0.0269Cn)nm
3

Table 3: Diffusion Co-efficient (D0) and Hydrodynamic Diameter

[β-CD] Diffusion Co-efficient Hydrodynamic Diameter
(mM) (D0X 10−14 m2s−1) (nm)

0 1.53 0.89
1 2.43 1.12
3 2.72 1.15
5 3.00 1.41
7 3.44 1.58
9 3.66 1.81
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Israelachvili’s theory has suggested that for
spherical assemblies P ≤ 0.333 [14]. In
this study, P values are much lower than
0.333 upto [β-CD] = 1 mM, and concludes
that spherical micelles were formed. At
higher [β-CD], the shape of TTPB micelle
tends to be non-spherical. This is consis-
tent with ionic surfactants which reports
to form spherical assemblies in aqueous
medium close to their CMC values [25].
The standard free energy of micellization,
∆G0

m was calculated according to the pseu-
dophase model by the relation,

∆G0
m = (1 + η)RT lnXcmc

where Xcmc is the mole fraction concentra-
tion of the surfactant at the micellar con-
centration. The negative value of ∆G0

m

indicates that the micellization is spon-
taneous, and with increase in [β-CD] the
value decreases slightly.

Determination of diffusion co-
efficient and hydrodynamic diameter

The diffusion coefficient value increases
with increasing concentration of β- CD
for higher interactions of β-CD and Fer-
rocene. The diameter of the micelle in-
creases smoothly with increase in the con-
centration of β-CD as reported in Table 3.

4 Conclusion

In this work, the CMC values have mea-
sured tensiometrically and conductomet-
rically. The change of CMC with (β-
CD) follows a complete linear relationship
whereas counter ion binding change also
follows a sigmoidal relationship. Enhance-
ment of CMC with increase in (β-CD)
can be explained as barrier of hydrophobic
part of surfactant into the cavity of β-CD
from the surrounding medium and there-
fore hinders the formation of CMC. Gibbs
free energy change for formation of micelle
is spontaneous. The values of hydrody-
namic diameter and diffusion co-efficient
have been determined for all β-CD systems

that supports a strong interaction of sur-
factant with cyclodextrin. As hydropho-
bic part of TTPB inserts into hydropho-
bic cavity of β-CD forming stable inclusion
complex, this system can act as controlled
release system such as drug delivery, for-
mulation of cosmetics, pesticides etc. Solu-
bilization of different substances and emul-
sion stabilization through the modulation
of micellar structure can also be facilitated.
This β-CD-surfactant complexes can trap
organic pollutants (e.g., dyes, pesticides,
oils) in the form of nano-aggregates and
thus harness host-guest chemistry to im-
prove solubility, stability, safety, and en-
vironmental concern.
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