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Abstract: To understand the role of molecular architecture of surfactant molecule on micellar
structure, a series of cationic surfactants was taken viz. cetyl trimethyl ammonium bromide (CTAB-1),
cetyl hydroxyethyldimethyl ammonium bromide (CTAB-2) and cetyl dihydroxyethyl methyl
ammonium bromide (CTAB-3) has been investigated by small angle neuron scattering
measurement. Critical micelle concentration, Kraft temperature for a series of surfactant was
determined by conductance measurement, where as aggregation number, effective fractional charge
per monomer, equilibrium distance between the charged heads and dimension of micelle were
determined from small angle neutron scattering data. It is observed that the number density of
micelle and dimension of micelle were observed to increase and hence oil solubilization of
surfactant system was also observed to increase from CTAB-1 to CTAB-2 and then CTAB-3.
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Introduction

Surfactants, sometimes called surface-active agents or detergents, are extremely versatile
chemicals with applications in chemistry, biology and pharmaceutical science' 2. Surfactants
contain both a non-polar long-chain hydrocarbon “tail” and a polar “head” group called as
amphiphilic character. This amphiphilic character of surfactants allows for self-association
or micellization, whereby the hydrophobic portion forms the micelle core and the polar head
groups form the micelle-water-interface. Surfactant molecules above critical micellar
concentration (CMC) in aqueous solution are known to form variety of microstructures such as
spherical, ellipsoidal, vesicular, rod-like and thread-like®>. The microstructure of surfactant
aggregates depends on the molecular architecture of the surfactant and solution conditions,
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such as concentration and temperature®®. The structures of micelles (sizes and shapes) in a
variety of micellar systems have been studied using small angle neutron scattering (SANS)
study”'!. Cationic surfactants belongs to class of quaternary salts are well known compounds
and have been examined for their surface and solution behavior using variety of methods'*®.
The fundamental property of surfactants is their ability to adsorb at interface and forms micelle
in solution. This property is due to the presence of both hydrophilic and hydrophobic groups in
each surfactant molecules and it is characterized by hydrophilic lipophilic balance (HLB)
value'”". It is very interesting that to tune the HLB value of surfactant molecule by changing
the molecular architecture will significantly influence surfactant behavior.

Hence a systematic study has been undertaken to study the effect of molecular
architecture (head group polarity) of cetyl trimethyl ammonium bromide surfactant and its
derivatives on their micelle behavior by SANS. The chemical structures of the surfactants
under study are illustrated in Figure 1.
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Figure 1. Nomenclature, abbreviations and structures of cationic surfactants under study.

Experimental

Cetyl trimethyl ammonium bromide was purched from Aldrich and its derivatives viz cetyl
hydroxyethyldimethyl ammonium bromide and cetyl dihydroxyethylmethyl ammonium
bromide were synthesized and purified by well known method™. The purity and structure of
synthesized surfactant molecules were checked by FTIR and '"H NMR. Solutions for SANS
studies were prepared in D,O (at least 99% D pure) obtained from the Heavy Water
Division, Bhabha Atomic Research Center (BARC), Mumbai, India. Double-distilled and
deionized water was used for all physicochemical studies.

Conductance measurement

The electrical conductance of different solutions as a function of concentration was
measured using Digital Conductivity Meter EQ-664 (Equiptronic, Mumbai, India) with cell
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constant 1.01 cm ' at 30.0+0.1 °C. The average degree of micelle ionization (o,) of the
micelle and CMC were determined from conductivity data.

Kraft temperature

The Kraft temperature (kr) for a series of surfactants CTAB-1, CTAB-2 and CTAB-3 were
determined through conductance measurements as well as visual observation of the
transparency of the system. The measurements were repeated at least three times and
reproducibility in kr values was observed within +0.2 °C.

Foamability and foam stability

Foamability and foam stability for series of surfactant systems were studied as per the
method reported by Shah and coworker”' 2. A graduated glass cylinder of 100 cm® volume
was used for the measurement of the foam stability and foamability. Twenty cubic
centimeters surfactants solution was poured into the calibrated cylinder. The solution was
given 10 uniform jerks within 10 s. The volume of the foam generated was measured as
foamability and the time required for the collapse of the foam to half of its initial height was
taken as a measure for the foam stability. The experiments were repeated at least five times.

Oil solubilization capacity

A series of surfactants (CTAB-1, CTAB-2 and CTAB-3) solutions of volume 5 mL, having
concentration 0.1 M was prepared. These Solutions were thoroughly homogenized using a
vortex mixter and kept in a thermostated water bath at 30+0.1 °C. These solution were then
titrated with methyl methacrylate (oil) using a micro-burette.

Small-angle neutron-scattering (SANS) measurements

All solutions used in SANS studies were prepared in D,O (at least 99% D). This provides a
good contrast between the micelles and the solvent in SANS experiment. Neutron scattering
measurements were carried out on the SANS Diffractometer at Dhruva Reactor, Trombay,
Mumbai, India using a BeO filtered beam of 15% resolution (AQ/Q) at Q = 0.05 A™'. The
sample to detector distance was 1.8 m for all the runs. The angular distribution of the
scattered neutrons was recorded using position sensitive detector (PSD). The accessible
wave vector transfer (Q) is given as 4msin 0/A, where A is the wavelength of the incident
neutron and 20 is the scattering angle. Range of Q for the instrument lies between 0.02 and
0.30 A™'. PSD allows a simultaneous recording of the data over the full Q range. The
wavelength (1) used in measurement was 5.2 A. The solutions were held in a 0.5 cm path
length UV grade quartz sample holder with tight-fitting Teflon stopper sealed with para-
film. The scattering intensities from the surfactant solutions were corrected for detector
background sensitivity, empty cell scattering and sample transmission. Scattering intensity
of solvent was subtracted from that of the sample. The resulting corrected intensities were
normalized to absolute cross section units and thus dX/dQ versus Q was obtained (Figure 4).
This absolute calibration has an estimated uncertainty of 10%. The experimental values were
fitted using nonlinear least-square method.

Results and Discussion

Kraft temperature (ky)

Kraft temperatures (kr) of series of surfactants CTAB-1, CTAB-2 and CTAB-3 were
measured through conductance measurement as described earlier. The Kraft temperature
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was determined from the plot of specific conductance verses temperature as shown in Figure 2.
The conductance was observed to increase rapidly with increase in temperature due to
dissolution of the hydrated crystals of surfactant until Kraft temperature reaches. Thereafter
the conductance increases slowly due to only increase in mobility of ions with increase in
temperature. The Kraft temperature increases from 25 to 27 to 28 °C, when the head group
polarity of surfactant increases from CTAB-1, CTAB-2 and CTAB-3 respectively. This can
be explained in terms of effect of binding of counterion and head group polarity on
micellization and hence on Kraft temperature. It has been reported that increase in
hydrophobic alkyl chain length of surfactant molecules assists in micellization and increases
the Kraft temperature”. This means increase in micellization tendency is related to Kraft
temperature. Binding of counterion which usually increases with increase in head group
polarity of surfactant would also enhance micellization and hence Kraft temperature.
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Figure 2. Representative plot for determination of Kraft temperature for CTAB-2 surfactant
(1% w/v solution)

Critical micelle concentration (CMC)

Critical micelle concentration values of surfactant were measured by conductance
measurement as function of head group polarity and values is given in Table 1. It is well
known that the conductance of surfactant solution changes with concentration at different
rates below and above CMC. Surfactants were observed to dissociate completely at very low
concentration and their conductance increases linearly with an increase in concentration up
to CMC. Although the conductance continues to increase beyond CMC, the rate of increase
in conductance is lower compared to that below CMC. This may be due to binding of some
of the counterions to the micelles above CMC, causing a reduction in the effective charge on
the micelles. The average degree of micelle ionization (a) of a micelle was taken as the
ratios of the values of slope (dk/dC) above and below the CMC. The CMC values of CTAB-1,
CTAB-2 and CTAB-3 were observed to decrease from 0.89 to 0.21 to 0.17 mM respectively
due to increase in head group polarity. The decrease in average degree of micellar ionization
(a) with increase in head group polarity can be attributed to the increase in the polarizability
and surface charge density of micelle due to negative inductive effect of —C,H,OH groups
and possible intra/inter molecular hydrogen bonding.
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Table 1. CMC, Kraft temperature (kt), Oil (MMA) solubilization, Foamability and Foam
stability for cationic surfactants CTAB-1, CTAB-2 and CTAB-3 at 30 °C

Kraft Oil . Foam
Surfactants (r:nl\l/{/? Temperature  Solubilization Foarél;tglllty Stability
(kt) °C uL Min.
CTAB-1 0.89 25 150 76 34
CTAB-2 0.21 27 250 56 65
CTAB-3 0.17 28 275 48 75

Foamability and foam stability

Foamability and foam stability of a series of surfactants CTAB-1, CTAB-2 and CTAB-3
(1% w/v solution) was studied and values are given in Table 1. In this method foam is
produced quickly by rapid shaking of cylinder containing surfactant solution causing a
sudden expansion of interfacial area. Foamability was observed to decreases and foam
stability was observed to increases as from CTAB-1 to CTAB-3. Foamability and foam
stability can be influenced by two independent factors: molecular packing in adsorbed
surfactant film at the air/water interface and micelle structure within the bulk water in
foam lamellae. This can be explained on the basis of competitive time scales for
interfacial area expansion, the diffusion transport of surfactant monomers and the ability
of micelle to break up in order to provide monomer flux necessary to stabilize the new
air/water interface.

Qil solubilization

Amount of methyl methacrylate (MMA) solubilized in a micellar solution as function of
head group polarity as is given in Figure 3 and values are given in Table 1. The oil
solubilisation capacity was observed to increase with increase in head group polarity. This
can be attributed to the increase in number of micelles per unit volume and increase in
dimension of micelle. This can also be explained by the SANS data as shown in Table 2.
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Figure 3. Effect of number of -C,H,OH groups at quaternary nitrogen of cetyl trimethyl
ammonium bromide (CTAB) on oil (MMA) solubilizationand aggregation numbers (N) at
30 °C. Oil solubilisation: (A), Aggregation number (N): (O)
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Table 2. Effect of head group polarity on the micellar parameters of CTAB and its
derivatives by SANS at 100 mM concentration and at 30 °C

Agg. Fractiona Seml Semimino Ax%al Equilibriu
Qmaxs major . ratio .
Surfactants Al No. 1Charge axis (b) r axis (a) (b/a) m distance
™) (o) (A) (A) (d) (A)
CTAB-1 0.05174 165 0.13 50.1 21.0 2.39 7.74
CTAB-2  0.04935 160 0.13 52.4 21.0 2.50 7.98
CTAB-3  0.04935 156 0.12 55.5 21.0 2.64 8.24

Shape, size and aggregation number

To understand the effect of head polarity on microstructure of surfactant aggregates in
aqueous solution, SANS measurements were carried out at 100 mM solution for series
of surfactants CTAB-1, CTAB-2 and CTAB-3. SANS distributions as shown in Figure 4,
show well defined correlation peaks irrespective of the head group due to the inter-
micellar structure factor S(Q). The correlation peaks appear at around Qu.x ~ 27/D,
where D is average distance between micelles. Decrease in Q. with head group at the
same surfactant concentration indicates the increased number density (n) of micelles or
decrease in the aggregation number (N). It is observed from Figure 4 that the peak
positions slightly shift towards lower Q values and the peak intensity also decreases
slightly for CTAB-3. The observed SANS data were analyzed and micellar parameters
such as aggregation number (N), fractional charge (o), semi-minor axis (a), semi-major
axis (b) are given in Table 2. The equilibrium distance between the charged heads (d)
was calculated for cationic surfactants under study with respect to head group polarity
and is given in Table 2. Aggregation number (N) was decreases and dimension of
micelle (b/a) increases with increase in head group polarity. This can be attributed to
increase in number of ethanolic groups at quaternary nitrogen of surfactant. The
equilibrium distance (d) between the charged head increases with increase in head group
polarity, resulting in the increase in the spontaneous packing curvature restricting the
growth of micelle subsequently increase the number density of micelle. This can also be
attributed by increase in oil solubilization with head group polarity decrease
aggregation number (N).
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Figure 4. SANS profile for CTAB-1, CTAB-2, CTAB-3 at 100 mM and at 30 °C. The solid

line shows the theoretical fits and the symbols are experimentally determined values.
CTAB-1 (O), CTAB-2 (o) and CTAB-3 (A)
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Conclusion

The change in molecular architecture of cetyl trimethyl ammonium bromide surfactant by
changing head group polarity affects the micellar parameters significantly.

Critical micellar concentration (CMC) and average degree of micelle ionization (0y.) of
cationic surfactants significantly decrease with increase in head polarity.

SANS studies shows that the aggregation number (N) decreases and dimension of
micelles (b/a) increases with increase in head polarity.

The Kraft temperature of surfactant (CTAB) was observed to increases with increase in
head group polarity.

The oil solubilization and foam stability were observed to increases with increase in
head group polarity.
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