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Abstract

In the present study, we have reported a detailed assessment of interactional behavior between the surface active ionic liquid
(SAIL) lauryl isoquinolinium bromide ([C;,1Quin][Br]) and anionic polyelectrolyte poly(4-styrenesulfonic acid-co-maleic acid)
sodium salt (PSS-co-MA) in aqueous media. Various techniques such as surface tension, conductance, dynamic light scattering,
and turbidity have been employed to get insight into interactions among [C;,iQuin][Br] and polyelectrolyte in the interfacial
region. Then, surface parameters such as surface excess concentration (I'.,.), surface pressure at interface (Il;,c), minimum area
occupied by one molecule of SAIL at air—solvent interface (A,;,), adsorption efficiency (pCsg), and surface tension at critical
micelle concentration (cmc) (7Y¢mc) have been calculated from tensiometric measurements. Further, thermodynamic parameters,
i.e., standard enthalpy of micellization (AH m), standard free energy of micellization (AG:n ), and standard entropy of micelli-

zation (AS, ) have been evaluated. The size and shape of complexes formed among [C;,iQuin][Br] and polyelectrolyte have

been characterized using DLS and turbidity measurements.
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Introduction

The interestingly unusual properties of ionic liquids [1-6] give
rise to applications of scientific and industrial interest such as
cosmetics, paints, detergency, foods, drug delivery, coatings
[7], high-performance capillary electrophoresis [8, 9], phar-
maceuticals [10], bioscience, water and soil treatment, oil re-
covery [11], and nanotechnology [12]. It has been foreseen
that ionic liquids hold a convincing potential in surfactant
industry [13]. Additionally, ionic liquids having long alkyl
chain groups are amphiphilic in nature and have been termed
as surface active ionic liquids (SAILs). In addition to the
properties of parent ionic liquid, SAILs possess enhanced sur-
face activity as well as antimicrobial activity [14—16]. The
interactions between similar charged surfactant and
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polyelectrolyte/polymer are rendered considerably absent or
feeble. However, the obvious strong interactions exist among
oppositely charged surfactant and polyelectrolyte owing to
strong attractive electrical attraction. So these systems hold
special attention from investigation point of view. The molec-
ular structure plays an important role in deciding the proper-
ties of a particular ionic liquid and there has been a continuous
ongoing effort dedicated to find out superior alternatives for a
particular application. The various applications of SAILs in
aqueous polyelectrolyte solutions rest upon the understanding
of the complex interaction mechanism between SAILs and
polyelectrolytes.

While studying the systems of oppositely charged surfac-
tant and polyelectrolyte/polymer, expecting the strong attrac-
tive association is quite acceptable. However, repulsive inter-
actions among charged parts of surfactant and charged parts of
polyelectrolytes cannot be ignored and need special consider-
ation. The interplay of electrostatic and hydrophobic interac-
tions decides the micellization behavior of the respective sys-
tem under investigation. The polymeric chains induce micelle
formation. As micellization is the most significant character-
istic of any surfactant solution, the knowledge of driving
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forces for micelle formation becomes essential, and for this
sake, parameters such as free energy, enthalpy, and entropy of
micellization have been calculated by applying the laws of
thermodynamics.

Recently, the interaction of anionic polymer sodium
polystyrene sulphonate (NaPSS) with cationic surface ac-
tive ionic liquid based upon imidazolium, [C,,mim][CI]
(n=10, 12, 14) [17] and [Cgmim][Br] [18], has been in-
vestigated by Mahajan et al. and our group respectively.
Wei et al. [19] have also studied the interaction of aque-
ous l-methyl-3-tetradecylimidazolium bromide
([C14mim][Br]) with NaPSS through various methods.
The interactions among 1-dodecyl-3-methylimidazolium
bromide and sodium carboxymethylcellulose (NaCMC)
have also been studied by Jie et al. [20]. A detailed dis-
cussion is available on the micellization behavior of
pyridinium-based ionic liquids in aqueous solutions [14,
21-23]. Isoquinolinium compounds have been found to
have superior biologically activity as compared to the
pyridinium-based ILs and quaternary ammonium-based
surfactants which opens the gateways to multitudinous
applications in medical field [24]. Lauryl isoquinolinium
bromide ([C;,1Quin][Br]) is a cationic surfactant having
melting point 49 °C. There are not so many reports avail-
able on the isoquinolinium-based ionic liquids [25-30].
Zhang et al. [31] have made an effort to investigate the
micellization of some of N-alkyisoquinolinium-based ion-
ic liquids such as butyl isoquinolinium bromide
([C4iQuin][Br]), octylisoquinolinium bromide
([CgiQuin][Br]), and [C;,iQuin][Br] in aqueous solution
by employing the techniques such as surface tension,
electrical conductivity, and '"H NMR measurements. We
have made a keen effort to investigate the underlying in-
teractions among [C,iQuin][Br] and aqueous solutions of
anionic polyelectrolyte poly (acrylic acid sodium salt)
(NaPAA) in our previous communication [A. Pal, R.
Maan, Journal of surfactants and detergents, Under
Revision, 2017]. With the progressive addition of SAIL
to the aqueous solutions of polyelectrolyte, various tran-
sitions have been observed. Initially, there has been the
formation of [C;,iQuin][Br][-NaPAA complex resulted
due to electrostatic attractive interactions among them
followed by precipitation, and finally, cmc is achieved.
The results obtained from various techniques complement
each other very well. The results obtained from DLS and
turbidity measurements show that size of micelle-like ag-
gregates first decreases and then increases in the presence
of polyelectrolyte. The binding isotherms obtained using
isothermal titration calorimetry (ITC) show the concentra-
tion dependence as well as the highly co-operative nature
of interactions corresponding to formation of polyelectro-
lyte—SAIL complexes. Now, we have extended our inves-
tigation on the surface properties of [C,iQuin][Br] in
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aqueous solution of an oppositely charged polyelectrolyte
poly(4-styrenesulfonic acid-co-maleic acid) sodium salt
(PSS-co-MA) by using surface tension, electrical conduc-
tivity, dynamic light scattering, and turbidity measure-
ments. There is no report available on the interactional
behavior of ILs such as [C;,iQuin][Br] and PSS-co-MA
in aqueous media. Altogether, these provide an under-
standing of the role of various interactions prominent in
our current system under study. The schematic of the
present work has been presented in Scheme 1.

Experimental
Materials

1-Bromododacane (>98%), poly(4-styrenesulfonic acid-co-
maleic acid) sodium salt (PSS-co-MA) (M,, ~20,000, 1:1 4-
styrenesulfonic acid:maleic acid mole ratio), and isoquinoline
(97%) were purchased from Sigma-Aldrich. Methanol (99%)
was bought from Rankem. All aqueous solutions have been
prepared using Millipore-grade water. The specific conductiv-
ity and surface tension of Millipore-grade water were mea-
sured and were found to be 3 uS cm ' and 71 mN m ! re-
spectively. The ionic liquid [C;,iQuin][Br] has been synthe-
sized and purified in laboratory followed by drying under
reduced pressure. "H NMR technique has been used to verify
the purity of [C;,iQuin][Br]. The detailed information of
chemicals used in the present study has been provided in
Table 1.

OZ?ZO PSSA -co-MA
OR

P

Lauryl Isoquinolinium Bromide

Scheme 1 Chemical structure of ionic liquid lauryl isoquinolinium
bromide ([C;,iQuin][Br]) and polyelectrolyte poly(4-styrenesulfonic
acid-co-maleic acid) sodium salt (PSS-co-MA)
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Table 1 The specification of chemicals
Chemical name CAS No.  Source Purity
(mass
%)
Isoquinoline 119-65-3 Sigma-Aldrich, 97%
USA
1-Bromododecane 143-15-7 Sigma-Aldrich, >98%
USA
Dichloromethane 75-09-2  Sigma-Aldrich,
USA
Poly(4-styrenesulfonic 68037-40-1 Sigma-Aldrich,
acid-co-maleic acid) sodium USA

salt (M,, ~20,000)

Synthesis of lauryl isoquinolinium bromide

A particular amount of both of the reactants, i.e., isoquinoline
and alkyl bromide, were weighed and added to a 250-mL
round-bottomed flask along with solvent acetonitrile under
nitrogen atmosphere. The reaction mixture was heated to re-
flux for 2 h. Then, dichloromethane was added to the crude
product obtained after refluxing followed by the addition of
activated carbon to achieve decolorization. Finally, the red
colored thick oil was obtained which was allowed to cool at
room temperature and several washings with n-hexane were
performed in order to achieve recrystallization and remove
any unreacted reagents. Then, [C;,iQuin][Br] was kept under
vacuum for 3 days to ensure the elimination of any solvent
residue. The moisture content was found to be less than
0.02 wt% from Karl-Fischer titration method. The structure
of [C1,iQuin][Br] was confirmed by analyzing its "H NMR
spectra.

The NMR details of corresponding protons for
[C45iQuin][Br] are given as follows: DMSO-d6 0.85(t,3H),
1.22(m,20H), 4.76(t,2H), 8.28(t,1H), 8.40(t,1H), 8.53(d,1H),
8.65(d,1H), 8.89(d,1H), and 10.23(S,1H).

Instruments and methods

All aqueous solutions have been prepared with Millipore-
grade water. A & D co limited electronic balance (Japan,
model GR-202) has been used to weigh the chemicals and it
has an accuracy of 0.01 mg.

Tensiometry

Surface tension measurements were performed out at
298.15 K by a Data Physics, Model DCAT-II automated ten-
siometer which employs the Wilhelmy plate method. The suc-
cessive additions of IL into the aqueous polyelectrolyte solu-
tion were made by volume. Then, the solution was stirred for
few minutes with an aim to achieve complete solubilization.
After stirring, the solutions were allowed to rest for few

minutes to equilibrate. Three readings were noted and they
were accurate within +0.02 mN m™'. The Julabo water ther-
mostat was used in order to control temperature with an un-
certainty of 0.01 K.

Conductivity measurements

A digital conductivity meter CM-183 microprocessor-based
EC-TDS analyzer with ATC probe has been used to measure
electrical conductivities in solution. The conductivity cell hav-
ing electrodes made up of platinium metal and cell constant
1.003 cm ! was purchased from Elico Ltd., India. It was cal-
ibrated with aqueous KCI solutions (0.01—1.0 mol kg ") be-
fore any experimental measurement was made. The measure-
ments were performed in a double-walled flow dilution cell
which has been jacket by water and it had an uncertainty of
0.01 K at 298.15 K. Three readings were noted for every
particular concentration, and finally, mean values were con-
sidered. The uncertainty in the electrical conductivity mea-
surements was less than 4%.

Dynamic light scattering and turbiditimetry

DLS measurements were carried out with the help of
NaBiTecSpectro-Size300 light-scattering apparatus
(NaBiTec, Germany) with a He—Ne laser source (633 nm,
4 mW) at 298.15 K. A membrane filter of 0.45 pum pore size
was used to filter [C1,iQuin][Br]-NaPAA solutions of appro-
priate concentrations into quartz cell which was previously
rinsed with filtered water. The measurements were performed
at controlled temperature within accuracy of 0.1 K. The laser
light from source falls upon the cell containing sample and the
scattered light signal is obtained at a scattering angle of 90°.
The instrument has inbuilt CONTIN algorithm which was
used to evaluate DLS data.

The turbiditimetric measurements of the solutions were
performed using (Eutech TN-100) turbiditimeter.
[C1,iQuin][Br]-NaPAA solutions of appropriate concentra-
tions were prepared followed by stirring for few minutes.
Then, the samples were allowed to equilibrate for approxi-
mately 5 min, and then, the measurement was made.

Results and discussion

The complex formation among [C;,iQuin][Br] and PSS-co-
MA in aqueous media at various concentration of PSS-co-MA
has been studied using different techniques such as surface
tension, conductance, dynamic light scattering, and
turbiditimetry.
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Tensiometry

Surfactants decrease the interfacial tension between the
phases. The addition of polymer to surfactant solution gener-
ally improves the surface activity which depends upon the
concentration of both the surfactant and polymer. As the sur-
factant solution of a particular concentration is added to the
aqueous solution, the surface tension starts decreasing up to a
point, typically called as cmc, after which the surface tension
does not decrease further and becomes fairly constant. Beyond
this point, all the surfactant added to the solution forms mi-
celles. However, while considering the solutions of surfactant
and polyelectrolytes/polymers, the scenario is not that
straightforward. In these systems, we observe four distinct
characteristic concentrations where the surface tension chang-
es quite sharply corresponding to the progressive formation of
SAIL—polyelectrolyte complex (c,), critical aggregation con-
centration (cac), critical saturation concentration (c,), and crit-
ical micelle concentration (cmc) which result from strong hy-
drophobic and electrostatic interactions. The interactions
among surfactants and polyelectrolytes originate from hydro-
phobic and electrostatic interactions [32]. The association of
surfactant to polymer is a co-operative phenomenon [33].
When the surfactant ([C;,iquin][Br]) solution has been added
to the aqueous polyelectrolyte PSS-co-MA solution, the sur-
face tension values start decreasing at concentration C; which
corresponds to the adsorption of surfactant monomers at the

PSS-co-MA surface. Initially, in the dilute region, only a small
change in surface tension is noticed. Further, as the concen-
tration of surfactant is increased, appearance of another hump
corresponds to the cac which refers to the onset of association
of surfactant monomers to the binding sites available on the
chains of the polymer and formation of surface-active PSS-co-
MA-[C,,iQuin][Br] aggregates. Further, beyond this point,
co-operative binding of SAIL and polyelectrolyte results orig-
inated from the electrostatic binding followed by stabilization
through hydrophobic interactions among SAIL’s tails. During
this phenomenon, SAIL ion replaces the counter ion of poly-
electrolyte and a neutral ion pair is formed at the binding site.
It leads to precipitation which is usually observed in the op-
positely charged polyelectrolyte—SAIL systems [34]. As we
proceed further, another characteristic transition is approached
which means c;. It means that the polyelectrolyte chains have
become saturated with the surfactant monomers and no more
free binding sites are available for surfactant monomers
followed by cmc beyond which all the surfactant added forms
free micelles into the solution. Once the cmc has been reached,
no further decrease in surface tension has been observed indi-
cating that polyelectrolyte surface has been fully occupied
with surfactant monomers.

Tensiometric profiles of [C;,1Quin][Br] in different con-
centrations of PSS-co-MA (0, 0.005, 0.0075, and 0.01 g/L
PSS-co-MA) have been plotted in Fig. 1. We have studied
the interactions at lower concentrations as compared to

Fig. 1 Surface tension of aqueous 50
solutions of [C1,1Quin][Br] and 604 @ 0 g/L PSS-co-MA @ 0.005 g/L PSS-co-MA
PSS-co-MA as a function of ° . 45
added [C,iQuin][Br] in the i
absence (@) 0 g/L and presence of 504 L °
different concentrations () ° ° ee € L 40
0.005 g/L, (%) 0.0075 g/L, and ° e, 1 cac
(@) 0.01 g/L of PSS-co-MA at 404 { S
o |
temperature 298.15 K °, , eme , Cll}t 35
I. ° o
30 '°}°° 30
_'A
£ 037 1.00 272 739 005 014 037 100 272 739
Z 50 55
§ 0.0075 g/L PSS-co-MA @ 0.01 g/L PSS-co-MA
451 ° -S0
C ° 45
40 1 cac .
| % 40
354 Cs me i oo0,,, CAC ¢
| 1 CIRC 35
30+
T T T T r T v T T —-30
0.14 037 1.00 2.72 7.39 0.14 0.37 1.00 2.72 7.39
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[C1,21Quin][Br[-NaPAA system because of higher turbidity
levels at higher concentrations were observed. For pure
[C1,1Quin][Br], the value of surface tension gradually de-
creases with the increase in concentration of SAIL until a knap
regime, beyond which surface tension does not decrease fur-
ther. All these characteristic interaction concentrations have
been tabulated in Table 2. From Fig. 1 and Table 2, it is ob-
served that the cmc has decreased with the addition of surfac-
tant to the 0.005 g/L. PSS-co-MAA solution which is a result
of synergistic effect [35] resulted by strong electrostatic attrac-
tive interactions among the head groups of SAIL and poly-
electrolyte. This phenomenon exists at a very low concentra-
tion of surfactant when even pure surfactant is incapable of
getting adsorbed at the surface of the solution. The solvency of
the backbone of polymer affects the structural aspects of the
SAIL—polyelectrolyte complex. Typically, the polymers with
hydrophobic tails do not stay around the head group region;
rather, they penetrate into the miceller core and expand the
hydrophobic moiety which decreases the cme. However, the
cmc value increases upon increasing the concentration of
polyelectrolyte from 0.005 to 0.0075 g/L PSS-co-MAA solu-
tion and the same trend has been noticed by conductance
measurements as well. The hydrophobic interactions override
over electrostatic attractions between oppositely charged
SAIL and polyelectrolyte due to which SAIL monomers have
been stabilized leading to micellization at relatively higher
concentration of polyelectrolyte. As we increase the concen-
tration of polyelectrolyte from 0.0075 to 0.01 g/L PSS-co-
MAA solution, the cmc again decreases.

Table2 The various characteristic interaction concentrations ¢y, cac, ¢,
and cme (mmol L") observed from tensiometry and conductometry of
[C1,1Quin][Br] in the absence and presence of the polyelectrolyte PSS-
co-MA at 298.15 K

[PSS-co-MA] (g/L) Tensiometry Conductometry

0.0 cmc 5.05 522
0.005 cy 0.45 1.02
cac 2.23 2.12

Cs 3.62 _
cmc 4.73 4.38
0.0075 ci 0.50 0.63
cac 2.26 2.34

Cs 4.13 _
cmc 5.13 5.08
0.01 c1 0.50 0.54
cac 1.97 2.01

Cs 347 _
cme 4.18 4.34

Uncertainties are s (conc. of PSS-co-MA) =+1 x 107> g/L, s (cme)st =
£2x107° mol L™, 5 (cmC)eong. =+ 1% 107° mol L1, s (N =%1x
1072 K, and s(p) =+2 kPa

Some other intermediate concentrations of the polyelectro-
lyte have been measured repeatedly in order to clarify the
disturbance of the general tendency by the probe with
0.0075 g/L PSS-co-MA at the studied temperatures. We ob-
served that the cmce has been found to decrease with increase
in concentration but increases at 0.0075 g/L of PSS-co-MA
and then finally decreases again as we increase the concentra-
tion further to 0.01 g/L (Table 3). The increase in cmc values
for [C;,iQuin][Br] in the presence of 0.0075 g/L PSS-co-MA
may be due to partial shifting of interacting [C,,iQuin][Br]
and polyelectrolyte molecules from the surface towards the
bulk for aggregate formation. It means that there is a compet-
itive formation of surface polyelectrolyte/SAIL complexes
and bulk polyelectrolyte/SAIL complexes. The difference in
behavior of the polyelectrolyte—surfactant samples arises ow-
ing to modifications in the surface and bulk properties of the
system. In general, the increase in cmc values with increase in
polymer concentration has been observed by Cervantes-
Martinez A and Pandey et al. [36, 37]. They reported that
interfacial area expansion, surfactant monomer diffusion,
and breakdown of micelles are responsible for this phenome-
non. Here, there is competitive in this phenomenon that op-
poses micellization and hence increases the cmc at 0.0075 g/L
of PSS-co-MA.

‘We have obtained different trend for the oppositely charged
system [C,1Quin][Br] and NaPAA. The cmc values decrease
upon increasing the concentration of polyelectrolyte up to
0.01 g/ NaPAA but different trend has been noted as we
increase the concentration further from 0.01 to 0.025 g/L
NaPAA.

Further, from the tensiometric profile, the various surface
parameters have been determined by using Gibbs equation
such as surface excess concentration (I',.«), surface pressure
at the interface (7 ), minimum area at air—solvent interface
(Anin) covered by single monomer of SAIL, and surface ten-
sion at cmc (Yeme) [38] and their corresponding values have
been provided in Table 4.

The T'\y,ax 1s usually calculated through the measurement of
adsorption of SAIL in the air-liquid interface obtained by
using the following equation [39]:

dvy
dInCr

= —nRTT nax (1)

where + is surface tension, R is universal gas constant, 7'is the
temperature, n represents the number of ions formed in solu-
tion, and Crdenotes SAIL’s concentration at a particular tem-
perature. The minimum area occupied by the SAIL, A, has
been calculated from [40]:

1020
Amin = ———— 2
TN A X Tinax 2)

where Ny is Avogadro’s number. The values of I, and A i,

@ Springer



488

Colloid Polym Sci (2018) 296:483-494

Table 3

The values of critical micelle concentration (cmc), degree of dissociation («v), free energy of micellization (AG; ), enthalpy of micellization

(AH ; ), and entropy of micellization (AS:n ) of aqueous [C,iQuin][Br] solutions in different concentrations of PSS-co-MA at different temperatures

PSS-co-MA (g/L) cme (mM) @ (AH,,) (kI mol ") (AG;,) (K mol ") (AS;, ) (JK " mol ")
T=298.15K

0.0 522 0.375 -12.13 -37.35 84.58
0.005 4.38 0.377 -10.02 -38.01 93.88
0.0075 5.08 0.386 -5.29 -37.21 107.05
0.01 436 0.372 -10.72 -38.14 91.99
T=308.15K

0.0 539 0.387 - 12.24 -38.18 84.18
0.005 471 0.390 -10.59 -38.67 91.12
0.0075 4.92 0.399 -6.31 -38.27 103.74
0.01 4.47 0.383 -1021 -39.05 93.60
T=318.15K

0.0 5.63 0.396 ~13.04 -39.02 81.66
0.005 491 0.397 -15.82 -39.57 74.67
0.0075 4.85 0.410 -5.93 -39.30 104.90
0.01 4.58 0.393 -11.99 -39.98 87.98

Uncertainties are s (conc. of PSS-co-MA)=£1x 107 g/L, s (cMC)eona, =% 1 ¥ 10 mol L', s (AG,, )=£0.02 kI mol ™", s (AH, ) =%0.01 kI mol ",

S(AS, )=+0.02kImol™", s (T)=+1x107 K, and s (p) =+2 kPa

have been found to follow the opposite trend. For
[C1,1Quin][Br]-PSS-co-MAA system in aqueous solution of
different concentrations of PSS-co-MAA, I',,,,« decreases and
Anin increases (with an exception of 0.0075 g/L PSS-co-
MAA) which suggests that there exists higher concentration
of SAIL molecules at the air-aqueous interface. The increas-
ing values of A,;, indicate that packing density increases with
increasing the polyelectrolyte concentration at the interface.

The pC,q is an important surface parameter, which is
known as the adsorption efficiency and that can be obtained
from the following equation:

pC20 = _IOgCQO (3)

Table 4 The surface parameters, i.c., surface tension at cmc (Yeme)s
effective surface tension reduction (m¢me), surface excess (I'max),
minimum area per molecule (A,;,), and adsorption efficiency (pCs), of
[C1,21Quin][Br] and [C;,iQuin][Br] at different PSS-co-MA
concentrations

[[PSS-co- Yeme Teme [iax % 10° Amin pCao
MA] (g/L) (MNmYH mNm" (molm? (nm?)

T (298.15 K)

0.0 30.50 31.15 136 122 085
0.005 31.26 31.15 0.13 1324 1.84
0.0075 31.71 31.61 0.20 823 026
0.01 31.99 31.88 0.03 5210 3.13

Uncertainties are s (conc. of PSS-co-MA)=+1x 107 /L, s (Teme) ==+
02mMm ', s Coa) =£0.03 % 107 molm™2, s (Apyn) =+ 0.02nm? ,, s
(D=+1x102 K, and s (p)=+2 kPa
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where C, is the SAIL concentration which decreases the val-
ue of ~y for pure water by 20 mN m™". This is the lowest
concentration which is required to lead saturation of the sur-
face adsorption. The values of pC,o have been found to in-
crease for [C;,1Quin][Br}-PSS-co-MAA system with the in-
crease in the concentration of PSS-co-MAA (except for
0.0075 g/L PSS-co-MAA) which indicates that the adsorption
efficiency has increased at the air-aqueous interface upon in-
creasing the concentration of polyelectrolyte for
[C1,1Quin][Br]-PSS-co-MAA system. The substantial de-
crease in the value of Cy at 0.0075 g/L PSS-co-MA indicates
the decrease in the adsorption efficiency with increase in con-
centration from 0.005 to 0.0075 g/L PSS-co-MA. It suggests
that at 0.0075 g/L PSS-co-MA, there is a decrease in the sur-
face activity of SAIL.

Further, a parameter 7., the comparative effectiveness of
SAIL molecule, has been estimated by surface pressure at
cmc. That has been calculated using the following equation
[40]:

Teme = Y0~ Yeme (4)

where Y.mc 1S the surface tension at cmc for a solution of
particular concentration and ~, is the surface tension of pure
solvent. From the data, it shows that overall values of 7.y
have been found to decrease with an increase in the concen-
tration of PSS-co-MA, which implies that the efficiency of
SAIL in reducing the value of surface tension decreases in
existence of polyelectrolyte. However, for 0.0075 g/L PSS-
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co-MA, the value of 7, has decreased which is in accor-
dance with the reason stated above.

Conductance measurements

The experimental electrical conductivities of aqueous
[C,,1Quin][Br] solutions in the absence and presence PSS-
co-MA in different concentrations (0, 0.005, 0.0075, and
0.01 g/L PSS-co-MA) have been presented in Fig. 2. The
values of cmc and various parameters have been listed in
Table 2. In the electrical conductivity versus concentration
plots, two straight lines have been obtained. These lines have
been found to have different slopes for which micelle forma-
tion can be held responsible. The cmc value has been assigned
to the point of intersection of these two tangential lines. The
conductometric profiles of the systems studied show a de-
crease in the values of cmc of [C;,1Quin][Br] after the addition
of the polyelectrolyte PSS-co-MA. It means that the electro-
static attractive interaction between the positively charged
head group of [C;,iQuin][Br] and negatively charged groups
on the chain of polyelectrolyte is dominant over the hydro-
phobic interactions existing among the hydrophobic tail PSS
of anionic polyelectrolyte poly(4-styrenesulfonic acid-co-ma-
leic acid) sodium salt and docecyl chain of lauryl
isoquinolium bromide. These interactions give rise to micelle
formation at a comparatively lower concentration of SAIL.
The specific conductance (x) of aqueous
[C121Quin][Br] solutions in the presence of different con-
centrations of PSS-co-MAA at different temperatures has
been depicted in Fig. 3. From Table 3, it is clear that the
cmc initially decreased upon addition of surfactant to the

lower concentrations of PSS-co-MA due to micelle forma-
tion. The electrostatic interactions among oppositely
charged SAIL and polyelectrolytes reduce the repulsion
among head groups at micellar surface which leads to
early micelle formation as compared to pure SAIL system.
As the oppositely charged groups on polyelectrolyte chain
get attracted to the oppositely charged head groups of
SAIL, there is effective screening of the repulsive electro-
static interaction and the head groups of SAIL are closely
packed up. It effectively facilitates the growth of micelle.
However, upon increasing the concentration to 0.0075 g/L
PSS-co-MA, an increase in cmc has been noticed. The
steric interactions among the bulky head groups of SAIL
prevail and stabilization of individual surfactant mono-
mers via hydrophobic interactions can be accounted for
this phenomenon. However, further increasing the con-
centration to 0.01 g/l PSS-co-MA, again, a decrease in
cmce has been observed which indicates the early stabili-
zation of SAIL.

The ratio of slopes of pre and post miceller region in
the conductance versus concentration profile [41-44] pro-
vides the degree of counter-ion dissociation (). In the
conductivity profiles, a break has been observed in the
high SAIL concentration which is around cac in the sur-
face tension trends followed by cmc. The redissolution
leading to restricted movement of counter ions can be
hold accountable for the slow increase in conductance
after cmc. Finally, on further addition of SAIL, more
and more SAIL molecules adsorb on the backbone of
polyelectrolyte leading to enhanced positive charge on
the polyelectrolyte. If the concentration of polyelectrolyte

Fig. 2 Specific conductance () 600
of aqueous [C,iQuin][Br]

solutions in the absence (@) 0 g/L

and presence of different 500 4

concentrations (@) 0.005 g/L, (#)
0.0075 g/L, and (@) 0.01 g/L of
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Fig. 3 Specific conductance () 600
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is increased, values of cmc of systems under investigation
decrease except at the intermediate concentration for the
reason mentioned in the previous section. The cmc varia-
tion with temperature depends upon many factors [45].
Figure 3 shows an increase in cmc with increase in tem-
perature for 0, 0.005, and 0.01 g/L PSS-co-MA and a
decrease for 0.0075 g/L PSS-co-MA. The cmc variation
with temperature has been resulted from the unfavorable
circumstances for the micelle formation originated from
the destruction of water structure around the hydrophobic
groups. However, the decrease in cmc with increase in
temperature has been observed for 0.0075 g/L PSS-co-
MA which may be accounted to the decreased hydration
of hydrophilic groups.

Various thermodynamic parameters of micellization have
been calculated for SAIL—polyelectrolyte system of current
interest using the temperature dependence of cmc. The stan-
dard Gibbs free energy (AG:rl ) of micellization for the SAIL—
polyelectrolyte all the systems were calculated using the fol-
lowing equation [46]:
AG. = (2=a)RTIX ¢ (5)

where T 'is the temperature of the system, R represents univer-
sal gas constant, and X, is cmc that has been obtained from
the electrical conductivity versus concentration plots and has
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been expressed in mole fraction.
The enthalpy of micellization (AH,, ) has been obtained by
applying van’t Hoff equation [42]:

dinX d(1—
S +lanmc ( Oé)

S
AH,, = —RT*|(2-0) —_ —

(6)

Further, entropy of micellization, (AS:n ) has been calcu-
lated using the following equation [46]:

- AH -AG,

AS, .

(7)

By using the provided equations, the thermodynamic var-
iables have been calculated and reported in Table 3. The
changes in different parameters have been observed with
change in polyelectrolyte concentration and they collectively
direct towards major important phenomenon occurring into
SAIL—polyelectrolyte aqueous solutions. The values of AS:’11
have been found positive indicating that the micellization pro-
cess is driven by entropy. The values of AS:H are greater in the
presence of polyelectrolyte. There exists a highly ordered
structure of water around the hydrocarbon chain of surfactant
monomers. When these monomers associate into micelles,
this ordered structure of water breaks followed by releasing
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Fig. 4 Distribution of the 0.8
hydrodynamic diameter Ry, for gg

5.002 mM

0.01 g/L PSS-co-MA solution in
the presence of different
[C4,1Quin][Br] concentrations at

3.512 mM

temperature 298.15 K

3.115 mM

2,523 mM

0

of water molecules and this accounts for higher entropic states
of the system. The A/ values have been found negative for
all the concentrations of PSS-co-MA indicating that micelli-
zation process is exothermic. With the increase in polyelectro-
lyte concentration, the overall AH decreases pointing that
less heat has been evolved with increase in concentration of
PSS-co-MA. 1t is inferred that the enthalpy change contribu-
tion is lesser than the entropy-driven phenomenon during mi-
cellization process at all concentrations. Also, AH m values
decrease with increase in concentration but increase with tem-
perature which means that the process is more exothermic at
lower polyelectrolyte concentration and higher temperature.
We conclude that, at lower surfactant concentration or at
higher polyelectrolyte concentration, the electrostatic interac-
tions are dominant due to binding of [C12iQuin][Br] mono-
mers to the PSS-co-MA chain. As the [C12iQuin][Br] con-
centration increases, the interaction between [C12iQuin][Br]
and PSS-co-MA decreases leading to the formation of four
characteristic surfactant concentrations.

The tendency to acquire minimum free energy has been
considered as the driving force for the micellization process.
The values of AG, have been found negative indicating that
the micellization is a spontaneous process. The values of AG,
become more negative upon increasing the concentration of
PSS-co-MA indicating that the process has become more
spontaneous and the SAIL’s efficiency has increased in the
presence of PSS-co-MA (except at 0.0075 g/L PSS-co-MA).
Also, for our previous system [C12iQuin][Br] and NaPAA, it
was inferred that the enthalpy change contribution was lesser
and the it was entropy-driven phenomenon. The values of A
G, became more negative upon increasing the concentration
of NaPAA indicating that the process was more spontaneous.
The efficiency of SAIL was improved in the presence of
NaPAA.

Intensity (%)

0.8
0.4
0.0
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Dynamic light scattering and turbiditimery

Dynamic light scattering measurements (also termed as photon
correlation spectroscopy) were performed to determine the hy-
drodynamic size and type of the self-assembled aggregates of
[C1,iQuin][Br] in aqueous medium in the presence of 0.01 g/L
PSS-co-MA solution to get insight into the distribution of size
along with change in concentration. It provides the time depen-
dence of fluctuations in the intensity of light with the help of
which diffusion coefficient, and finally, the miceller hydrody-
namic radius has been obtained. The hydrodynamic radii, Ry,
of the self-assembled structures measured from DLS have been
presented in Fig. 4. Upon the addition of SAIL in the concentra-
tion range below c¢;, SAIL monomers just start to chains of
polymer because of electrostatic attraction as observed in the
electrical conductivities as well as tensiometric measurements

60 A
l —u— 0.005 g/L PSS-co-MA
50 — e 0.0075 g/L, PSS-co-MA
=) 1 4— (.01 g/LL PSS-co-MA
=~ 404
z
<
£ 30-
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[C12iQuin][Br] (mmol kg'])
Fig. 5 Turbiditimetric profiles of [C;,1Quin][Br] in the presence of

different concentrations (@) 0.005 g/L, (#) 0.0075 g/L, and (@) 0.01 g/
L of PSS-co-MA at temperature 298.15 K

@ Springer



492

Colloid Polym Sci (2018) 296:483-494

at ¢, and two different peaks are observed in DLS measurements.
The two different peaks correspond to both the polyelectrolyte
monomer and multimers. In the beginning, there is a small, nar-
row peak in the vicinity of large and prominent first peak which
refers to the starting of formation of multimers. Later, with the
increase in the surfactant concentration, the second peak becomes
significantly broader showing the existence of polyelectrolyte
and SAIL complex. The first peak with smaller hydrodynamic
radii refers to the soluble complex formed between SAIL and
polyelectrolyte in the diluted equilibrium solution while the latter
with larger hydrodynamic radii stands for the insoluble aggre-
gates of SAIL and polyelectrolyte. If the surfactant addition is
continued further, SAIL shows a decrease in R}, which is due to
the compactness of structure of PSS-co-MA—[C;,iQuin][Br]
complex as the polymeric chains coil up caused by the ap-
proaching hydrophobic parts of the SAIL towards each other.
This creates aggregates of bounded SAIL molecules to polyelec-
trolyte chain. Finally, for [C,,iQuin][Br], at a concentration ex-
ceeding cmc, hydrodynamic radii shrink due to existing poly-
electrolyte-SAIL complex. The same behavior has been noted
for [C;,iQuin][Br] and NaPAA systems..

An attempt has also been made to get insight into the size of
complexes formed among [C12iQuin][Br] and PSS-co-MA in
the concentration range of interest using turbiditimetry. The
change in turbidity of SAIL in different concentrations of
aqueous polyelectrolyte solutions has been depicted in
Fig. 5. The turbidity initially increases with increase in the
concentration of SAIL, and then, precipitation is observed.
At surfactant concentrations exceeding cac, the turbidity
sharply decreases and becomes roughly constant which is
due to redissolution of precipitates. We have achieved higher
turbidity levels for the current systems as compared to
[C4,iQuin][Br] and NaPAA system studied recently.

Conclusion

The studies related to the micellization behavior of a cationic
surfactant [C;,1Quin][Br] in aqueous solutions of an opposite-
ly charged polyelectrolyte PS-co-MA have been performed by
using surface tension, conductance, dynamic light scattering,
and turbidity measurements. The cmc obtained from various
techniques have been found to be well correlated with each
other. We found that the electrostatic interactions have been
sufficient enough to form strong complexes between the poly-
electrolyte and the oppositely charged SAIL. The binding has
been favored by the large electrostatic attraction in the current
systems and this association process is spontaneous and exo-
thermic. The binding occurred at very low free surfactant con-
centration. The cmc overall has decreased owing to electro-
static attractive interactions prevailing in the systems of cur-
rent interest except at intermediate concentration of polyelec-
trolyte. This is due to overriding of hydrophobic interactions

@ Springer

among the hydrocarbon tails of the [C;,1Quin][Br] and PSS-
co-MA interacting altogether in aqueous solution. The steric
constraints among SAIL head groups and polyelectrolyte seg-
ment are present on the miceller interface. These tend to im-
mobilize the micelle which is responsible for the observed
trend. Later, the self-assembled structures were characterized
with DLS and turbidity. The hydrodynamic radii initially in-
creased as the binding between SAIL and polyelectrolyte
chains initiated. Then, it was followed by two different peaks
related to monomers as well as multimers. Finally, the hydro-
dynamic radii shrink due to the presence of SAIL—polyelec-
trolyte complex. The turbidity initially decreased after cac due
to precipitation and then roughly became constant because the
precipitates were redissolved [32, 47].
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