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AGGREGATION OF HYDROXYPROPYL
CELLULOSE IN DILUTE SOLUTIONS WITH SALT IONS

The kinetics of the phase transition in an aqueous solution of hydroxypropyl cellulose with salt
ions have been studied using mathematical modeling. Based on the nonlinear Cahn—Hilliard
equation with a stochastic term, the hydrophobicity parameter, and the mobility parameter
depending on the polymer concentration, the phase separation on a simple one-dimensional
Flory lattice was simulated. Data on changes in the average sizes and masses of aggregates
were obtained for a set of hydrophobicity parameter values. The simulation results allowed the
distinction of three stages of spinodal decomposition: early, intermediate, and final. It was
found that the kinetics of cluster mass growth at the intermediate and final stages are de-
scribed by scaling dependencies, with the power exponents and the crossover time determining
the transition from the mode of aggregate mass accumulation driven by surface tension ef-
fects to the diffusion mode. It was shown that the variation of the average cluster size can be
approzimated by a scaling function with a power exponent close to 1/3, which is typical of
systems with a conservative scalar order parameter. From the results of computer simulation,
it follows that the growth of the interfacial energy density (the enhancement of hydrophobic
interactions) makes the size of polymer aggregates larger.
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1. Introduction

A characteristic feature of many water-soluble cel-
lulose ethers is their thermoreversible behavior [1],
which consists in their ability to change their solubil-
ity and consistency as the temperature changes. So-
lutions of such polymers, when heated, undergo a
transition from a liquid state to a gel, and when
cooled back, they become liquid again. This phe-
nomenon is called the “sol-gel” phase transition and
depends on the structure and degree of modification
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of cellulose derivatives, the macromolecules of which
contain hydrated hydroxyl groups that form hydro-
gen bonds with water molecules and thus ensure the
solubility of the polymer. When the temperature in-
creases, the hydrogen bonds between the polymer and
water weaken. In addition, new bonds can form be-
tween the molecules of the ester itself. This leads to
a reduction in the hydration of the polymer, its ag-
gregation, and the formation of a three-dimensional
gel-like structure. If the temperature decreases, the
hydrogen bonds are restored, the gel dehydrates and
dissolves, and the solution returns to its original lig-
uid state.

The sol-gel transition temperature depends on a
number of factors, such as the polymer concentra-
tion, the type and degree of substitution [2-4], the
pH value [5-8], and the presence of electrolytes in the
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solution [9-13]. A number of works are devoted to the
study of the thermosensitive behavior of aqueous so-
lutions of cellulose derivatives with salt ions [9-11,14—
19]. In those articles, the mechanisms of phase tran-
sition were studied mainly as functions of the type
of salt additives and their concentration. In particu-
lar, it was shown that the thermosensitive behavior of
the polymer solution is governed by the competition
between polymer chains and salt ions for interaction
with water molecules, which leads to the formation of
hydrophobic aggregates [9-12].

Aggregation and precipitation of polymer clusters
from dilute solutions have an important practical sig-
nificance for the development of promising technolo-
gies, such as catalysts with controlled activity, na-
nocomposite film materials [20, 21], and bactericidal
polymer films applied to treat wounds [22, 23]. Note
that the targeted control of the aggregation process
can be achieved by introducing ionic additives into
polymer solutions [24], which makes it possible to di-
rectly change the structure of microgels and obtain
the desired film structure by precipitation. This is im-
portant for achieving predictable and stable material
characteristics.

In our recent publications [25, 26], the microstruc-
tural properties of dilute solutions of hydroxypropyl
cellulose with salt ions were studied using the method
of static and dynamic light scattering. It was found
[25] that at temperatures higher than the phase tran-
sition temperature and in the presence of ions in the
researched systems, substantial supramolecular asso-
ciates emerge (clusters), the size of which exceeds the
wavelength of visible light by several times. The pre-
cipitation of the polymer was observed. In Ref. [26],
the conditions for the formation of precipitating mi-
crogels were formulated. In this work, as a contin-
uation of Refs. [25, 26], a mathematical model is
proposed for the hydrophobic association of polymer
molecules in solutions with salt ions.

2. Aggregation of Polymer
Molecules in Solutions: the Role
of Hydrophobic Interactions

The structural and rheological properties of poly-
mer gels based on cellulose derivatives are intensively
studied. All experimental data accumulated to date
testify that spinodal decomposition is the mechanism
of phase separation in such systems [27-30]. Spinodal
decomposition is the initial stage of phase transfor-
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mation if the system is preliminarily brought into a
thermodynamically unstable state. This instability at
a given temperature corresponds to the region where
the free energy depends on concentration, and its sec-
ond derivative is negative. During spinodal decompo-
sition, solution regions with an increased or decreased
concentration with respect to its average value (clus-
ters), which arise as a result of thermal fluctuations,
become stable and begin to grow. This process is sup-
ported by upward diffusion [31], when the mutual at-
traction of particles of the same type makes their con-
centration in the cluster even higher and the neigh-
boring solution zone more depleted.

When describing the features of phase formation
in the spinodal decomposition region, one of the most
successful approaches is the Cahn—Hilliard model [32—
34|, developed on the basis of the free energy density
functional method [35, 36]. The Cahn-Hilliard equa-
tion does not contain any microscopic data on the
described system, but it includes such macroscopic
characteristics as the diffusion coefficient, free energy,
and interfacial energy. The free energy density func-
tional method allows the coagulation of clusters dur-
ing the growth of a new phase to be described in a
natural way without any approximations [36].

The Ginzburg-Landau type functional for the to-
tal energy of the polymer-solvent system has the
form [37]

Ul = [ aef{F(o) + n(@)VoP)), 6= o0, (1)

where ¢ is an order parameter, whose meaning is the
polymer concentration in the solution, and F(¢) is
the free energy density. The second term in the in-
tegrand describes the contribution of spatial correla-
tion effects to the free energy with the gradient coef-
ficient [3§]
a2

where a is the size of a polymer chain segment, which
is equal to unity in the Flory model [39].

Let us introduce an additional parameter ~ into
relation (1):

(2)

Ul) = [ e {F(6) + () Vo) 3

The physical meaning of v is as follows. In the works
of Cahn and Hilliard [32, 33|, it was shown that the
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coefficient of interfacial surface tension equals

o1~ / dr ()| Vo . (4)

Macromolecules of cellulose derivatives are am-
phiphilic, i.e., their structure contains both nonpo-
lar and polar hydrophilic regions. In electrolyte so-
lutions, the latter compete with salt ions for inter-
action with water molecules [9-11, 16]. As a result,
the number of hydrophilic water-polymer bonds de-
creases, and the interfacial energy density, accord-
ingly, increases. In other words, the enhancement of
hydrophobic interactions at the polymer-solvent in-
terface leads to an increase in g;. Therefore, by chang-
ing the value of the parameter v in formula (3), it is
possible to “control” the degree of polymer hydropho-
bicity.

The Cahn—Hilliard equation, which describes the
evolution of polymer concentration at a point r in
space and at the time ¢, looks as follows [37]

9¢ SU[g]

where M is the mobility, and & = £(r, t) is a stochastic
function (thermal noise) satisfying the fluctuation—
dissipation theorem [40]. To solve Eq. (5) with func-
tional (3), we use the Flory—Huggins free energy in
the form [39, 41]

F(¢) = N"'¢ln¢+(1—¢)In(1—¢) +x¢(1 ), (6)

where N is the degree of polymerization of the molec-
ular chain, and y is the Flory—Huggins parameter de-
scribing the pairwise interaction of monomers. Cal-
culating the variational derivative of the total energy
in Eq. (5) gives

U 9]

o f(@) = v(M)|VE|* + 2k(0)Ag), (7)
where

f(¢)=N"'1+1In¢)—In(l —¢)—

x@o—1) -1, ®)
M) = 2] (9)

T 3602(1— 92

Let us assume that the mobility of polymer molecules

depends on their concentration
M = Myg(1 — o). (10)
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Then, the Cahn—Hilliard equation acquires the final
form
o

2 MoV {6(1 = O)V(f(9) - 1A@) Vol +

+26(6)A0))} + €. (11)
This is a nonlinear parabolic fourth-order differential
equation with a stochastic term. To ensure the con-
servation of mass and the decrease in the total energy
over time, Eq. (11) must also be supplemented with
homogeneous Neumann boundary conditions [35].

Without loss of generality, let us consider solu-
tions ¢(z,t) of the one-dimensional Eq. (11). Let us
introduce a space-time grid for x and ¢ with peri-
odic boundary conditions. To solve Eq. (11), we used
a semi-implicit differential scheme [37]; the parame-
ters of the polymer-solvent system under study were
taken from Refs. [42, 43]. We assumed that the ini-
tial phase is homogeneous, and the polymer concen-
tration in the 0.2 wt% solution is ¢, = 2 x 10’3;),
where p=1.3 g/ cm? is the density of hydroxypropyl
cellulose [44]. The growth of the phase structure was
simulated on a lattice with L = 128.

In Fig. 1, as an example, the result of the phase
separation simulation obtained for v = 0.04 is
shown. One can see how the total polymer concen-
tration ¢ = ¢/pi, changes as functions of the dimen-
sionless distance x and time ¢. On the basis of the ini-
tial random distribution (at ¢ = 0.001), there arises
an unstable regime, which leads to the appearance of
the primary structure of a new phase (at ¢ = 0.2) and,
afterward, to its further coarsening and final forma-
tion (at t = 1+5).

In Fig. 2, the time dependencies of the average
cluster mass, m(t) = (S/N.), are shown, where S
is the area of the phase structure formed at time
t above the level ¢ = 1, and N, is the number
of clusters at the level ¢ = 1. From the analysis
of the dependencies presented in Fig. 2, it follows
that the self-organization of the phase structure oc-
curs in two stages. At the first stage (the primary
structure formation, ¢ = 0.04+-0.8), the accumula-
tion of cluster mass is approximated by the scal-
ing function m(t) ~ t*, with the power exponent
a = 0.929 + 0.074. This value is close to unity, which
corresponds to the mass growth due to surface ten-
sion forces at the “polymer-solvent” interface [45]. At
the second stage (¢t = 0.8+5), the dependence m(t)
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Fig. 1. Distributions of the reduced concentration ¢(z,t)
on a one-dimensional lattice during spinodal decomposition in
the hydroxypropyl cellulose-water system for various times t.
v = 0.04

0.01 0.1 1 t

Fig. 2. Time dependencies of the average cluster mass m for
various v = 0.01 (1), 0.02 (2), 0.03 (3), 0.04 (4), 0.05 (5), and
0.06 (6).
runs of the program simulating the phase structure

The averaging was performed over 100 calculation

is approximated by the function ¢? with the power
exponent § = 0.535 4 0.024. This value is close to
1/2, which corresponds to the square-root law for the
diffusive mass transfer (see Ref. [46] and references
therein). In general, the accumulation kinetics of the
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Fig. 3. The same as in Fig. 2, but for the average cluster
radius R
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Fig. 4. Dependence of the average cluster radius R on the
parameter v. Simulation time t =5

average cluster mass is described by the scaling de-
pendencies (¢/t.)® and (t/t.)?, where ¢, = 0.8 is the
crossover time, which determines the transition from
the cluster mass accumulation regime driven by sur-
face tension effects to the diffusion regime.

One of the features in the asymptotic behavior of
the examined system at large simulation times is dy-
namic scaling. It is determined by the characteristic
length L(t) of separate ordered regions of the phase
structure [47]. By choosing the average cluster ra-
dius R(t) at the level ¢ = 1 as the characteristic
length, we find the scaling exponent for the growth
law R(t) ~ t°. An analysis of the time dependen-
cies R(t) in the longest linear sections in Fig. 3 gives
0 = 0.324 + 0.026. This value is close to 6§ = 1/3,
which is typical of the growth laws for phase struc-
tures in systems with a conservative scalar order pa-
rameter [48,49].

In Fig. 4, the dependence of the average cluster
radius R on the parameter v for the formed phase
structure (at ¢ = 5) is shown. As follows from this
figure, the enhancement of hydrophobic interactions
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at the interfacial boundary (an increase in the pa-
rameter ) leads to the growth of the size of polymer
aggregates.

3. Conclusions

To summarize, the following conclusions can be
drawn.

1) The kinetics of hydroxypropyl cellulose aggre-
gation in dilute solutions with salt ions have been
studied by means of computer simulation.

2) It was shown that there are two aggregation
stages. At the first stage (the primary structure for-
mation), the growth of the average cluster mass m(t)
is approximated by a scaling function with the power
exponent a = 0.929 + 0.074. This value is close to
unity, which corresponds to the mass accumulation
driven by surface tension forces at the “polymer-
solvent” interface. At the second stage, the depen-
dence m(t) is described by a power function with the
power exponent 8 = 0.535+0.024. This value is close
to 1/2, which corresponds to the square-root law for
the diffusive mass transfer. Thus, the growth kinet-
ics of m(t) is described by two scaling dependencies,
(t/tc)® and (t/t.)?, where t. = 0.8 is the crossover
time, which determines the transition from the cluster
mass accumulation regime driven by surface tension
effects to the diffusion regime.

3) The growth of the average size of the phase
structure elements is described by the power func-
tion R(t) ~ t°, with the power exponent § = 0.324 +
£ 0.026. This value is close to 1/3, which is typical of
systems with a conservative scalar order parameter.

4) The enhancement of hydrophobic interactions
at the “polymer-solvent” interface (for example, the
introduction of salt ions into the solution) leads to
the growth of the average size of polymer aggregates.

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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B.1. Kosaavuyxk, 10.D. Babawma, JI.A. Byaasin

ATPETALIA T'TIPOKCHUITPOIIJIITE/IFOJIO3U
B PO3BABJIEHUX PO3YMHAX 3 IOHAMU COJIEN

MeTomoM MaTeMaTUIHOTO MOJIEJTFOBAHHST JOCJIIPKEHO KIHETUKY
$az30BoOro mepexo/ly BOJHOIO PO3YMHY I'iIPOKCHIIPONIIJIIIEIIIOIIO-
3u 3 ionamu cosieit. Ha ocHoBi HeqinifiHOoro piBusinaa Kana—
Tinnispaa 31 cTOXacTUYIHAM IEHOM, TapaMeTPoM rigpodobmHo-
CTi Ta PYXJIMBICTIO, IO 3aJIEXKUTh BiJ| KOHIIEHTPAIIil IoJiMepa,
BUKOHAHO CUMYJISIiIO (pa30BOr0 PO3IJIEHHST Ha MPOCTIiil OZHO-
BuMipHiit rparui @sopi. Jius wabopy 3HadeHb napaMerpa Ti-
ApodobHOCTI OTpUMAaHO IaHi IPO 3MiHY CepeHiX 3HAYEHDb PO3-
MipiB arperaTiB Ta IX MacH. 3a pe3yJbTaTaMy MO/JIEJIIOBaHHS
MOXKHa BHUIIJIMTH TPHU CTail CIIHOJAJIBHOIO PO3Ia/ly: PaHHIO,
npoMikHy # KiHieBy. BcraHoBII€HO, IO 7181 IPOMIXKHOT # KiH-
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1eBol cTaJill KiHeTUKa 3POCTaHHA MacCH KJIACTePiB OINUCYETHCHA
CKEMJIIHI'OBUMHM 3aJI€?KHOCTSIMU 3 IIOKa3HUKAMU Ta YacOM KpPO-
coBepa, fKi BU3HA4YAIOTh IIE€PeXill BiJ peKUMy HaKOIHYEHHH
Macu arperariB BHACJIJOK €(MEKTIiB MOBEPXHEBOIO HATATLY O
nudysiitaoro pexkumy. [Tokazano, mo 3MiHy cepeJHBOTO PO3Mi-
Py KJIacTepiB MOXKHA IIPEJICTABUTH CKEMJIIHIOBOIO (DYHKIIEO 3
[IOKA3HUKOM, GJIM3bKUM 0 1/3, TUIIOBUM J1JIsl CUCTEM i3 KOHCe-
PBaTUBHUM CKAJIIPHUM IIapaMeTPOM IODPsJAKY. 13 pesyibraris
KOMII'FOTEPHOI CUMYJISI] BUILIMBAE, 10 30iIbIIIEHHS I'yCTHHUA
Mirkdasznol enepril (migcunenns rigpodobHEX B3aeMoiil) mpu-
BOJUTD JI0 3POCTAHHA PO3MIPiB IMOJIMEPHUX arperaTiB.

Katwwoei caoea: TiIPOKCUIPOIIIETOI03a, I0HU COJIel,

arperariis, piBuaausa Kana—Tisutispaa.
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