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Aggregation behavior of the surfactant bearing pyrrolidinium head group
in the presence of polyacrylic acid*

E. A. Vasilieva,* S. S. Lukashenko, L. A. Vasileva, R. V. Pavlov, G. A. Gaynanova, and L. Ya. Zakharova

A. E. Arbuzov Institute of Organic and Physical Chemistry, Federal Research Center
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The aggregation characteristics of binary systems based on a novel pyrrolidinium surfactant
with the hexadecyl hydrocarbon tail and hydroxyethyl fragment at the nitrogen atom were
studied in the presence of polyacrylic acid by a complex of physicochemical methods (tensio-
metry, conductometry, dynamic light scattering, fluorescence spectroscopy, and spectrophoto-
metry). The formation of surfactant—polyelectrolyte complexes leads to a decrease in the
concentration thresholds of aggregation by an order of magnitude to form aggregates ~70 nm
in size was established by tensiometry and fluorimetry. The solubilization capacity of the formed
mixed aggregates was tested using the Orange OT hydrophobic dye.
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critical aggregation concentration.

Cationic amphiphiles capable of forming supramo-
lecular structures of various morphology (direct and re-
verse micelles, vesicles, liquid crystals, efc.) in solutions
remain to be the subject of basic and applied research for
a long time.1=4 Therefore, the target synthesis of surfac-
tants (Surf) is one of the promising trends in the develop-
ment of this area.5 Surfactants with the cyclic head group,
including those based on pyrrolidine derivatives (PS),
differed in geometry from classic surfactants of the tri-
methylammonium series attract special attention. The
micelle forming ability and surface activity of PS are higher
than those of alkyltrimethylammonium bromides. In ad-
dition, their morphological behavior is much more com-
plicated. The aggregation properties of N-alkyl- N-methyl-
pyrrolidinium bromides with the variation of the nature
of counterion, solvent, alkyl radical length, efc. are de-
scribed.®—11 The thermodynamic parameters of the micelle
formation of PS in water,’ ethylammonium nitrate,!! and
in mixtures!2? were studied. The system based on geminal
surfactants with the pyrrolidinium head group were also
studied.!3

At the same time, we showed14:15 that the introduction
of the hydroxyalkyl group into the structures of cationic
surfactants can substantially decrease the critical micelle
concentration (CMC) values due to the formation of
additional hydrogen bonds. Therefore, we have earlier
synthesized a series of cationic surfactants with the pyr-

* Dedicated to Academician of the Russian Academy of Sciences
A. 1. Konovalov on the occasion of his 85th birthday.

rolidinium head group bearing the hydroxyethyl fragment
at the nitrogen atom. Their aggregation properties and
antimicrobial activity were characterized.!0 It is shown
that the introduction of the hydroxyethyl fragment into
the composition of the head group results in a twofold
increase in the micelle forming ability of these amphiphi-
les compared to the unsubstituted analogs. The CMC
values of the pyrrolidinium surfactants are lower than the
CMC of the closest analogs with the heterocyclic head
group (alkylimidazolium!? and alkylmorpholinium!8
bromides) at the same hydrophobicity.

There are single works devoted to the study of binary
systems based on PS in the presence of other amphiphiles
or polymers.1%:20 For example, the formation of ion pairs
between PS bearing the dodecyl radicals and sodium do-
decyl sulfate resulting in the formation of vesicles on
reaching the concentration threshold of aggregation was
shown.!® Vesicles are also formed in a PS—Pluronic F108
system, and higher degrees of loading and solubilization
of quercetin compared to the individual aggregates are
observed.20 It is known that the formation of complexes
between surfactants and polymers (polyelectrolytes) when
the critical aggregation concentration (CAC) is achieved
can result in a change in the functional properties of in-
dividual components to a significant extent.2!

This work is aimed at determining regularities of the
self-organization in aqueous solutions of the novel cationic
amphiphile with the pyrrolidinium head group containing
the hydroxyethyl fragment and hexadecyl hydrocarbon
radical in the presence of polyacrylic acid. The interaction
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in the systems based on the cationic surfactant and poly-
electrolyte (PE) was comprehensively evaluated, which is
interesting from both the fundamental (modeling of pro-
cesses occurring in living organisms) and practical (com-
positions of cosmetic products, detergents, food sub-
stances, efc.) points of view.

Experimental

Polyacrylic acid (PAA, M, = 1800 g mol~1), pyrene, Orange
OT (OOT) were commercially available from Sigma-Aldrich and
used as received. N-(2-Hydroxyethyl)- N-hexadecylpyrrolidinium
bromide (PS-16) was synthesized by our previously described
procedure.!6 Solutions were prepared using water purified with
a Direct-Q5 system (Millipore, France), and its specific resistance
was 18.2 MOhm cm. Samples of the studied systems were exam-
ined at 25 °C in temperature-maintained cells.
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Tensiometry. The ring detachment method was applied to
determine the surface tension of the studied solutions on a K6
tensiometer (Kruss, Germany) using a platinum—iridium ring
20 mm in diameter hanged to a precise balance. The measure-
ments were performed until a stable value was obtained (at least
five times). The measurement error did not exceed 3%.

Conductometry. The conductivity () was measured on an
InoLab Cond 7110 conductometer (WTW, Germany) with
a TetraCon remote sensor.

Spectrophotometry. The solubilization capacity of surfactant
aggregates was determined using the OOT spectral probing dye.
To obtain a saturated solution, the dye (0.0014 g) was added to
a solution of the surfactant (2 mL), the mixture was stirred and
kept for 48 h, the solution was filtered, and the absorbance was
measured at 495 nm. Absorption spectra were recorded on
a Specord 250 Plus spectrophotometer (Analytik Jena, Germany).
Glass cells 1 and 0.5 cm thick were used for measurements.

Fluorimetry. Pyrene was used as a fluorescent probe to de-
termine the CAC of solutions by the fluorimetric method on
a Varian Cary Eclipse spectrofluorimeter (Agilent, USA) in quartz
cells 1 cm thick. The initial solution of pyrene in ethanol was added
to the studied Surf—PE solutions in such a way that the fluoro-
phore concentration in the solution would be 1+10~6 mol L~1.
The excitation wavelength for pyrene was 335 nm, and the emis-
sion spectra were recorded in the range from 350 to 500 nm.

Turbidimetry. The phase behavior of Surf—PAA mixed sys-
tems was studied on a Specord 250 Plus spectrophotometer
(Germany). A fixed volume of a PAA solution was added to solutions

of the surfactant, the mixture was kept for 2 min, and the absor-
bance of the solutions was measured at a wavelength of 500 nm.

Dynamic and electrophoretic light scattering. Experiments on
dynamic light scattering were carried out on a Zetasizer Nano
ZS instrument (Malvern, Great Britain) to determine the size
and C-potential of the obtained aggregates in the studied solu-
tions. A He—Ne gas laser served as a radiation source. The laser
power was 10 mW, the wavelength was 633 nm, and the light
scattering angle was 173°. The effective hydrodynamic diameter
was calculated automatically from the diffusion coefficients using
the Stokes—Einstein equation for spherical particles

D = kgT/(6mmRy),

where kp is the Boltzmann constant, 7 is absolute temperature,
and 1 is the solvent viscosity.

Measurements were conducted at least five times to obtain
the average value.

Potentiometry. The pH of the medium was determined on
a pH-211 instrument (Hanna Instruments, Germany). The
temperature of the solutions was maintained at 25 °C with
a thermostat. The measurement accuracy was 0.05 pH units.
The glass electrode was calibrated by standard solutions.

Results and Discussion

The binary systems were studied at a variable surfactant
concentration and the fixed PAA concentration (1, 3, and
5 mmol L~!). The dissolution of PAA in water gives
a solution with pH 4, which corresponds to the degree of
ionization ~8%, i.e., under these conditions, PE weakly
dissociates in individual and mixed systems. Since the
PE—Surf mixed system consists of oppositely charged
components, the formation of stoichiometric complex can
be accompanied by the appearance of turbidity or pre-
cipitation. Therefore, the phase behavior of the PAA—PS-
16 mixed system was studied before investigation of its
aggregating ability.

The turbidimetry data presented in Fig. 1 demonstrate
the change in the phase state with an increase in the sur-
factant concentration in the PAA—PS-16 binary system.
An unusual situation is observed: at low surfactant con-
centrations the solutions are slightly turbid regardless of
the PAA concentration. This indicates that the surfactant
begins to compensate the charge of the polyacid even at
low concentrations. Probably, the effective charge com-
pensation is related to an insufficiently large head group
of the amphiphile. The turbidity indicates the formation
of a stoichiometric complex when the system loses the
charge. As known, the charge stabilizes colloidal system
and prevents particle adhesion. A small region is observed
with the further increase in the surfactant concentration
where the solutions remain transparent. However, when
a certain surfactant concentration is achieved, the solutions
become turbid and reach the maximum absorbance, but
no phase separation occurs. The absorbance decreases
with the further increase in the surfactant concentration,
and the solutions gradually become transparent again.
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Fig. 1. Absorbance at 500 nm (A4sq) of a PAA—PS-16 binary
system vs PS-16 concentration at the PAA concentrations 1 (1) 45
and 3 mmol L~! (2) (pH 4, t =25 °C).
The Surf—PE interaction induces association at the

very low surfactant concentration (CAC), which is lower,
as a rule, than the CMC of an individual solution of the
surfactant. At the first stage of the work, the CAC values
of the mixed systems were determined by tensiometry. The
dependences of the surface tension of PAA—PS-16 binary
systems on the surfactant concentration are presented in
Fig. 2. Two inflections are observed on the concentration
curves of the PAA—PS-16 mixed systems. The first inflec-
tion shows the CAC; values, i.e., the concentration at
which mixed aggregates begin to form. The second inflec-
tion corresponds to the CAC,, i.e., the concentration
corresponding to the formation of free surfactant aggreg-
ates after the polymer chain is saturated by the surfactant
aggregates. The second break in the concentration curve
of the surface tension becomes more pronounced with an
increase in the PAA concentration. The highest synergic
effect of the interaction of the components is observed for
the minimum concentration of PAA (1 mmol L~!): the
CAC; values of the PAA—PS-16 system by tensiometry
(0.02 mmol L) are an order of magnitude lower than
the CMC of an individual micellar solution of PS-16
(0.42 mmol L—1). Higher PE concentrations slightly shift

1-1075 11004 11073  Cpg_j¢/mol L7!

Fig. 2. Surface tension isotherms in an individual solution of
PS-16 (1) and in PAA—PS-16 binary systems at the PAA con-
centrations 1 (2), 3 (3), and S mmol L~! (4) (pH 4, t =25 °C).

the CAC of the mixed system to higher surfactant concen-
trations (0.035 mmol L~!). A decrease in the CAC over
the CMC is attributed to a decrease in the electrostatic
repulsion of the head groups of the surfactant upon the
addition of PE. The obtained CAC values are presented
in Table 1.

The characteristics of the surface layer of PAA— PS-16
mixed solutions were calculated from the surface tension
isotherms. As can be seen from Table 2, an additive of PAA
to a solution of PS-16 leads to an increase in the minimum
surface area per surfactant molecule (4,,;,), and this para-
meter increases strongly with an increase in the PE con-
centration and the surface excess (/},,,) value, correspond-
ingly, decreases. This probably means that a macromol-
ecule loosens the dense packing of surfactant molecules
at the interface. In the case of mixed systems, the free

Table 1. Values of CAC,/CAC, and CAC (mmol L~!) determined by different methods for PAA—PS-16

mixed systems

Cpaa/mmol L1 CAC,/CAC, CAC
Tensiometry Spectrophotometry Conductometry Fluorimetry
0 0.42* 0.44* 0.36* 0.43*
1 0.02/0.85 0.1/0.94 0.74 0.04
3 0.035/1 0.27 0.9 0.05
5 0.031/1.3 0.43 1 0.03

* The CMC of an individual micellar solution of PS-16 is presented.
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Table 2. Surface excess (/},,¢), minimum surface area per
surfactant molecule (A4,,;,), and standard free energies of
adsorption (AG,y) and micelle formation (AG,,) for PAA—PS-
16 mixed systems (in the range of CAC)

CPAA Amin/nm2 rmax : 106 _AGm _AGad
/mmol L-! /mol m—2 1J mol-!

0 1.03 1.62 35.6 51.3

1 1.28 1.30 45.4 65.0
3 1.63 1.02 47.5 73.7
5 1.83 0.91 51.4 75.0

energies of micelle formation AG,,, and adsorption AG,q4
take more negative values than those for an individual
solution of PS-16. This implies that the aggregation and
adsorption of PS-16 in the presence of PAA are thermo-
dynamically more favorable.

The breaks in the concentration curves of the electric
conductivity make it possible to detect the thresholds of
formation of combined Surf—PE aggregates. The depen-
dences of the electric conductivity of PAA—PS-16 binary
systems on the surfactant concentration are presented in
Fig. 3. The curves have only one break, which is in good
accordance with the CAC, value determined by tensio-
metry (see Table 1).

The data for PAA—PS-16 binary systems at different
PAA concentrations obtained by fluorescence spectroscopy
using pyrene as a hydrophobic probe are presented in
Fig. 4. As can be seen from the plot, a polyelectrolyte ad-
dition to a solution of PS-16 leads to a decrease in the
CMC value by one order of magnitude (from 0.43 to
0.04 mmol L=1). An increase in the PAA concentration
insignificantly affects the CAC. The data obtained are well
consistent with the CAC values determined by tensio-

%/nS cm~!
600 |
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1
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Fig. 3. Electric conductivity vs surfactant concentration in an
individual solution of PS-16 (/) and in a PAA—PS-16 mixed
system at the PAA concentration 1 (2), 3 (3), and 5 mmol L~!
(4) (pH 4, t =25 °C).
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Fig. 4. Ratio of the intensities of the first (373 nm) and third
(384 nm) peaks in the fluorescence spectrum of pyrene vs sur-
factant concentration in an individual solution of PS-16 (/) and
in a PAA—PS-16 binary system at the polyelectrolyte concentra-
tion 1 (2), 3 (3), and 5 mmol L=! (4) (pH 4, t =25 °C).

metry (see Table 1). It should be mentioned that the runs of
the dependences of the individual and binary systems dif-
fer strongly. The polarity parameter (/,//3) decreases
noticeably on going from the individual to binary PAA—
PS-16 systems (from 1.75 to 1.4). This indicates that the
polyelectrolyte chain induces the formation of more
densely packed micellar aggregates due to a decrease in
the electrostatic repulsion of the head groups of the am-
phiphile. However, the dependence passes through a mini-
mum, and the polarity parameter begins to increase when
reaching the CMC, which is probably related to the forma-
tion of individual surfactant micelles.

The results of investigation of the solubilization of the
OOT dye in the PAA—PS-16 binary systems are presented
in Fig. 5. Two breaks are observed in the concentration

A/L

24

L6

0.8

0 1 2 3 Cps-16* 103/mol L~!

Fig. 5. Absorbance (A4) of an individual solution of PS-16 (/) and
PAA—PS-16 mixed solutions containing OOT vs surfactant
concentration at the PAA concentrations 1 (2), 3 (3), and
5 mmol L~! (4) (L is the cell thickness (cm), pH 4, 1 = 25 °C;
A =495 nm).
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curve of the absorbance of OOT at the minimum PAA
concentration. The obtained CAC values strongly exceed
the tensiometry data (see Table 1). Similar divergences of
two methods are probably associated with the fact that
spectrophotometry reflects an increase in the solubility
(solubilization and retention of the dye) only in aggregates
with a high number of molecules. At higher PAA concen-
trations (3 and 5 mmol L), only one inflection remains
in the dependence. This inflection insignificantly differs
from or coincides with the CMC of an individual solution
of PS-16. Probably, at a low concentration of polyelectro-
Iytes their effect, similarly to the effect of low-molecular-
weight salt, results in charge neutralization and a denser
packing of the aggregates, which favors the retention of
dye molecules. Possibly, at high PAA concentrations the
aggregation numbers of the PAA— PS-16 mixed system
are so low that the aggregates cannot retain dye molecules
and, hence, the first break cannot be detected. This ex-
planation agrees well with the values of solubilization
capacity (S) and aggregation number (V) of the mixed
systems (Table 3). For a small PAA additive to a solution
of PS-16, Sincreases by three times, whereas N decreases
by three times. At high PAA concentrations S remains the
same as that of an individual solution of PS-16, and the
aggregation numbers N decrease insignificantly. This
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Table 3. Solubilization capacity (S) and aggregation numbers
(N) of PAA—PS-16 mixed systems (pH 4, t = 25 °C)

Cpaa/mmol L~ S/(mol OOT) (mol Surf)~! N
0 0.021 42
1 0.059/0.023 14/30
3 0.024 28
5 0.024 37

indicates that, in the latter case, micelles of PS-16 pre-
dominantly participate in the solubilization of the dye
rather than the PAA— PS-16 mixed system.

The sizes of aggregates in the PAA—PS-16 mixed
systems at various PAA concentrations obtained by dynamic
light scattering are presented in Fig. 6. The hydrodynamic
diameter of individual aggregates of PS-16 is >5 nm in the
whole concentration range. This is a classic size corre-
sponding to spherical micelles. The addition of even low
PAA concentration to a solution of PS induces the growth
of the aggregates to 94 nm depending on the surfactant
concentration. This is probably related to the fact that PAA
macromolecule decreases the electrostatic repulsion be-
tween surfactant micelles resulting in their approaching
and, correspondingly, enlargement of the combined
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Fig. 6. Hydrodynamic diameter of aggregates vs surfactant concentration (Cg,s/mmol L~!) in an individual solution of PS-16 (a) and
in a PAA—PS-16 binary system at the PAA concentrations 1 (5), 3 (¢), and 5 mmol L~! (d) (pH 4, t = 25 °C).
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Table 4. Hydrodynamic diameter (D), C-poten-
tial (¢), and polydispersity index (PDI) for
PAA—PS-16 mixed systems (pH 4, t = 25 °C)

CPAA CS D/nm Q/mV PDI
mmol L~!
1 0.01 76.76 —29.6 0.335
0.02 77.47 —26.2 0.248
0.2 93.82 27.6 0.179
3 0.04 75.3 —18.4  0.246
0.7 55.2 48.6  0.156
2 35.64 56 0.368
5 0.03 70.58 -21.6  0.270
0.7 90.29 39.6  0.222
2 34.99 64.5  0.240

aggregates. It is assumed that the components form a clas-
sic combined aggregate as a pearl necklace.2! The hydro-
dynamic diameter of the Surf—PE mixed aggregates in the
CAC range is 71—77 nm depending on the PAA concen-
tration. At the surfactant concentrations exceeding the
CAC values the particle size decreases to 35 nm. This
phenomenon is observed only at PAA concentrations of 3
and 5 mmol L. It should be mentioned that the hydro-
dynamic diameter of individual PAA macromolecules is
~250 nm. A decrease in the sizes of Surf—PE aggregates
indicates that the surfactants induce compacting of
the polyelectrolyte chain by gradually compensating its
charge similarly to Surf—DNA systems. The compensation
change in the {-potential of the mixed system confirms
the complex formation of the components via the electro-
static mechanism (Table 4).

To conclude, the aggregation and solubilization char-
acteristics of binary systems based on the new pyrro-
lidinium surfactant with the hexadecyl hydrocarbon radi-
cal and hydroxyethyl fragment at the nitrogen atom in the
presence of PAA were studied by tensiometry, conduc-
tometry, dynamic light scattering, fluorescence spectros-
copy, and spectrophotometry. The formation of Surf—PE
complexes results in a decrease in the concentration
thresholds for nanosized aggregate formation by approxi-
mately an order of magnitude. The solubilization capacity
of the formed mixed aggregates was tested using the OOT
hydrophobic dye. The presence of PAA exerts almost no
effect on the solubilization capacity.

This work was financially supported by the Russian
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