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Abstract—The forming and study of cationic surfactant/polyelectrolyte (PE) polymer colloid systems has
been done at different concentrations of an amphiphilic compound and fixed polymer concentration. An
imidazolium amphiphilic compound with a tetradecyl radical (IA-14) served as the surfactant; polyacrylic
acid (PAA) characterized by a molecular weight of 1800 Da was used as component of the polymer. The
aggregation characteristics of the systems have been examined via tensiometry, conductometry and fluores-
cence spectroscopy. It is shown that introducing of polyelectrolyte initiates the formation of polymer colloid
complexes (PCC) at a 50 times lower concentration than the one required for an individual IA-14 system.
Dynamic light scattering analysis has shown that the values of the hydrodynamic parameters of PCC lied in
the range of 100—120 nm and did not depend on the concentration of the PE or the surfactant. It has been
estimated via electrophoretic light scattering that electrostatic interactions make the main contribution to the

formation of complexes.
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INTRODUCTION

Polymer colloid complexes (PCC) formed via the
self-assembly of oppositely charged polyelectrolytes
and amphiphilic compounds are widely used in many
fields of industry (e.g., medicine, oil production, and
pharmaceutics) [1—S8].

The formation of new composed structures
expands the field of application of surfactants and
polyelectrolytes, so the search for new mixed compo-
sitions based on these components is an important
task. Varying the concentration and structure of the
components, the pH of solutions, and the temperature
and ionic strength are especially important when opti-
mizing the composition and conditions of forming
surfactant/polyelectrolyte composite systems. It
allows us to alter the properties of PCCs and use them
to obtain nanocontainers for hydrophobic compounds
[9] and polyelectrolyte capsules [10]. The study of
such systems also helps in modeling of interaction
between cationic surfactants and natural biopolymers
(e.g., oligonucleotides, DNA, and proteins) [11—15].

Mixtures of polyelectrolytes and oppositely
charged surfactants are characterized by complicated
aggregation behavior in solutions, followed by the for-
mation of a wide diversity of morphological structures
[16, 17]. Intermolecular interactions of different

nature between polyelectrolytes and surfactants are
the reasons for this behavior in solutions. The hydro-
phobic effect, Van der Waals interactions, and hydro-
gen bonds can contribute to the formation of com-
plexes, but the strongest contribution comes from
electrostatic interaction [18—20].

Tensiometry is one way of studying the aggregation
behavior of PCCs in aqueous solutions. The tensiom-
etric dependence of the surface tension of a surfac-
tant/polyelectrolyte system is usually characterized by
a more complicated shape than those of the individual
amphiphilic systems, due not only to aggregation in
the solution’s volume but to adsorption at the inter-
phase boundary as well [21, 22]. Surfactant/PE com-
plexes usually form at surfactant concentrations con-
siderably lower than the critical micelle concentration
(CMC) [23]; this is known as the critical aggregation
concentration (CAC) in mixed systems [24]. In some
cases, however, the value of the CAC is higher than
[25, 26] or equal to [27] the CMC of the individual
surfactant solution, depending not only on the nature
of the components but on the concentration of the
polyelectrolyte in the system as well [23].

The above brief analysis of the literary data shows
that the formation of complexes based on oppositely
charged surfactants and polyelectrolyte is an import-
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Fig. 1. Isotherms of surface tension corresponding to (/)
individual aqueous solutions of 1A-14 [27]; (2—4) corre-
spond to the mixed IA-14/PAA systems at Cppyp = 1, 3,
5 mM and 25°C.

ant line of research. However, the role structural fac-
tors play in altering the functional activity of such sys-
tems has yet to be determined, despite the available
data. In this work, we formed polymer colloid systems
based on imidazolium surfactant with tetradecyl radi-
cal (IA-14), and synthetic polyelectrolyte (polyacrylic
acid (PAA), 1800 Da). The experiments were per-
formed at varied concentrations of the amphiphilic
compound and three constant concentrations of poly-
electrolyte to optimize the composition of the binary
systems and attain better aggregation capability (lower
values of aggregation thresholds) [28].

The formulas of our compounds are given below:

Br _—
+ l/\N—CH3 h
N~/

Ci4Hyg 0 OH
1A-14 PAA
EXPERIMENTAL

Imidazolium surfactants I1A-14 were synthesized
according to the standard experimental procedure in
[29, 30]. Polyacrylic acid (Aldrich; 1800 g/mol, 99%
purity) was used. The below concentrations of the
polymer were calculated against one polymer unit.

The surface tension was measured on a Kriiss K06
tensiometer [31] (Germany) using the du Nuy ring
technique. An Inolab Cond 720 electrical conductivity
meter (Germany) was used to measure the specific
conductivity.
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The emission spectra of pyrene (1 X 107° mol/L)
were registered on Cary Eclipse G9800A spectrofluo-
rometer (United States) at 25°C. The exciting wave-
length was 335 nm. The emission spectra were regis-
tered at 350—500 nm at the scan rate of 120 nm/min.
The measurements were made in a 1 cm thick cuvette.
The fluorescence of the first (/;) and third (/;;;) vibra-
tional peaks in the spectrum at 373 and 384 nm,
respectively, were determined using spectral data
obtained for pyrene.

The phase behavior of the surfactant/PE systems
was studied on a Specord 250 Plus spectrophotometer
(Germany). A predetermined solution of polyelectro-
Iyte was added to IA-14 solution of a given concentra-
tion, and the mixture was kept for 2 min to reach the
equilibrium state. The optical density of the solution
was measured at a wavelength of 500 nm.

Our samples were studied via dynamic light scatter-
ing on a ZetaSizer Nano ZS analyzer (Malvern,
United Kingdom). A He—Ne gas laser (power, 4 mW,;
wavelength, 633 nm) was the source of laser radiation.
The resulting signals were analyzed using the unit’s
software, according to the frequency and phase analy-
sis of the scattered light. The measurements were
made at a scattering angle of 173°. The size of the par-
ticles was determined using the Stokes—Einstein equa-
tion for spherical particles: D = kT/6nnR, where k is
the Boltzmann constant, 7 is the absolute tempera-
ture, M is the viscosity of the solvent, and R is the
hydrodynamic radius. The electrophoretic mobility in
each sample was transformed into the value of the zeta
potential using Smoluchowski equation [32]: { =
un/e, where ( is the zeta potential, 1 is the dynamic
viscosity of the liquid, L is the electrophoretic mobility
of the liquid, and € is the permittivity.

RESULTS AND DISCUSSION

As noted above, measurements of surface tension
are used to study of aggregation in mixed surfac-
tant/PE systems [28, 33, 34]. The concentration of
surfactant corresponding to a break in the surface ten-
sion—surfactant concentration curve is registered.
Study of our IA-14/PAA systems via tensiometry
showed there were two breaks on the isotherm of the
surface tension despite the content of PE in the system
(1, 3, or 5 mM); the values in the breakpoints do not
depend on polyelectrolyte concentration (Fig. 1).

We attributed the first breakpoint (CAC,) to the
IA-14 concentration that corresponded to the forma-
tion of mixed surfactant/PE complexes; the second
breakpoint (CAC,) was attributed to the saturation of
macromolecules with micelles and the emergence of
individual TA-14 aggregates composed of amphiphilic
molecules. It should be noted that adding a polymer
component produced aggregates at a 50 times lower
concentration (0.05 mM) than the one in the individ-
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Fig. 2. Dependences of the specific conductivity of mixed
IA-14/PAA systems on IA-14 concentration; 25°C,
Cpapa=(1) 1,(2) 3, and (3) 5 mM.

ual surfactant system (2.5 mM) [29] in all of the stud-
ied systems.

The observed drop in surface tension upon raising
the content of the surfactant in the system (at equal
concentrations of IA-14) shows that both polyelectro-
lyte and surfactant molecules participate in adsorption
at the water/air interphase boundary. However, the
accumulation of polyelectrolyte in the surface layer
was limited: the isotherms of surface tension are iden-
tical at PAA concentrations in the system of 3 and
5 mM.

The PAA/surfactant systems were studied via con-
ductometry (Fig. 2). The two linear regions on the
dependences for specific conductivity on PAA con-
centration were typical of all the studied systems.
(In the system with 3 mM of polyelectrolyte, the val-
ues of Pearson correlation coefficient 7 for two linear
regions were 0.980 and 0.997, considerably higher
than in the approximation of the dependence using
unitary functional dependence (r = 0.953).) The pres-
ence of the breakpoint observed in the same narrow
range of concentrations (1—2 mM) on the specific
conductivity—surfactant concentration dependence is
thus typical for all systems. It probably represents the
formation of free surfactant micelles, since these con-
centration were on the level of the CMC of the indi-
vidual surfactant solution (2 mM) [29].

Fluorescence analysis using pyrene as probe
because of its sensitivity to the polarity of the microen-
vironment has proven to be a reliable way of determin-
ing the thresholds of aggregation for amphiphiles in
solutions. The quantitative measure of this parameter
in the above technique is the ratio between the first
and third vibrational peaks of pyrene (/,//;). A drop in
the value of /,/1; was observed for all of the studied
systems (Fig. 3), due to the hydrophobic probe moving
from the polar volume medium to the lipophilic
microenvironment of aggregates. The last point before
the [,/1; value reaches a plateau is considered the
threshold of aggregation in a system of ionic surfac-
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Fig. 3. (I—4) Dependence of the ratio of the intensities of
the first and third vibrational peaks of pyrene on surfactant
concentration for IA-14 aqueous solutions [27] and mixed
IA-14/PAA systems at 25°C; see Fig. 1.

tants; with nonionic amphiphiles, the concentration
of surfactant that divides the region of a drastic reduc-
tion of the /,/1; value by half is considered the thresh-
old of aggregation [35]. It should be noted that in the
IA-14/PAA system, the concentration of surfactant
corresponding to the fluorescent ratio of intensities is
A({,/15)/2 equals to 0.05 mM, that is is almost identi-
cal to the tensiometric value of the CMC despite the
cationic nature of the surfactant.

A subsequent study of mixed surfactant/PE sys-
tems at concentrations higher than CAC, was per-
formed via dynamic light scattering. This allowed us to
analyze the size distribution of particles and make
assumptions regarding their morphology. The size dis-
tribution of aggregates averaged to the number of par-
ticles for IA-14/PAA system (Cpss = 5 mM) is given in
Fig. 4 as an example. It was shown that complexes
characterized by hydrodynamic diameters Dy of 100—
150 nm form independently from concentrations of
PE and amphiphile in [A-14/PAA systems upon
reaching CAC,. The observed effect is the opposite of
examples described in the literature that showed com-
paction of PCCs upon raising of surfactant concentra-
tion in the system [34]. This could have been due to
the compacting ability of polyelectrolyte macromole-
cule caused by electrostatic forces being less pro-
nounced as a result of delocalization of the charge in
the head group of IA-14. At the same time, specific
geometric features of a plain imidazolium ring proba-
bly favor stacking intermolecular interactions of a
non-covalent nature between imidazolium rings, due
to the intermolecular overlapping of the electron
clouds of aromatic T-electrons. Such interactions
could be the reason for the formation of clusters that
consist of several polymer chains bound together by
the bridge molecules of IA-14. The formation of such
clusters agrees with the sizes of particles registered via
dynamic light scattering (Dy = 100 nm).

The pH value lies in the narrow range of 4 + 0.1,
which corresponds to a degree of polyelectrolyte ion-
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Fig. 4. Size distribution of aggregates, averaged to the
number of particles formed in mixed IA-14/PAA system at
Cpaa =5 mM and 25°C.

ization of ~8% [28] in aqueous solutions of PAA at 1,
3, and 5 mM. The value of the zeta potential of the
polyelectrolyte is around —20 mV [34], so the electro-
static bonding of the polymer and the IA-14 is
expected. Electrophoretic light scattering while raising
the concentration of the surfactant in the system was
used to examine how efficient the electrostatic mech-
anism of bonding was in forming of the PCC. The data
given in Fig. 5 show that constant titration of the poly-
electrolyte with the IA-14 solution was followed by
compensating changes in the values of zeta potential,
from negative to zero and beyond. Since the concen-
tration of [A-14 that corresponds to the recharge of
system grows along with the concentration of PAA
(E=0at Cip.14 = 0.12 £ 0.01 mM for Cpsp= 1 mM;
Cia.14=0.16 £ 0.01 mM for Cppp =3 mM; and Cp_14 =
0.36 = 0.01 mM for Cpy, = 5 mM), we may conclude
that Coulomb forces play the key role in the formation
of IA-14/PAA polymer—colloid complexes.

In polymer colloid systems composed of oppositely
charged components, the formation of stoichiometric
complex is often followed by opalescence or sedimen-
tation. The next stage of study was therefore investigat-
ing the phase behavior of 1A-14/PAA systems. The
turbidimetry data presented in Fig. 6 demonstrate the
change in the phase state of the mixed [IA-14/PAA sys-
tem as the concentration of surfactant was raised. The
data show that the increase of IA-14 concentration led
first to the emergence of opalescence properties in the
system, and then to their elimination. The fixed bell-
shaped dependences are closely related to the change
of zeta potential in the system: the most intense opal-
escence is observed near the isoelectric point, while
the solutions are more transparent in the region of the
existence of the negatively or positively charged parti-
cles. This is explained by the neutrally charged colloid
structures being characterized by a high tendency
toward aggregation, which results in opalescence. The
charged particles are more stable in the solutions due
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Fig. 5. (I-3) Dependences of the electrokinetic potential
of the mixed 1A-14/PAA systems on IA-14 concentration
at 25°C; see Fig. 2.

to repulsive forces. The increased value of the maxi-
mum of the optical density upon raising the concen-
tration of PAA testifies to the greater number of nega-
tively charged complexes in the system. At the same
time, the maxima of the optical density for PAA con-
centrations of 1, 3, and 5 mM were registered at surfac-
tant concentration equal to 0.2, 0.5, and 0.5 = 0.01
mM, respectively. The concentrations of IA-14 that
correspond to the maximum value of the optical den-
sity were thus considerably lower than that of the poly-
electrolyte in all cases. This could indicate the forma-
tion of non-stoichiometric complexes between the
components.

CONCLUSIONS

Mixed systems based on an imidazolium cationic
surfactant with tetradecyl radical and polyacrylic acid
were studied by varying the concentration of the sur-
factant and three fixed polyelectrolyte concentrations.
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Fig. 6. Dependences of the optical densities on the surfac-
tant concentration for the mixed IA-14/PAA systems at
different constant concentrations of PAA: (/) 1, (2) 3,
(3) 5 mM at 25°C and A = 500 nm.
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Physicochemical measurements showed that poly-
mer—colloid complexes formed between the compo-
nents at concentrations of the surfactant ~50 times
lower than when there was no polymer. The observed
abilities of imidazolium surfactant with respect to neu-
tralization of the polyanion charge and the formation
of stable colloid structures characterized by hydrody-
namic diameters of 100—150 nm demonstrate the
potential of using these systems for condensation with
negatively charged polyanions that have practical
applications.
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