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Abstract The conductances of trimethyltetradecylammonium bromide (TTAB) plus
triphenyltetradecyl phosphonium bromide (TTPB) and TTAB plus
trimethylhexadecylammonium bromide (HTAB) over the entire mole fraction range of
TTAB were measured in water and in cyclodextrin plus water mixtures at fixed 4 and 8
mM of cyclodextrin at 30C. The conductivity plot for both binary mixtures shows a single
break from which the mixed critical micelle concentration and degree of micelle ionization
were computed. From the slope of the conductivity curve, the equivalent ionic
conductivities of the monomeric, associated, and the micelle states were calculated and
discussed with respect to the surfactant-cyclodextrin complexation in the whole mole
fraction range of both surfactant binary mixtures. The association constant K between the
respective monomeric surfactant and cyclodextrin cavity of fixed 4 mM cyclodextrin was
computed by considering 1:1 association from the surface tension measurement. A
comparison among the K values for HTAB-cyclodetrin, TTAB-cyclodextrin, and
TTPB-cyclodextrin shows that the former complexation is significantly stronger in
comparison to the other ones due to the longer hydrophobic tail.

Keywords : conductivity, critical micelle concentration, cyclodextrin, surface tension,
association.

1. Introduction

Cyclodextrin is an oligosaccharide
consisting of seven glucose, and it belongs to
a category of macrocyclic compounds which
undergo predominantly hydrophobic
interaction. The most significant property of
cyclodextrin is to form strong inclusion
hydrophobic  tail of
amphiphilic molecule such as surface active

complexe with the

agents and to impart significant influence on
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the micellar properties of surfactants {1-6] .
A lot of work has been done to study the
inclusion between a
variety of single ionic surfactants and the
cyclodextrin cavity {7-10] . The present
work deals with the mixed micelle formation
by binary cationic surfactants in the presence
of cyclodextrin. The mixed micelle formation
between two unlike ionic surfactants is
considered to be interesting in view of the
generally more favorable properties achieved,
such as  better activity  and
aggregation behavior, in contrast to with
individual surfactants in most commercial

complex formation
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products [11-14) . Mixtures of ionic-nonionic
and  anionic-cationic  surfactants  show
significant  nonideal = behavior = whereas
mixtures of structurally similar surfactants
generally exhibit ideal mixing. In the present
work, two kinds of binary cationic surfactant
mixtures have been selected in view of their
identical hydrophobic tails and different polar
head groups in TTAB plus TTPB a vice
versa in TTAB plus HTAB mixtures. Both
binary mixtures are structurally similar and
are expected to behave ideally the mixed
state. Particularly for single surfactants, it
has been observed that the magnitude of the
binding constant between surfactant
monomer-cyclodextrin cavity depends on the
hydrophobity of the surfactant hydrophobic
tal and on the substituted
cyclodextrin [15-18] .

Apart from this, phosphorescence study of
1-bromonaphthalene  (1-BrN) in  sodium
dodecylbenzensulfonate and cyclodextrin
solutions has revealed the formation of a
1:1:1 termary inclusion complex in which the
phenyl of SDBS and resides in the apolar
cavity of cyclodextrin whereas the polar head
group and a part of the hydrocarbon tail are
located outside the cavity. Therefore, in view
of the above factors, it is expected that the
presence of cyclodextrin may also influence
the proposed ideal mixing behavior of TTAB
plus TTPB and TTAB plus HTAB mixtures
in present work. It has also been observed
that the surfactant~cyclodextrin inclusion
complex has predominant and sometimes 1:2
stoichiometry rather than 2:1. Therefore it is
expected herein that mainly a 1:1 inclusion
complex formed between the single surfactant
monomer and the cyclodextrin cavity rather
than a 2:1 complex in which two monomers
are  simultaneously inserted into the
cyclodextrin cavity. Hence, the association
constant between a surfactant monomer and
the cyclodextrin cavity has also been
computed from  the surface
measurement.
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2. Experimental

Cyclodextrin  (CD), trimethyltetradecyla-
mmonium bromide (TTAB), triphenyltetra-
decylphosphonium  bromide (TTPB) and
trimethylhexadecylammonium bromide (HTAB),
all reagent from Sigma company were used
after purification. Conductivity water was
used in the preparation of all solutions. The
conductivity measurement at 30T was
carried out at a fixed frequency of 1000 Hz
with a digital conductivity meter (Model
NDC-732) manufactured by Naina Electronics.
A dip-type conductivity cell with double-
walled jacket to circulate the thermostatted
water was used for all the measurements.
Precise conductances of TTAB plus TTPB
and TTAB plus HTAB mixtures over the
entire mole fraction range in water and
cyclodextrin/water containing 4 and 8 mM of
cyclodextrin were measured.

Surface tension measurements of TTAB,
TTPB, and HTAB in pure water and in the
presence of 4 mM of cyclodextrin were
carried out by Wilhelmy plate method (Luda
surface tensiometer model TDI1) with an
estimated error of 0.2 mNm'. The
conductivity (k) plots for both TTAB plus
TTPB and TTAB plus HTAB mixtures
show a single break over the whole mole
fraction water and
cyclodextrin/water systems, which represents
micelle formation by single and mixed
surfactants. Since the variation in the K of
the present mixed surfactants in pure water

range in  pure

and in different amounts of cyclodextrin are
the same, K plots for only 4 mM cyclodextrin
been shown in Fig. 1. From the break in the
Kk plots, the critical micelle concentration
(cme) was calculated by fitting the linear
portions in the premicellar and in the
postmiceller straight line
equation with a correlation factor always
better than 0.999. The cmc value was
obtained from the intersection point of two
straight line. Similarly, the surface tension

regions in a
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(v) plots (Fig.2) for single surfactants also
show a single break from which the cmc
was obtained.
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Fig. 1. Plot of x wversus total surfactant
concentration (C) for TTAB plus
HTAB in aqueous 4 mM cyclodextrin
at various mole fractions of TTAB (a
TTAB). Plot of k versus total
surfactant  concentration (C) for
TTAB plus TTPB in aqueous 4 mM
cyclodextrin at various mole fraction
of TTAB (aTTAB).

3. Results and Discussion

In order to evaluate the conductivity
behavior over the whole mole fraction range
of the present surfactant
equivalent conductance of the monomeric (A
m), associated (Aass), and the micelle (Amic)
state were calculated. In the presence of
cyclodextrin, the conductivity of the
surfactant solution in the associated state of

mixtures, the
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Fig. 2. Plot of surface tension (¥) versus
comcentration (C) of TTAB, TTPB,
and HTAB in pure water (o) and 4
mM aqueous cyclodextrin (@).

the surfactant electrolyte (Aass) can be
determined from the slope of the K line in
the premicellar region in the presence of
cyclodextrin. Similarly, Am can be obtained in
the absence of cyclodextrin. On the other
hand, since the conductivity of the monomers
remains almost constant after the cmc, Amic
can be calculated from slope of the k line in
the postmicellar region with reference to the
monomer conductivity. The A values thus
obtained for TTAB plus TTPB and TTAB
plus HTAB mixtures in different states have
been plotted in Fig. 3. The Amic values for
colloidal

various electrolytes have been
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mostly in the range 15-35 S cm’ mol™ even
presence of different kinds of
additives. Thus the Amic values demonstrated
in Fig. 3 for both the binary mixtures seem
to be reasonable. These values are somewhat
closer to the present Aass=76 S cm’mol ™ and
Amic=20 S cm’mol” for the same system
with [CD}=4 mM, but the present values
decrease significantly with the increase in
{CD] up to 8 mM. This suggests that at 8
mM of [CD] apart from 11, other
stoichiometries of the surfactant-CD inclusion
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Fig. 3. Plot of equivalent conductivity (A)
versus ATTAB for TTAB plus TTPB
in pure water and aqueous cyclode-
xtrin.. Plot of micelle conductivity (A
mic) versus aTTAB in pure water
(circles), 4 mM CD (triangles), and 8
mM CD (rectangles). Filled symbols
are for TTAB plus TTPB and open
symbols are for TTAB plus HTAB
mixtures.
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complex may also exist. The values for
TTAB plus TTPB mixtures in pure water
from K measurementsare listed in Table 1.

Table 1. Values of cme/10* mol - dm™, X,

and B of TTAB plus TTPB
Mixtures in Pure Water at 30T
QTTAB plus
GTTPA eme(10™* moldm™) X B
0.0881 11.5 0.39 -
+0.3
0.1566 11.45 - -
+0.4
0.2129 13.9 0.37 -
+0.5
0.3170 144 - -
+0.5
0.4035 154 0.38 0.98
+0.7
0.4812 15.3 - -
+0.2
0.5750 19.0 0.36 0.62
+0.3
0.6500 20.0 - 0.26
+0.3
0.7301 24.4 0.33 0.73
+0.4
0.8229 25.9 - 0.17
+0.5
0.8712 29.9 0.31 0.67
+0.5
0.9285 32.1 0.29 -
+0.6

A comparison between Am and Aass shows
that Aass is always less than Am for TTAB
plus TTPB and TTAB plus HTAB mixtures
over the whole mole fraction range in the
premicellar regions (Fig. 3a), and Aass further
decrease with the increase in the amount of
CD from 4 to 8 mM. A similar behavior for
Amic (Fig. 3b) can also be observed. The
small Aass values in comparison to Am are
obviously due to the strong inclusion complex
formation between the surfactant monomers
and the CD cavity, and Aass further
decreases with the increase in the amount of
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cyclodextrin, since more free monomers are
being complexed. On the other hand, the
lowest value of Amic in comparison to Am
and Aass is mainly due to the bulkiness of
the micell state electrolyte in comparison to
the monomer state. It is interesting to
observe the variation in different A values of
the whole mole fraction range. The variation
in Am and Aass of TTAB plus HTAB with
respect to aTTAB is quite constant,
suggesting an additive contribution of unlike
monomers toward the conductivity in the
absence and presence of CD. However, a
clear nonlinear variation in Am and Aass can
be observed for TTAB plus TTPB mixtures
(Fig. 3a), and the slope of the perspective
curve decreases with the increase in the
amount of CD. On the other hand, Amic
values (Fig. 3b) for TTAB plus TTPB
mixtures show a significant fall in
comparison to TTAB plus HTAB of the
TTAB-rich region of the mixture, which may
suggest that the mixed micelles of TTAB
plus TTPB are primarily rich in TTPB
rather than in TTAB even in the presence of
CD.

In order to explore the extent of
surfactant-CD interactions, the association
constant (K) between the unlike surfactant
monomer and CD in the premicellar region
has been computed in 4 mM of CD from
surface tension data taking into consideration
1:1 association. It can be written as

+CD <« S-CD (1]

with the association constant, K, equal to

K _LS- Dl
[S1,Icpl, — [2

where [CDIf and [Slf are the free CD and
monomeric surfactant concentration,
respectively. be total CD concentration can be
written as
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[CD) = [CD) + [S - CD] 3]

Similarly, the total surfactant concentration
can be written as

[Sh=[Sk+[S-CD] ———[4]

The following relation can be obtained after
combining Egs. [2]-[4] :

[S] 0—[S]f

K="0CDT ,~[ST+[S1 IS, — &l

A rearrangement of Eq. [5] will lead to

[S]+[S]0—[S]f=——]1{( Egl]ﬁ -D+IcDl,

(6]

The [Sk can be calculated from the Vv
profiles in Fig. 2. The increase in the total
monomeric surfactant concentration, i.e., [S]y,
at a particular ¥ value in the premicellar
region in the presence of CD is a measure of
the amount of surfactant bound ([Sly - [S])
to CD (Fig.2). It follows from Eq. [6] that a
plot of [S - [SI versus [Sl»/[Sk or [SI/[S)
- 1 should be a straight line with -1/K as
slope. The K wvalues thus computed for
TTAB, TTPB, and HTAB are 253, 115, and
481 m-1, respectively. The Largest K value
for HTAB can be easily understood form the
longest hydrophobic tail in comparison to
TTAB or TTPB.

The degree of micelle ionization (%) is
closely related to the micellar transitions;
therefore, a X value computed by a suitable
method can give significant information about
the nonideality in the mixed state. In the
present work, the choice of TTAB plus
TTPB and TTAB plus HTAB mixtures was
also due to the common BR- counterion in
the mixed state, and hence the mixtures can
be treated as a single surfactant solution.
The degree of micelle ionization has been
calculated by the method suggested by Evans
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(20) based upon Stokes’law for the mobility
of the micelles, and the micelles are
considered to be spherical in shape. It is
given by

XxX=(m-m/m ——— [7]

where n is the micelle aggregation number
and m is the number of micelle-bound
counterions. The n and m are related through
the relation

_ 2 —
10005 ;= =2 10008 , = 4, )+ (254,

(8]

where S; and S2 are the slopes of the
specific conductivity versus concentration plot
in the pre- and the postmicellar regions,
respectively. In order to calculate X, an
arbitary value must be given to n.

The value of X is quite insensitive to n.
For example, choosing 40, 60, and 80 as the
values of n for TTAB, 0.27, 0.28, and 0.29
values, respectively, were obtained for X.
Therefore, a value of n is equal to 60 was
selected for the present work. The X value of
n is equal to 60 was selected for the present
work. The X values thus obtained for single
surfactants in pure water and in the presence
of CD are listed in Table 1, and they have
also been compared with those available in
the literature from the free electrophoretic
method. Good agreement can be observed
between the present and the previously
reported values. These Values for TTAB
plus HTAB in pure water, as well as in the
presence of CD, predominantly vary linearly
over the whole mole fraction range, whereas
for TTAB plus TTPB, they pass through a
maximum around aTTAB=05 in pure water
(Table 1), as well as in the presence of CD.
This suggests that TTAB plus TTPB
mixtures undergo stronger structural changes
in comparison to TTAB plus HTAB
mixtures.

The mixed cmc values for TTAB plus

J. of Korean Oil Chemists’ Soc.

TTPB and TTAB plus HTAB mixtures in
pure water, 4 mM CD, and 8 mM CD are
plotted in Fig. 4. The cmc values for both
the binary mixtures are significantly higher
in the presence of CD than those in pure
water, and the values increase with the
increase in the amount of CD. Therefore, it
can be said that this general behavior for the
single ionic surfactants in the presence of CD
can also be extended to the binary cationic
mixed surfactants. Before discussing the
mixing behavior of the present mixtures in
the presence of CD, it would be better to
evaluate it first in pure water by using the
pseudo-phase thermodynamic model. The
model relates the ideal mixed cmec(cme*) to
the cmc of the pure components by the
equation

1 __a +(1—a/1)

ome” cme cme 5

(91

where al is the mole fraction of surfactant 1
(TTAB) in to mixed solute, and cmc) and
cmce ate the critical micelle concentrations of
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Fig. 4. Plot of cmc versus aTTAB in pure
water and ageuous cyclodextrin,
experimental data(points) and cmc
(solid line). Circles are for TTAB
plus TTPB and triangles are for
TTAB plus HTAB mixtures.

- 165 -



Vol. 23, No. 2 (2006)

components 1 and 2, respectively. For the
presence structurally similar binary mixtures,
the ideal behavior is respected since the
interactions between the monomers in the
mixed micelles are considered to be similar
as in the case of homomicells, and hence the
activity coefficients should be take as unity.
The cmc* values thus calculated using Eq.
[9] have also been plotted in Fig. 4. The
variation in these values in the case of pure
water almost predicts the ideal behavior. This
can be further evaluated by considering the
regular solution formation based on the phase
separation model of micellization which
relates the mixed cmc to the individual cmc,
i.e, cmey and cme, by

geme =x3 hemag —— [10]
and
a2 ecme=xz fo cmez ———— [11}

where a;, a3, X3, xz, and fi, f2 are the mole
fractions in the bulk, the mole fractions in

the mixed micelle, and the activity
coefficients of surfactant 1 (TTAB) and
surfactant 2 (HTAB) plus (TTPB),

respectively. The wvalue of =x1 can be
computed from the following equation [12] :

x5In(cmea |/ cme 1x |) _
(1—x ) %n(eme(l —a /eme ,(1—x 1))
(121

[a—

Equation [12] can be solved iteratively to
obtain the wvalue of x from which the
interaction parameter, B, can be computed
using Equation [13]:

In(cmcea [/ cme (x |)
(]. - X 1) 2

A= [13]

The B value demonstrates the extent of
interactions between the two surfactants
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which lead to the deviations from the ideal
behavior., Within the regular solution
approximation, the value should be constant
with respect th the change in composition for
a given binary surfactant mixture. The
average B values computed for TTAB plus
TTPB and TTAB plus HTAB mixtures in
pure water are 0.53+0.30 and -0.43%0.14,
respectively. As far as the magnitude of
these values is concerned, they represent an
almost ideal mixing behavior of both binary
mixtures. Therefore, keeping in view the
ideal mixing of the present surfactant
mixtures in pure water, it is possible to
determine the CD contribution to the mixed
micelle formation (Acmc) for both mixtures.
This is based on the face that the mixed
cmc values for both the binary mixtures be
quite close to each other in pure water and
are the result of an almost ideal mixing of
unlike Acmc  can  be
calculated by subtracting the cmec in pure
water from that in the presence of CD (e,
Acme = cmeled) - cme(w)) at a particular
mole fraction.

monomers. The
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Fig. 5. Plot of Acmc versus aTTAB.

Fig. 5 shows such a contribution in the
presence of 4 mM CD for both the binary
mixtures. First of all, the Acmc values are
significantly higher in the HTAB-rich region
of TTAB plus HTAB mixtures in comparison
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to the TTPB-rich region of TTAB plus
TTPB  mixtures, indicating a  strong
association in HTAB-CD rather than in
TTPB-CD. Interestingly, the Acmc curve for
TTAB plus HTAB shows a more or less
constant variation with the increase in a
TTAB, demonstrating an almost equal CD
effect over most of the mole fraction range.
In contrast, in the case of TTAB plus HTAB
mixtures, Acmc values run through a strong
minimum around equimolar proportions. This
indicates that the CD contribution decreases
with the increase in aTTAB particularly in
the TTPB-rich region of the mixture. Thus,
a decrease in the CD contribution can only
be ascribed on the basis of the participation
of TTPB-CD complex in the mixed micelle
formation. It is expected that the presence of
three phenyl rings in the polar head group
region of TTPB may impart additional
hydrophobicity to TTPB-CD complex, which
may help it undergo mixed micelle formation
more favorably.

4. Conclusions

Conductivity and surface tension measure—
ments have been performed on mixed cationic
TTAB plus TTPB and TTAB plus HTAB
surfactant mixtures in aqueous B-cyclodextrin
solutions. It has been observed that TTAB,
TTPB, and HTAB undergo 1:1 complexation
with the cyclodextrin cavity. This comple-
xation leads to a drastic change in the single
and mixed surfactant properties in both the
pre- and the postmicellar regions. An
analysis of the mixing behavior of both the
mixtures in the presence of cyclodextrin
shows that the mixing behavior of TTAB
plus HTAB mixtures remains close to the
ideal state, whereas that of TTAB plus
TTPB muxtures deviates from ideality due to
the participation of TTPB-CD 1:1 complex in
the mixed micelle formation.

10.

11

- 167 -

J. of Korean Oil Chemists’ Soc.

References

. H. B. Shim, M. K. Seo, and S. ]. Park,
Thermal Conductivity and Emchanical
Properties of Various Types Fiber
Rainforced Composites, J. Mat. Sci.,, 37,
1881 (2002).

. J. Tamguchi, C. K. Lim, and M.
Wakihara, Morphology and Electro-
chemical Performances of Spinel Powders,
Solid State Ionics, 146, 239 (2002).

. S. W. Oh, S. H Park, and Y. K. Sun,
Structural and Electrochemical Properties
of Layered Particles, Siold State Ionics,
171, 167 (2001).

. P. D. Battlee M. A. Green, and J. F.
Vente, Equilibrium Structure of Micelles,
Phys. Rev. B, 54, 15967 (1996).

G. A. Peterson, D. K. Malik, W. G.
Wilson, and M. ]J. Flish, Enthalpies and

Heat Capacities of Micellization of Some
Surfactants, J. Chem. Phys., 109, 10570
(1998).

. Z. L. Wang and L. A. Laysed, Acid
Catalyzed Hydloysis of Hydrophobic
Ketals in Aqueous Surfactants, Surf. Sci.,
380, 302 (1997).

. M. A Zolfighal and S. E. Mallakpour,
Luminescent Probe Study of Water in Oil
Microemulsions, Synth. Commun, 30, 2573
(2000).

. J. G. Lavin, D. R. Boington, and ]J. P.
Issl, The Correlation of  Thermal
Conductivity with Electrical Resistivity,
Carbon (Letters to the editor), 1001
(1993).

. J. K. Pal, D. Godhole, and K. Shrama,
Staing of Proteins on Gels and on
Membranes by Alta, ]J. of Biochem and
Biophys, 61, 339 (2004).

W. A. deMheet, W. S. Bacsa, and T.
Gerfin, Carbon Nanotube

Production and  Electronic
Science, 268, 845 (1995).

H. Dai, W. Wong, and C. M. Liver,

Electrical Transport Nanomaterial

Films;
Properties,



Vol. 23, No. 2 (2006)

12.

13.

14.

15.

Conductivity of Individual Nanotube,

Science, 272, 523 (1996).

T. Kato and T. Semiya, Thermodymics of
Intermicellar  Interactions, J.  Colloid.
Interface Sci., 130, 439 (1989).

T. Jesionoski and A. Krysztafkiewicz,
Prepartion of Hydrophilic and Hydrophobic
Silica Particles, Colloides and Surfaces,
207, 49 (2002).

D. Stoye and W. Freitag, Paintings,
Coatings, and Solvents, 2nd edition, John
Wiely (1998).

D. J. Jung, H. ]. Jou, M. S. Kim, and H.
S. Park, Optimum Synthesis Condition of
Acrylic Resis for High Solid Coatings, J.
Kor. Qil. Chem., 21(3), 197 (2004).

16.

17.

18.

- 168 -

Conductivity and Surface Tension Behavior for Binary Mixtures over a Various Concentration of TTAB 9

B. R. Midmore, Synergy between Silica
and Polyethylene Surfactants in the
Formation of O/W Emulsion, Colloids and
Surfaces, 145, 133 (1998).

M. Rikukawa and K.
Protoconducting Polymer Electrolyte
Membrane  based on  Hydrocarbon
Polymers, Progress in Polymer Sci., 25,
1463 (2000).

C. J. Brinker and W. S. George, The
Physics and Chemistry of Sol-Gel
Processing pp 25-40, Academic Press,
(1990).

Sanui,



