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PHASE TRANSITION
AND MICROGEL FORMATION
IN POLYMER SOLUTIONS WITH SALT IONS

The features of the phase transition in dilute polymer solutions leading to the formation of a
new phase, which is a swollen polymer mesh, have been considered. It is shown that, under cer-
tain conditions, only small clusters, microgels, of the new phase are formed and precipitate. A
formula for the time dependence of the average microgel radius is derived. Using the method
of dynamic light scattering, the time dependences of the cluster size in dilute aqueous solu-
tions of hydroxypropyl cellulose with NaF, NaCl, NaBr, and NaI salt ions are obtained. The
experimental results are compared with the derived formula.
K e yw o r d s: phase transition, microgel, hydroxypropyl cellulose, salt ions.

1. Introduction

In recent years, the rapid development of gel physics
has been observed, which is associated with the ap-
plication of gels in medicine [1–4]. The most usable
in this domain are hydrogels created on the basis of
water-soluble cellulose derivatives [5–7], which is as-
sociated with such unique properties of these mate-
rials as their availability, cheapness, and biocompat-
ibility. In addition, the mentioned gels have low val-
ues of the lower critical solution temperature [8, 9],
which makes them a good choice for biomedical ap-
plications. An important role in the practical appli-
cations of hydrogels is played by the availability of in-
formation about the features of the sol-gel transition
in them, which testifies to the challenging character
of the problem considered in this article.
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Being considered as a macroscopic system, gel is a
heterogeneous continuum consisting of a solid and a
liquid component, with the solid component forming
the gel framework [10]. Actually, such a continuum is
a porous medium whose pores contain a liquid.

The distinctive features of the gel as a porous
medium are as follows:

∙ when describing the gel behavior, a spatial scale
of about Δℓ1 is used, where Δℓ1 satisfies the inequal-
ity

Δℓ1 ≫ (𝐿1, 𝐿2), (1)

and 𝐿1 is the pore size, and 𝐿2 is the pore wall thick-
ness. Then the gel behaves itself as a homogeneous
continuum, and its shear modulus 𝐺 satisfies the con-
dition

𝐺 ≪ 𝐺𝑠, (2)

where 𝐺𝑠 is the shear modulus of the solid;
∙ when the basis of the gel framework consists of

polymer chains, the gel is called polymeric; in such
a gel, a spatial scale of about Δℓ2 is used, with Δℓ2
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satisfying the condition

Δℓ2 ∼ 𝑎, (3)

where 𝑎 is the size of the polymer chain link, and the
framework is a swollen polymer network.

A system with a network structure is usually called
the microgel [3] if the size of the system exceeds
102 nm, but is smaller than 103 nm. The physics
of microgels is a promising scientific direction, as is
evidenced by a substantial number of publications
dedicated to them (see works [11–14] and references
therein). The relevance of microgel research follows
first of all from their application in medicine, in par-
ticular as drug delivery systems [15–17].

An important place in the physics of microgels is
occupied by the studies of the mechanisms through
which microgels are formed [3, 18, 19]. In this article,
we will consider one of them. In our opinion, it can
become a basis for a new method aimed at obtaining
microgels. This paper is a continuation of our works
[20–22] also devoted to the study of hydrogels.

2. Phase States of Polymer Solution

As is known [23], the polymer solution can exist in two
structural forms. In the first form (it is called the sol
structure), the polymer chains are not connected to
one another. In the second variant, the chains form
a network. In the literature [10, 24–26], the thesis
that the formation of a polymer network is a percola-
tion transition prevails. In [27], it was shown that the
formation of a network is a phase transition of the
first kind. At one of the phase transition stages, the
rate of the new phase (network formation) increases
sharply. This stage was identified in work [28] as the
percolation transition discussed in work [10].

In works [27, 28], the swollen polymer network was
considered to be a thermodynamic phase occupying
an intermediate position between the sol phase and
the polymer crystal. For this reason, the mentioned
network was called the mesophase.

The phase diagram of the “polymer–solvent” sys-
tem corresponding to the existence of a mesophase
is depicted in Fig. 1, where 𝑇 is the temperature,
and 𝐶 is the polymer concentration in the system. In
this figure, the region of the 𝑇 − 𝐶 plane bounded
from below by the SEF curve corresponds to the
mesophase, the region bounded by the ARDKH curve
corresponds to the sol phase, and the region bounded

Fig. 1. “Polymer–solvent” phase diagram

by the SEDRA curve is the region, where both men-
tioned phases coexist.

Let the concentration of the examined mesophase
equal 𝐶1, and the temperature of the system increases
from 𝑇P to 𝑇M. In this case, as one can see from Fig. 1,
if the temperature 𝑇R is exceeded, a phase transition
of the first kind “sol–mesophase” has to occur.

3. Mechanism of Microgel Formation

Currently, the following mechanism of the first-kind
phase transition is generally accepted [29]. Let us con-
sider a transition from phase A to phase B. It begins
with the formation of nuclei of phase B in initial phase
A. These nuclei are formed due to thermal fluctua-
tions and become the growth centers of clusters of
phase B. After the end of the transition A → B, the
volume previously occupied by phase A turns out to
be occupied by phase B.

In our case, phase A is a sol, and phase B is a
mesophase. Therefore, after the end of the transi-
tion A → B, the system, in principle, should have
been composed exclusively of the mesophase. Howe-
ver, this rule can be violated in the case where the
inequality

𝐶 ≪ 1 (4)

holds. The matter is that the theory [29] does not in-
volve the influence of gravitational forces on the phase
transition course. Indeed, let the density of phase B
exceed the density of phase A. In this case, along with
the thermodynamic factor, which favors the growth
of clusters of phase B and their fusion, there appears
another factor, gravitational attraction, which con-
tributes to the precipitation of phase B.

There is a competition between those factors. If the
condition

𝑤 ≫ 𝑢, (5)
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Fig. 2. Time dependences of cluster radius 𝑟𝑗

where 𝑤 is the linear growth rate of the clusters of
phase B, and 𝑢 is their speed of motion under the
action of gravity, is satisfied, then there is enough
time for the clusters of relatively large size to be
formed. Moreover, the probability of the cluster con-
tact with one another increases in this case, which
favors the cluster merging into aggregates with even
larger sizes. As the size of the aggregate increases,
the resistance force that opposes the movement of the
aggregate during its sedimentation increases, and, if
the aggregate size is substantial, practically excludes
the possibility of aggregate movement. This situation
corresponds to the zero approximation for the small
parameter ratio 𝑢/𝑤, and it is precisely this approx-
imation in which the theory [29] was developed.

However, if condition (5) is obeyed, the clusters of
phase B practically do not contact with one another,
which thereby prohibits the formation of aggregates
of considerable sizes. This circumstance brings about
the inequality

𝑤 ≤ 𝑢, (6)

which promotes the precipitation of clusters and does
not allow them to reach substantial sizes.

Thus, if inequality (4) is valid, the phase transi-
tion A → B is reduced to the formation of relatively
small clusters of phase B, which precipitate. During
the phase transition A → B, the polymer concen-
tration 𝐶 in the system decreases. Accordingly, the
phase transition terminates when the polymer in the
“polymer-solvent” system becomes exhausted.

As was mentioned above, phase B is a swollen poly-
mer network. Therefore, having in mind the above
definition of the term “microgel”, we will call small
clusters of phase B that precipitate during the phase
transition A → B as “microgels” and, accordingly,
consider the described mechanism of the formation of
such clusters as the mechanism of microgel formation.

4. Kinetics of Microgel Formation

Let 𝑁 denote the total number of formed clusters
(microgels). Obviously, the number of nuclei must be
the same. For the number of nuclei 𝑛(𝑡) formed within
the time interval 𝑡, we have the formula

𝑛(𝑡) = 𝑣𝑡, (7)

where 𝑣 is the number of nuclei formed per unit time.
In this case, the time 𝜃1 during which the nuclei are
formed is determined by the equality

𝜃1 = 𝑁/𝑣. (8)

Accordingly, for the average time interval Δ𝜏 between
the successive formation of two nuclei, we have the
equality

Δ𝜏 = 1/𝑣 (9)

so that the nuclei are formed at the time moments

𝜏𝑗 = 𝑗Δ𝜏 = 𝑗/𝑣 (𝑗 = 0, 1, 2, ..., 𝑁 − 1). (10)

Let us denote, by 𝜃2, the time of cluster deposition,
i.e., the time interval between the moment of cluster
formation and the moment of its removal from the
system. We also assume that the cluster has a spher-
ical shape. The radius 𝑟𝑗 of the 𝑗-th cluster will be
determined by the formula

𝑟𝑗 = 𝑤(𝑡− 𝜏𝑗)𝐻(𝑡− 𝜏𝑗 − 𝜃2), (11)

where 𝐻(𝑥) is the Heaviside function. The plots of
functions (11) are shown in Fig. 2.

Next, let 𝑅(𝑡) denote the average value of the clus-
ter radius at the time moment 𝑡. Consider the time
interval [0, 𝜃2] and choose an arbitrary time moment
𝑡 = 𝑚Δ𝜏 within it. For this time moment, the aver-
age value of the cluster radius is determined by the
equality

𝑅(𝑡) =
1

𝑚

∑︁
𝑗

𝑟𝑗(𝑡). (12)

Substituting formula (11) into expression (12) and
performing the summation, we obtain

𝑅 =
𝑤𝑡

2
, 𝑡 ∈ [0, 𝜃2]. (13)
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Obviously, within the time interval [𝜃2, 𝜃1], the value
of 𝑅 is constant, namely,

𝑅 =
𝑤𝜃2
2

, 𝑡 ∈ [𝜃2, 𝜃1]. (14)

As can be seen from Fig. 2, the dependences 𝑟𝑗(𝑡)
within the time interval [𝜃1, 𝜃1+𝜃2] are similar to anal-
ogous dependences within the time interval [0, 𝜃2],
which allows us to write the formula

𝑅 =
𝑤(𝜃2 − 𝑡)

2
, 𝑡 ∈ [𝜃1, 𝜃1 + 𝜃2]. (15)

Figure 3 shows the plot of the dependence 𝑅(𝑡),
which is expressed by formulas (13)–(15).

5. Experiment

Hydroxypropyl cellulose (HPC, a water-soluble cellu-
lose ether) was manufactured by Alfa Aesar [30]. The
manufacturer’s specification stated that the weight-
average molecular weight of HPC is equal to 105,
the degree of substitution to 75.7%, and the viscos-
ity of the aqueous polymer solution at 25 ∘C equals
to 112 cPs. The analytical-grade salts (NaF, NaCl,
NaBr, NaI) were manufactured by Sigma-Aldrich.

The initial aqueous solution of HPC with a con-
centration of 0.2 wt% was prepared by dissolving the
required amount of polymer in deionized water under
continuous stirring at a temperature of 60 ∘C for 4 h
to ensure complete dissolution. As a result, a homo-
geneous and transparent solution was obtained.

This initial solution was divided to prepare four
specimens, into which salts were introduced and
mixed until they were completely dissolved. The mo-
lar concentrations of the salts in the specimens were
identical and equal to 15.4 mmol/l.

Using a Zetasizer Nano ZS device (Malvern), dy-
namic light scattering in those samples was stud-
ied. The experimental results obtained for the tem-
perature dependences of the hydrodynamic diameters
of polymer clusters existing in the solutions are ex-
hibited in Fig. 4. As can be seen from this figure, the
experimental temperature dependences of the hydro-
dynamic diameter of HPC clusters are in agreement
with the results of theoretical calculations (the dou-
bled radius 𝑅(𝑡) shown in Fig. 3).

The values of the parameters 𝑤 and 𝜃2 correspond-
ing to the data presented in Fig. 4 are quoted in Table.

Fig. 3. Time dependence of average cluster radius 𝑅

Fig. 4. Temperature dependences of hydrodynamic cluster
diameter 𝑑 for aqueous solutions of HPC with salt ions NaF (𝑎),
NaCl (𝑏), NaBr (𝑐), and NaI (𝑑). Trapezoidal figures (solid
lines) demonstrate the simulation of the cluster growth and
cluster deposition processes according to formulas (13)–(15).
The heating rate equals 0.3 ∘C/min

Parameters of the phase transition
and polymer cluster deposition processes
in aqueous solution of HPC with salt ions

Salt 𝑤, nm/s 𝜃2, s

NaF 1.9 1412
NaCl 3.1 1252
NaBr 1.9 1556
NaI 1.9 1221
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6. Conclusions

The mechanism of microgel formation discussed in
this article is as follows.

Under certain conditions, a phase transition oc-
curs in the polymer solution: the sol phase (phase
A) transforms into a swollen polymer network (phase
B). For the transition A→B, as for any other first-
order phase transition, the formation of phase B be-
gins due to the appearance of the nuclei of phase B
in phase A due to thermal fluctuations. These nu-
clei serve as centers around which polymer aggregates
(clusters) of phase B are formed. The density of phase
B exceeds the density of phase A, so under certain
conditions these clusters have to precipitate.

In aqueous solutions of cellulose derivatives with
a concentration 𝐶 ≥ 1 wt%, the precipitation prac-
tically does not occur [21]. The reason for this be-
havior is that the clusters in such solutions are in a
suspended state owing to the high viscosity of the
medium (as compared with that in dilute solutions).

In dilute polymer solutions, the clusters of phase
B practically do not contact with one another. The-
refore, provided that the cluster growth rate is con-
siderably lower than the rate of its precipitation, the
mentioned clusters precipitate, even if they have rela-
tively small sizes [31,32]. Such small clusters of phase
B are usually called microgels.

In our opinion, the described mechanism of forma-
tion and precipitation of microgels in dilute solutions
in the presence of salt ions has an important practical
value for the development of promising technologies,
such as catalysts with the regulated activity and film
nanocomposite materials [33–36] (in particular, bac-
tericidal polymer films used for wound treatment).

The work was supported by the Ministry
of Education and Science of Ukraine (project
No. 0123U101955 “Molecular mechanisms of physical
processes that determine the application of hydrogels
in military-medical technologies”).
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9. M. Gosecki,H. Setälä, T. Virtanen, A.J. Ryan. A facile
method to control the phase behavior of hydroxypropyl
cellulose. Carbohydr. Polym. 251, 117015 (2021).

10. P.-G. Gennes. Scaling Concepts in Polymer Physics (Cor-
nell University Press, 1979).

11. B.R. Saunders, B. Vincent. Microgel particles as model
colloids: theory, properties and applications. Adv. Colloid
Interface Sci. 80, 1 (1999).

12. Chemical Design of Responsive Microgels. Edited by
A. Pich, W. Richtering (Springer-Verlag, 2011).

13. A. Fernandez-Nieves, H. Wyss, J. Mattsson, D.A. Weitz.
Microgel Suspensions: Fundamentals and Applications
(John Wiley and Sons, 2011).

14. Microgels: Synthesis, Properties and Applications (Ma-
terials Science and Technologies). Edited by W.-F. Lai
(Nova Science Pub Inc, 2018).

15. S.V. Vinogradov. Colloidal microgels in drug delivery ap-
plications. Curr. Pharm. Des. 12, 4703 (2006).

16. J.K. Oh, R. Drumright, D.J. Siegwart, K. Matyjaszewski.
The development of microgels/nanogels for drug delivery
applications. Prog. Polym. Sci. 33, 448 (2008).

17. L. Xuan, Y. Hou, L. Liang, J. Wu, K. Fan, L. Lian,
J. Qiu, Y. Miao, H. Ravanbakhsh, M. Xu, G. Tang. Micro-
gels for cell delivery in tissue engineering and regenerative
medicine. Nano-Micro Lett. 16, 218 (2024).

18. K.S. Schmitz, B. Wang, E. Kokufuta. Mechanism of micro-
gel formation via cross-linking of polymers in their dilute
solutions: mathematical explanation with computer simu-
lations. Macromolecules 34, 8370 (2001).

19. J.A. Bonham, M.A. Faers, J.S. van Duijneveldt. Non-
aqueous microgel particles: synthesis, properties and ap-
plications. Soft Matter 10, 9384 (2014).

20. V.I. Kovalchuk. Phase separation dynamics in aqueous so-
lutions of thermoresponsive polymers. Cond. Matt. Phys.
24, 43601 (2021).

21. V.I. Kovalchuk, M.M. Lazarenko, O.M. Alekseev. Turbidi-
metric monitoring of phase separation in aqueous solutions

204 ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 3



Phase Transition and Microgel Formation

of thermoresponsive polymers. J. Nano- Electron. Phys.
14, 01004 (2022).

22. Yu.F. Zabashta, V.I. Kovalchuk, O.S. Svechnikova,
L.A. Bulavin. Determination of the surface tension coef-
ficient of polymer gel. Ukr. J. Phys. 67, 365 (2022).

23. The Sol-Gel Process: Uniformity, Polymers & Appli-
cations (Chemical Engineering Methods and Technology:
Materials Science and Technologies). Edited by R.E. Mor-
ris (Nova Science Pub Inc, 2011).

24. S. Kirkpatrick. Percolation and conduction. Rev. Mod.
Phys. 45, 574 (1973).

25. M. Tokita. Gelation mechanism and percolation. Food Hy-
drocoll. 3, 263 (1989).

26. D. Stauffer, A. Aharony. Introduction to Percolation The-
ory (Taylor and Francis, 1992).

27. Yu.F. Zabashta, V.I. Kovalchuk, O.S. Svechnikova,
L.Yu. Vergun, L.A. Bulavin. The sol-gel transition in hy-
drogels as the first-order phase transition. Ukr. J. Phys.
69, 409 (2024).

28. Yu.F. Zabashta, V.I. Kovalchuk, O.S. Svechnikova,
M.M. Lazarenko, O.M. Alekseev, A.V. Brytan, L.Yu. Ver-
gun, L.A. Bulavin. Clusterization in solutions as a process
of mesophase formation. J. Phys. Stud. 28, 1602 (2024).

29. J. Frenkel. Kinetic Theory of Liquids (Dover Publications,
1955).

30. Hydroxypropyl Cellulose. https://www.alfa.com/en/catalog/
043400/.

31. K. Kobayashi, Ch. Huang, T.P. Lodge. Thermoreversible
gelation of aqueous methylcellulose solutions. Macromol.
32, 7070 (1999).

32. M. Fettaka, R. Issaadi, N. Moulai-Mostefa, I. Dez,
D. Le Cerf, L. Picton. Thermo sensitive behavior of cellu-
lose derivatives in dilute aqueous solutions: From macro-
scopic to mesoscopic scale. J. Colloid Interf. Sci. 357, 372
(2011).

33. A.R. Khokhlov, E.E. Dormidontova. Self-organization in
ion-containing polymer systems. Phys.-Uspekhi 40, 109
(1997).

34. L.A. Bulavin, N.I. Lebovka, Yu.A. Kyslyi, S.V. Khrap-
atyi, A.I. Goncharuk, I.A. Mel’nyk, V.I. Koval’chuk. Mi-
crostructural, rheological, and conductometric studies of
multiwalled carbon nanotube suspensions in glycerol. Ukr.
J. Phys. 56, 217 (2011).

35. M. Stoian, T. Maurer, S. Lamri, I. Fechete. Techniques of
preparation of thin films: catalytic combustion. Catalysts
11, 1530 (2021).

36. C. Trinh, Y. Wei, A. Yadav, M. Muske, N. Grimm,
Z. Li, L. Thum, D. Wallacher, R. Schlögl, K. Skorup-
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Translated from Ukrainian by O.I. Voitenko

Ю.Ф.Забашта, В.I. Ковальчук, С.В. Гринь

ФАЗОВИЙ ПЕРЕХIД
I УТВОРЕННЯ МIКРОГЕЛIВ
У ПОЛIМЕРНИХ РОЗЧИНАХ
З IОНАМИ СОЛЕЙ

Розглядаються особливостi фазового переходу, який вiдбу-
вається в розбавлених полiмерних розчинах i який приво-
дить до утворення нової фази, що є набухлою полiмерною
сiткою. Показано, що за певних умов утворюються лише
невеликi кластери нової фази – мiкрогелi, якi випадають в
осад. Виведено формулу залежностi середнього радiуса мi-
крогеля вiд часу. За допомогою методу динамiчного розсi-
яння свiтла одержано часовi залежностi розмiру кластерiв,
що утворюються в розбавленому водному розчинi гiдрокси-
пропiлцелюлози з iонами солей NaF, NaCl, NaBr i NaI. Ре-
зультати експерименту порiвнюються з результатами, що
випливають iз виведеної формули.

Ключ о в i с л о в а: фазовий перехiд, мiкрогель, гiдрокси-
пропiлцелюлоза, iони солей.

ISSN 2071-0194. Ukr. J. Phys. 2025. Vol. 70, No. 3 205


