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Abstract—On the basis of concentration pH dependences of binary solutions of anionic polyelectrolyte, polymetha-
crylic acid, and nonionic surfactant, nonylphenoxypoly(ethoxy)ethanol the role of hydrophobic interaction in
the development of associative and aggregative processes was shown. It is established that the criterion of
evaluation of the preferred contribution of hydrophobic interaction is the inflection point on the dependence of
pH difference of the individual solutions of nonylphenoxypoly(ethoxy)ethanol and binary solutions of
polymethacrylic acid and nonylphenoxypoly(ehoxy)ethanol on the logarithm of ratio of their concentrations.
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INTRODUCTION

Modern nanotechnologies suggest wide use of
highly disperse systems with the participation of solid
and liquid phases. Constant increase in demand of the
composite materials causes the search for new
effective methods of regulation of the colloid chemical
properties of disperse systems on micro and nano
level. One of such methods is the use of mixtures of
low molecular surfactants and polyelectrolytes. Their
effect on the properties of highly disperse systems
depends on the intermolecular as well as on interphase
interactions. Theoretical aspects of intermolecular
interactions in the solutions of surfactants are des-
cribed in [1], while the investigation of intermolecular
interactions between the macromolecules of polyelec-
trolytes and the molecules of surfactants remains an
actual problem of modern chemistry of solutions [2, 3].
Such studies comprise a wide range of problems. They
dwell mainly on the investigation of interaction
between the molecules of polyelectrolytes with the
oppositely charged molecules of surfactants in water
solutions [4-13] and the macromolecules of poly-
ethyleneglycol-polypropyleneglycol-polyethyleneglycol
block copolymers with the molecules of surfactants
[14-17]. Properties of binary solutions of poly-
electrolytes and nonionic surfactants are considerably
less studied.

In this work we have studied the pH dependence of
solutions on the concentration of nonylphenoxypoly-

(ethoxy)ethanol and polymethacrylic acid. Analysis of
these dependencies on the concentration of nonyl-
phenoxypoly(ethoxy)ethanol and the concentration of
polymethacrylic acid expressed in the basic moles per
liter of solution, that is, corresponding to the con-
centration of carboxy groups —COOH showed
interesting specific features (see Fig. 1).

pH of individual solutions of nonylphenoxypoly
(ethoxy)ethanol and polymethacrylic acid decreases at
the increase in their concentration (Fig. 1, curve /, and
the insertion in it respectively) while pH of their binary
solutions at the increase in concentration of both
components not only does not decrease, but even
increases at high concentrations (Fig. 1, curves 2—4).
The change in the character of pH dependence of
binary solutions as compared to the individual ones
begins at the concentrations of nonylphenoxypoly-
(ethoxy)ethanol significantly lower than critical
concentration of micelle formation (CCM). For the
understanding of obtained results the possible
equilibria which can take place in the individual water
solutions of polymethacrylic acid, nonylphenoxypoly-
(ethoxy)ethanol, and their binary solutions must be
considered.

In the individual water solutions of polymethacrylic
acid the equilibrium connected with dissociation of
carboxy groups is established.
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Ki
~COOH + H,0 «—> —COO +H;O0. (1)

The constant of this equilibrium is described by the
following relationship.
aas

K= : 2)

an

Here q; is the activity of hydrogen ions, a,; and ay, are
the activities of ionized and non-ionized carboxy
groups of polymethacrylic acid respectively.

As is known, non-ionic surfactants like ethoxylates
can exhibit in water solutions the properties of anionic
surfactants [18]. Therefore despite of the non-ionic
character of nonylphenoxypoly(ethoxy)ethanol, the follow-
ing equilibrium can be established in its water solutions.

CoH,4CeH,O(CH,CH,0)sH + H,0
K>
<—>CH,oCH,0(CH,CH,0),CH,CH,0 + H;0. (3)

The constant of this equilibrium is described by the

relationship (4).

asa
K2 =

(4)
asy

Here a3, and a3, are the activities of ionized and non-

ionized molecules of nonylphenoxypoly(ethoxy)-

ethanol.

From the equilibrium constants K; and K, the
activity of hydrogen ions in equilibrium solutions of
polymethacrylic acid [Eq. (5)] and nonylphenoxypoly-
(ethoxy)ethanol [Eq. (6)] can be evaluated.

Kiayn  Ki(ay —ax) _x (020
- — 4]

- 1), ®)

ap =
ary ary i
Kyaz,  Ki(aso—asn) a3
a;z = = = K1 —1. (6)
asy as) asy
Here a,y and as are the activities of carboxy groups of
polymethacrylic acid and molecules of

nonylphenoxypoly(ethoxy)ethanol in starting solutions
respectively, and @, and a;; are the activities of
hydrogen ions in equilibrium solutions of polymetha-
crylic acid and nonylphenoxypoly(ethoxy)ethanol
respectively.

If the ionization degrees of carboxy groups of
polymethacrylic acid and of nonylphenoxypoly
(ethoxy)ethanol molecules are not large, ayo/ar >> 1
and aszo/az; >> 1, Egs. (5) and (6) simplify and permit
obtaining the pH dependence of individual solutions of
polymethacrylic acid (pH,) and nonylphenoxypoly-
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(ethoxy)ethanol (pH;) on the logarithms of their
activities for polymethacrylic acid [Eq. (7)] and non-
ylphenoxypoly(ethoxy)ethanol [Eq. (8)].

K,
pH, = -log (—) — log axy, @)
as
K,
pH; =—log () — log az. ®)
as)

Equations (7) and (8) suggest that pH dependence
in individual water solutions of polymethacrylic acid
and nonylphenoxypoly(ethoxy)ethanol on the activity
logarithm of carboxy groups in polymethacrylic acid
and of the molecules of nonylphenoxypoly(ethoxy)-
ethanol are linear. As the concentrations of surfactant
and polyelectrolyte are not large, for checking the
obtained Egs. (7) and (8) instead of the activities of
carboxy groups ayy and the molecules of non-
ylphenoxypolylethoxy)ethanol as their concentrations
¢y and c3g respectively can be used. Straight line / in
Fig. 1 experimentally confirms the suggested
dependence (8). At the increase in concentration of
nonylphenoxypoly(ethoxy)ethanol pH of its solutions
decreases and linear dependence can be observed in
the pH-log ¢3¢ coordinates. The curve in the insert of

pH

9 pH7
6
8F 5
4 \ \ \
71 I 10 100
€20, mM
6 _M 1

CCM 10
C30, mM

Fig. 1. pH dependence of binary solutions of polymetha-
crylic acid and nonylphenoxypoly(ethoxy)ethanol on the
concentration of surfactant at the concentration of the
carboxy groups of polyelectrolute, mM: (7) 0.00; (2) 0.55;
(3) 5.50; and (4) 55.00.
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Fig. 2. Dependence of ApH of binary solutions of polymetha-
crylic acid and nonylphenoxypoly(ethoxy)ethanol on the
logarithm of the ratio of concentrations of surfactant and of
carboxy groups of polyelectrolyte.

Fig. 1 shows that at the increase in concentration of
polymethacrylic acid pH of its water solutions
decreases, but linear dependence in the pH-log ¢y
cannot be clearly traced. The established insignificant
deflection from linearity may be ascribed to the fact
that the rate constant K; depends on the degree of
ionization of polymethacrylic acid macromolecules

[2].

At the assumption that in binary solutions of
polymethacrylic acid and nonylphenoxypoly(ethoxy)-
ethanol only two above-mentioned equilibria (1) and
(3) take place, the activity of hydrogen ions in them
a1y; considering the simplification of Egs. (5) and (6)
can be expressed as follows.

a aso
+K,

asz asy

a3 =aptai=K

)

The ratio of activities of hydrogen ions in the
binary solutions of nonylphenoxypoly(ethoxy)ethanol
and polymethacrylic acid and the activity of hydrogen
ions in individual solutions of nonylphenoxypoly-
(ethoxy)ethanol can be found from Eq. (10).

a3 Kias/ar + Krazolas, ( Kiax/as

- + 1). (10)

a; Krazo/as kKZGSO/aM

Taking the logarithm of the latter equation permits
to find the difference between pH of individual
solutions of nonylphenoxypoly(ethoxy)ethanol (pH;)
and pH of binary solutions of polymethacrylic acid and
nonylphenoxypoly(ethoxy)ethanol (pH4) [Eq. (11)].

YAREMKO et al.

log agns — log a3 = *pH4 + pH3

Kiayas
=ApH=log ———+1.
Krayaz

(1)

Considering that the activity of hydrogen ions in
individual solutions of polymethacrylic acid is
significantly higher than their activity in the individual
solutions of nonylphenoxypoly(ethoxy)ethanol (which
is confirmed by the experiment, see Fig. 1), (Kiaxas;)/
(Kxanazo) >> 1.

Kiaxas Koayasg
ApH = log ~—log
Ksayaz Kiayas

Ksay, aso
—log (12)

~—log (
Kias,

The obtained equation suggests that the linear
dependence of ApH on log (ay/azp) must take place.
As the concentrations of components are not large, the
ratio of activities of molecules of nonylphenoxypoly-
(ethoxy)ethanol and of the carboxy groups of poly-
methacrylic acid may be substituted by the ratio of
their concentrations.

a

As seen from Fig. 2, at lowest concentration of
polymethacrylic acid (c;p 5.50 mM) a linear
dependence in the coordinates ApH—log (c3o/co) is
observed at the increase in starting concentration of
nonylphenoxypoly(ethoxy)ethanol (straight line 1).
But at the increase in concentration of polyelectrolyte
in binary solutions (curves 2, 3) two linear plots can be
clearly traced in this dependence. The presence of a
inflection on the dependence ApH = f{cso/ca) shows
that in the binary solutions nonylphenoxypoly(ethoxy)
ethanol-polymethacrylic acid besides the two above-
described processes characterized by the equilibria (1)
and (3) other processes causing the change in the
activity of hydrogen ions take place.

Such process may probably be the hydrophobic
interaction between the molecules of surfactants and
macromolecules of polyelectrolyte. It may cause a
series of consecutive effects such as rolling up of
molecular balls of polymethacrylic acid, the increase in
negative volume charge of macromolecules, accumu-
lation of hydrogen ions on the ionized carboxy groups,
and due to that a decrease in the concentration of
hydrogen ions in the volume of binary solutions [2,
19]. As seen from Fig. 2, the increase in the concentra-
tion of the carboxy groups of polymethacrylic acid
shifts the inflection of the dependence ApH—log (c30/c2)
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to the side of larger ratio of concentrations of
surfactant and polyelectrolyte. At lowest concentration
of polymethacrylic acid such inflection was not found.
Evidently, at low concentrations of carboxy groups the
change in the concentration of hydrogen ions in the
binary solutions of polymethacrylic acid and nonyl-
phenoxypoly(ethoxy)ethanol due to the hydrophobic
interaction between the molecules of surfactant and
macromolecules of polyacid is insignificant and cannot
be observed in the experiment. Meanwhile, at the
increase in concentration of polymethacrylic acid in
binary solutions under study the change in the
character of dependence of concentration of hydrogen
ions versus the ratio of concentrations of nonyl-
phenoxypoly(ethoxy)ethanol and polymethacrylic acid
is clearly traced. The slope of straight lines on the
second part of the dependence ApH-log (c30/cy) after
the inflection increases with the growth of con-
centration of polymethacrylic acid in binary solutions
indicating the increase in the effect of hydrophobic
interaction in the solutions with high concentrations of
polyelectrolyte and surfactant. Hence, the investigation
of concentration dependences of pH of binary solution
of polymethacrylic acid and nonylphenoxypoly-
(ethoxy)ethanol permits to isolate the contribution of
hydrophobic interaction in the association processes
which significantly appears after the inflection on the
dependence ApH—log (c3¢/¢20).

As micelle formation in the individual solution of
surfactant is connected with the hydrophobic
interaction of its diphylic molecules, and CCM is an
important characteristic of intensity of this interaction,
it is interesting to compare the position of inflections
on the dependence ApH = flcsp/cao) with the ratio
(cgo/czo) where c¢3 is the concentration of nonyl-
phenoxypoly(ethoxy)ethanol corresponding to CCM
(see the table).

It follows from the presented data that the position
of the inflection on the dependence ApH = f{cso/cao) 1S
located in the concentration range much lower than
CCM. It points to the fact that in the binary solutions
of polyelectrolyte and surfactant under study the effect
of hydrophobic interaction is significantly stronger
developed than in the individual solutions of
surfactants. The obtained results also well agree with
the experimental data of the investigation of the other
properties of binary solutions of surfactants and
polyelectrolytes, particularly, of the surface tension
and viscosity [2, 19]. Dependences of surface tension
of binary solutions of polyelectrolyte and surfactant on
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c§0/cz0 ratio and location of inflection points on the
dependences ApH = f{cso/ ¢20) and A=f{c30/ ¢20)

20, mM c30/ca0 ApH = fleso/cao) | A = flczolcao)
0.55 5.04 - -
5.50 0.50 0.033 0.909
55.00 0.050 0.037 0.127

the concentration of surfactant showed that a
significant interaction between the molecules of
surfactant with macromolecules of polyelectrolyte
determined by the critical concentration of association
begins at the concentrations significantly lower than
CCM. The significant increase in viscosity of binary
solutions of surfactant and polyelectrolyte is also noted
at the concentrations smaller than CCM.

The studies of optical density of binary poly-
methacrylic acid—nonylphenoxypoly(ethoxy)ethanol solu-
tions confirm the existence of associative formations
which scatter light (Fig. 3). Individual solutions of
polymethacrylic acid and nolylphenoxypoly(ethoxy)-
ethanol in the concentration range under study were
optically clear. At the increase in concentration of
nonylphenoxypoly(ethoxy)ethanol the turbidity of
binary solutions increases, and at high concentrations
of carboxy groups of polymethacrylic acid it even
passes through the maximum point. The existence of
the incubation period confirms the fact that at high
concentrations of polymethacrylic acid larger amounts
of molecules of surfactant are necessary for the
formation of associative complexes. As seen in Fig. 3,
the dependences of optical density of binary solutions
on the concentration of nonylphenoxypoly-(ethoxy)
ethane at high concentrations of poly-methacrylic acid
exhibit a maximum point. Its position depends on the
ratio of concentrations of surfactant and
polyelectrolyte. These maximum points are located in
the range of concentrations of surfactant exceeding
CCM.

The existence of maximum point on the
dependence of optical density of binary solutions on
the concentration of nonylphenoxypoly(ethoxy)ethanol
indicates the proceeding of at least two simultaneous
processes causing opposite effects. First of them favors
the aggregation of associates, while the second one
prevents it. At low concentrations the hydrophobic
interaction favors the rolling up of macromolecules
and formation of associates which later aggregate, but
at high concentrations of surfactant the hydrophobic
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Fig. 3. Dependences of optical density of binary polymetha-
crylic acid—nonylphenoxypoly(ethoxy)ethanol solutions on
the concentration of surfactant at the concentration of
carboxy groups of polyelectrolyte, mM: (1) 0.55, (2) 5.50;
and (3) 55.0.

interaction of molecules of nonylphenoxypoly(ethoxy)
ethanol with the rolled macromolecules of poly-
methacrylic acid causes their liophylization and the
increase in the aggregative stability [2,19]. The
simultaneous operation of these two factors favors the
appearance of maximum point on the dependence of
optical density of binary solutions on the concentration
of nonylphenoxypoly(ethoxy)ethanol. Its height and
location depend on the ratio of concentrations of
polyelectrolyte and surfactant. It is interesting to
compare the results of investigation of optical density
of binary solutions of polymethacrylic acid and
nonylphenoxypoly(ethoxy)ethanol with the results of
evaluation of the preferred influence of hydrophobic
interaction on the association processes.

In Fig. 4 the dependences of optical density of
binary solutions on the logarithm of the ratio of
concentrations of nonylphenoxypoly(ethoxy)ethanol
and polymethacrylic acid are presented. The maximum
points on the dependence of the optical density of
binary solutions are shifted to the side of higher ratios
of concentrations of components of binary solutions as
compared to the inflections on the dependences ApH-—
log (c30/cy). The ratio of concentrations of nonyl-
phenoxypoly(ethoxy)ethanol and polymethacrylic acid
in binary solutions when maximum point on the
dependence 4 = f{c3¢/c) is observed also exceeds the
ratio of concentration of nonylphenoxypoly(ethoxy)
ethanol corresponding to CCM to the concentration of
polymethacrylic acid (see the table). The obtained
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Fig. 4. Dependence of optical density of binary poly-
methacrylic acid—nonylphenoxypoly(ethoxy)ethanol solu-
tions on the logarithm of ratio of concentrations of
surfactant and the carboxy groups of polyelectrolyte.

results of investigation of the dependences of pH and
optical density of binary solutions of nonyl-
phenoxypoly(ethoxy)ethanil and polymethacrylic acid
well agree with one another and confirm significant
effect of hydrophobic interaction on the development
of the associative and aggregative processes in binary
solutions of polyelectrolyte and surfactant.

Hence, it is shown that the development of as-
sociative and aggregative processes in binary solutions
of anionic polyelectrolyte and non-ionic surfactant is
significantly influenced by the hydrophobic inter-
action. Its contribution may be evaluated from the
concentration dependences of pH of binary and
individual solutions of components of the system. The
criterion of the preferred contribution of the hydro-
phobic interaction is the inflection on the dependence
of difference in pH of individual solution of surfactants
and binary solutions of surfactant and polyelectrolyte
on the logarithm of the ratio of their concentrations.

EXPERIMENTAL

Following substances were used in these studies:

— polymethacrylic acid, the water-soluble anionic
polyelectrolyte with the elementary unit —C(CHj)-
CH,COOH)- and polymerization degree 350.

— nonylphenoxypoly(ethoxy)ethanol CoH;o—CsH4O—
(CH,—CH,;0)sH, non-ionic surfactant with critical
concentration of micelle formation 2.77 M.
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For preparing individual and binary solutions
bidistilled water was used with the specific
conductivity no more than 0.275 mS m'. For the
achievement of equilibrium the solutions under study
were kept at constant temperature 25°C for 3 h. pH
measurements were carried out on a pH-150M pH-
meter with the glass and silver chloride reference
electrodes with the accuracy of £0.05 [20]. The optical
density was evaluated on a KFK-3 photocolorimeter at
540 nm with the accuracy of £0.001 [21].

REFERENCES

1. Rusanov, A.., Mitselloobrazovanie v rastvorakh
poverhnoctno-aktivnykh veshchestv (Micelle Formation
in the Solutions of Surfactants), St. Petersburg,
Khimiya, 1992.

2. Holmberg, K., Jensson, B., Krenberg, B., and Lindman, B.,
Surfactants and Polymers in Aqueous Solution,
Chichester: John Wiley and Sons, 2003.

3. Goodwin, J., Colloids and Interfaces with Surfactants
and Polymers, Chichester: John Wiley and Sons, 2009.

4. Liu, J., Zheng, L., Sun, D., and Wei, X., Colloids and
Surfaces (4), 2010, vol. 358, nos. 1-3, p. 93.

5. Bukov, A.G., Lin, S-Y., Logio, G., Lyadinskaya, V.V.,
Miller, R., and Noskov, B.A., Colloids and Surfaces, A:
Physicoch. Eng. Asp., 2010, vol. 354, nos. 1-3, p. 382.

6. Mezei, A., Abraham, A., Pojjak, K., and Meszaros, R.,
Langmuir, 2009, vol. 25, nos. 1-3, p. 7304.

7. Guillot, S, Chemelli, A., Bhattacharyya, S., Warmont, F.,
and Glatter, O., J. Phys. Chem. (B), 2009, vol. 113,
no. 1, p. 15.

8. Kapitsky, Y., Zahir, T., and Shoichet, M., Biomacro-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

1557

molecules, 2008, vol. 9, no. 1, p. 166.

Petrishin, R.S., Soltis, M.M., and Yaremko, Z.M.,
Visnik L viv. Univ., Ser. Khim., 2008, no. 49, p.2, p.188.

Liu, Y. and Guo, R., Biomacromolecules, 2007, vol. 8,
no. 9, p. 2902.

Trabelsi, S., Raspand, E., and Langevin, D., Langmuir,
2007, vol. 23, no. 20, p. 10053.

Tugay, A.V. and Zakordonskii, V.P., Zh. Fiz. Khim.,
2006, vol. 30, no. 6, p. 1039.

Wang, H., Wang, V., and Yan, H., Langmuir, 2006,
vol. 22, no. 4, p. 1526.

Lot, D., Tomsic, M., Fritz-Popovshi, G., and Schiller, K.,
J. Phys. Chem., B, 2009, vol. 113, no. 16, p. 5478.

Schillen, K., Jansson, J., Loft, D., and Costa, T., J. Phys.
Chem., B, 2008, vol. 112, no. 18, p. 5551.

Jansson, J., Schillen, K., Nillson, M., Soderman, O.,
Fritz, G., Bergmann, A., and Glatter, O., J. Phys. Chem.,
B, 2005, vol. 109, no. 15, p. 7073.

Bakshi, M.S., Sahar, S., Yashimura, T., and Eumi, K.,
J. Colloid and Interface Sci., 2004, vol. 278, no. 1,
p. 224.

Shenfeld, N., Poverkhostno-aktivnye veshchestva na
osnove oksida etilena (Ethylene Oxide Based Sur-
factants), Moscow: Khimiya, 1982.

Tadros, T.F., Applied Surfactants.
Applications, Weinheim: Wiley, 2005.

Principles and

Yuing, G., Instrumental’nye metody khimicheskogo
analiza (Instrumental Methods of Chemical Analysis),
Moscow: Mir, 1989.

Praktikum po kolloidnoi khimii (Practical Course of
Colloid Chemistry), Lavtov, LS.k, Ed., Moscow:
Vysshaya Shkola, 1983.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No.9 2012



