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DETERMINATION OF THE SURFACE
TENSION COEFFICIENT OF POLYMER GEL

A method for determining the surface tension coefficient at the sol-gel phase interface in the
polymer solution is proposed. The required value is calculated on the basis of the temperature
dependence of the gel phase volume fraction formed during the sol-gel transition. The method
has been tested using the hydroxypropyl cellulose aqueous solution. In particular, the gel phase
volume fraction is determined by measuring the temperature dependence of the solution turbid-
ity. Using the proposed method, it is found that the surface tension coefficient of the examined
solution decreases, if ions of group-1 alkali metals (Li, Na, and K chlorides) are introduced,
which agrees with the classical theory of electrocapillary phenomena in solutions.
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1. Introduction

It is known [1-3] that the polymer solution can ex-
ist in two phase states: the gel and sol phases. The
fundamental difference between them is that polymer
chains form a connected polymer network in the gel
phase, whereas such a network is absent in the sol
phase (see Fig. 1; here polymer chains are depicted
by curves, colored circles stand for network nodes,
and hollow ones for solvent molecules).

The study of the structure and properties of poly-
mer gels is a promising and actively developed sci-
entific direction. Information about the properties of
polymer networks is necessary for the development
of technologies in food industry, the fabrication of
personal hygiene products and drugs, the creation
of functional composite materials, and so forth (see
works [4,5] and references therein). Polymer networks
can be used as detectors to determine the presence of
a small amount of ionic impurities in the solution,
which is important for the development of water pu-
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rification systems. But the most important circum-
stance making the mentioned researches extremely
challenging is the fact that polymer networks are in-
gredients of the human body.

The collagen network serves as a framework for bio-
tissues that ensures their elasticity and strength. The
regeneration of damaged biotissue begins precisely
from the formation of such a network. As was shown
in work [6], it is this process that provides the adhe-
sion between biotissue sections, when they are joined
together making use of electric welding. Furthermore,
a fibrin network arises at blood clotting and is a part
of blood clots [7]. By their microstructure, networks
of polymer hydrogels are similar to the intercellular
matrix in a lot of body tissues, and they can imi-
tate its physical, chemical, and mechanical properties
[8]. Due to their unique properties, polymer hydrogels
have become widely used in ophthalmology [9, 10],
wound healing [11,12], tissue engineering [13,14], and
drug delivery systems [15, 16].

The gel and sol phases can coexist under certain
conditions. An important characteristic of the gel is
the surface tension coefficient o at the interface be-
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Fig. 1. Schematic structure of the gel (a) and sol (b) phases

tween both phases. However, the experimental deter-
mination of the values of this coefficient for gels is
not a trivial task. Really, it is known that, according
to their mechanical properties, gels occupy an inter-
mediate position between liquids and solids. Unlike
liquids, the shear modulus of which equals zero, gels
are ascribed non-zero values of this parameter. Ho-
wever, the shear modulus of gels is much lower than
that of solids.

Due to the indicated differences, the conventional
experimental methods for determining o, which were
developed for liquids or solids, are practically inappli-
cable in the case of gels. In this article, a method for
determining the surface tension coefficient o at the
interface between the sol and gel phases is proposed.

2. Formalism

The proposed method is based on the well-known fact
from the physics of phase transitions that the coeffi-
cient of surface tension between two phases affects the
kinetics of the phase transition between them.

Let the sol and gel phases be denoted by the letters
A and B, respectively. We consider phases A and B to
be some continuums for which the spatial scale sub-
stantially exceeds the critical nucleus size [17]. In the
framework of this assumption and for the case where
the temperature of the system T changes linearly in
time, i.e.,

T = T() + ’Ut7 (1)
where T} is the temperature at which phases A and

B are in equilibrium, and v is the heating rate, the
following formula was obtained [17]:

M
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where 0 is the volume fraction occupied by phase A,
« is the scale dimension of aggregates in phase B, and
D is a constant. The quantity M is determined by the
expression

167 Ty o
= 3kB F7 (3)

where kg is the Boltzmann constant, o is the surface
tension coefficient at the phase interface, and A is the
heat of phase transition per unit volume.

The scale dimension « is determined by the for-
mula [18]

_ d(lnN(R))
“T TdMmR) )

where R is the aggregate size, and N(R) is the num-
ber of structural units in the aggregate.

One of the most applied methods to study the ki-
netics of gel formation is the measurement of the solu-
tion transparency (see, for example, work [1]), which
is proportional to the volume fraction of phase A, 64.

The theory [17] can be used in two ways to ex-
perimentally obtain information about surface ten-
sion. The first variant involves the following sequence
of stages:

1) by measuring the solution transparency, the ex-
perimental dependence 64 (T) is determined;

2) substituting this dependence into the left-hand
side of formula (2), the values of the parameters M
and Tj are calculated;

3) using the calorimetric method, the value of A is
determined;

4) by substituting the found values of M, Ty, and
A into formula (3), the surface tension coefficient o is
calculated.

The second variant is used in comparative stud-
ies. Let us consider two solutions: the original solu-
tion and a solution with a structure different from
the original one. Let o1 and ¢’ denote the coefficients
of surface tension at the interface between phases A
and B in the former and latter solutions, respec-
tively. As the relative surface tension coefficient, we
take the quantity

§=o0'/or. (5)
Let the condition
A1 — N[ < AX (6)
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hold, where A\; and X are the heats of the transi-
tion A — B in the former and latter solutions, re-
spectively, and A\ is the experimental determination
error of the transition heat. Condition (6) obviously
means that the heats of the A — B transition in both
solutions are practically identical.

The second variant consists of the following stages:

1) by measuring the transparency of the original
solution and the solution with the changed structure,
we obtain the corresponding dependences 0 (T');

2) using those dependences and formula (2), we
calculate two values of the parameter M, namely, M,
for the original solution and M’ for the solution with
the changed structure;

3) taking condition (6) into account and bearing in
mind expression (3), we calculate the relative coeffi-
cient of surface tension according to the formula

&= (M'/M)'/3. (7)

It is the latter variant that is used in this paper.

3. Experimental Part

For the research, we chose the 2-wt% aqueous solu-
tion of hydroxypropyl cellulose (Alfa Aesar) [19]. The
molecular weight of this compound equals 10°, and
the substitution degree is 75.7%. We have already
studied earlier the features of the sol-gel transition
in aqueous solutions of cellulose derivatives, both ex-
perimentally [20, 21] and using a mathematical sim-
ulation [22]. It was shown that the researched sol-gel
transition in those systems has a character of the first-
kind phase transition.

In Fig. 2, a schematic diagram of the experimen-
tal setup is depicted. This is an improved version of
the device used by us in work [20] for measuring the
solution turbidity.

As light source 1, we used a GNL-5013PGC G-
Nor LED with a known spectral characteristic. It
was powered using a micropower current stabilizer
made on an LP2951 chip. Light with a wavelength
of 525 nm was fed through fiber optic cable 2 into
thermostatic chamber 3 filled with the polymer solu-
tion. The light beam reflected from mirror 4 returned
through optical fiber cable 6 to a TLS237 digital pho-
tosensor (7) connected to an AVR ATmega328P mi-
crocontroller (8). As a result, the total intensity

Js = J, + J, (8)
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Fig. 2. Schematic diagram of the installation for measuring
the solution turbidity

was measured, where J; is the intensity of the light
flux attenuated because of its passage through the
specimen, and J,. is the intensity of the light flux
scattered by the specimen at an angle of 180°. When
measuring J,., mirror 4 was screened with curtain 5
made of light-absorbing material (black anodized alu-
minum). Thus, in order to determine J; and J, for a
specific specimen, it was necessary to perform two
measurements: in the presence and in the absence of
screen J.

The solution temperature was measured by means
of a digital temperature sensor LMTO1LPG (9) and
another identical microcontroller in unit 8. The illu-
mination and temperature values were synchronously
read out using a block of microcontrollers and trans-
ferred to USB ports of a personal computer using
the RS-232 protocol. Accumulation of data, their fur-
ther processing and visualization were implemented
with the help of a Delphi code. The illuminance
measurement error did not exceed 0.1 lux, and the
temperature measurement error was =+0.1°C. The
chamber with the polymer solution was placed in
light-proof box 10 and connected with the help
of nozzles 11 and 12 to a circulation thermostat
Julabo ME-6. Structurally, elements 4, 5, and 9
together with the output (input) of optical fiber
cables 2 and 6 were arranged in the form of
a probe that was immersed into the examined
solution.

In order to test the efficiency of the proposed
method for determining the surface tension coefficient
of polymer gel, we investigated the aqueous solutions
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Fig. 3. Temperature dependences of the transparency J; of
the 2-wt% aqueous solutions of hydroxypropyl cellulose with
no ions (1), and Li (2), Na (3), and K (4) single charged ions.
The heating rate is 1.1 °C/ min

Variations of the surface tension
coefficient o if ionic impurities are
introduced into the polymer solution

Specimen, Tons on /o1
n
2 Li 0.653 £ 0.203
3 Na 0.573 £+ 0.178
4 K 0.492 + 0.165

of hydroxypropyl cellulose with admixtures of group-I
alkali metal ions (Li, Na, and K chlorides). The mo-
lar salt concentrations in all specimens were identical
and equal to 0.154 mol/1.

Figure 3 illustrates the measurement results of the
polymer solution transparency. All curves in Fig. 3
are calibrated with respect to a transparency level of
100%, which was taken as a value of the photosen-
sor illumination for the curve corresponding to the
ion-free specimen at a temperature of 25°C. The cor-
responding experimental errors are smaller than the
symbol size.

In order for formula (2) to be applicable to inter-
pret the experimental results, it is necessary to change
from the transparency J; to the relative fraction of
the volume occupied by the phase, (7). Table con-
tains the values of the parameters a and M, as well as
the relative change of the surface tension coefficient
(4) and (5), obtained by minimizing the root mean
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square deviation

N
(V) = NY(04(T) — O(T), ©

where N is the number of experimental (approx-
imated) points 6(7}). The data quoted in Table
were obtained under the conditions D = 0.1x
x 10713 K304+9) 7 — 996 K, and a = 3 (these are
optimal values for the entire measurement series).

From the analysis of the data presented in Table, it
follows that the surface tension coefficient (4) is lower,
if there are ions in the specimen. This result can be
explained qualitatively in the framework of the theory
of electrocapillary phenomena in liquids [23, 24]. As
was already indicated above, in this paper, we study
binary symmetric solutions of electrolytes. If such a
solution comes into contact with another liquid, the
concentrations of ions of opposite signs are identical
at a sufficiently large distance from the interface. Ho-
wever, their concentrations near the interface are dif-
ferent owing to the predominant absorption of ions of
a certain sign. The surface charge that is formed at
the interface is compensated by the charge of excess
ions located in the adjacent layer of the solution. It
is the interaction forces between ions associated with
such a compensation that lead to the reduction of the
surface tension coefficient of the polymer gel, which
was observed in our experiment.

4. Conclusions

The behavior of a two-phase system consisting of the
gel and sol phases is significantly affected by the in-
terface layer that separates those phases. In particu-
lar, it is one of the factors governing the kinetics of
the sol-gel transition. On the basis of this fact, the
authors developed a method for determining the sur-
face tension coefficient at the interface between the
sol and gel phases. The essence of the method is ex-
pounded in Section 2, and its verification is carried
out in Section 3.

The authors have not found any information in the
literature concerning the analyzed coefficient and the
methods of its determination.

With the help of the developed method, it is found
that the introduction of ions into the polymer solu-
tion reduces the indicated coefficient. According to
formula (2), the reduction of the surface tension coef-
ficient increases the rate of the sol-gel transition. The-
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refore, the introduction of ions into the polymer so-
lution speeds up the process of the polymer network
formation. In our opinion, this result can be applied
in technologies dealing with polymer gels.
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BUSHAYEHHS{ KOE®IIIEHTA
ITOBEPXHEBOI'O HATAI'Y ITOJIIMEPHOTI'O I'EJIFO

3anponoHOBaHO METOJ, BU3HAYMEHHSI KOe(illieHTa IIOBEPXHEBOIO
HaTATY Ha MeXKi 30J1b- Ta resib-da3 1ojiiMepHoro pos4yuny. s
PO3PaxyHKy IBOTro KoedillieHTa BUKOPHCTaHA TeMIEepaTypHa
3aJIeKHICTD KiTbKOCTI resb-dasu, sfKa yTBOPIOETLCA MiJ dac
30JIb-TeJIb IEPEXO/Ly. 3alpPOIOHOBAHUN MeTOJ, anpobOBaHO Ha
BOJIHOMY PO3YHHI IiIPOKCUNIPOIINE0103u. KinbKicTh resb-
das3u BU3HAYAIACS Ha OCHOBI BHMipIOBaHb TEMIIEPATYPHOI 3a-
JIEXKHOCTI MYTHOCTI. 3a JIOIOMOIOIO 3aIIPOIIOHOBAHOIO METOLY
BCTaHOBJIEHO, 110 KOeMII[i€EHT IOBEPXHEBOI'O HATSAIY BKA3aHOI'O
PO3YMHY BHACJIIOK BBEJIEHHS B HBOI'O 1OHIB JIy?KHUX MeTaJIiB
I rpynu (xnopuau Li, Na i K) 3menmyeTnest, mo y3romxye-
ThC 3 TEOPIEIO €JIEKTPOKAIIJISIPHUX SBHIN Y PO3YHHAX.

Ka10%0861 ¢.a06a: NAPpOKCUIIPOIIIIIEITION03a, Pa30BUil epe-
XiJt, I0HH, TOBEPXHEBUN HATST.
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