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FEATURES OF GELATION AND AGGREGATION
IN AQUEOUS SOLUTIONS OF HYDROXYPROPYL
CELLULOSE WITH NaCl, Nal, AND AgNO3; SALTS

Using the turbidimetric method and the method of static light scattering, the features of gelation
and aggregation in 2 wt% and 0.2 wt% aqueous solutions of hydrozypropyl cellulose (HPC)
with NaCl, Nal, and AgNOs salts have been studied. It is found that the introduction of these
salts into the 2% solution reduces the coefficient of surface tension at the interface between
the sol and gel phases, decreases the lower critical solution temperature (LCST), and slows
down the sol-gel transition rate. From the data on static light scattering, it follows that in the
dilute (1:10) aqueous solutions of HPC at temperatures above the LCST and in the presence
of salts, there arise supramolecular associates (clusters) that are several times larger than
the wavelength of visible light. The precipitation of polymer is observed. It is shown that the
intensity of reflected light can be described as a function of the cluster size in the framework
of the Mie scattering theory. It is found that the density of polymer aggregates in the AgNOs
solution was the highest among the studied specimens, which can be explained by the reduction
of silver nitrate to metal. The sedimentation of HPC clusters containing silver nanoparticles
can be used for creating composite polymer films with the bactericidal and fungicidal activities.
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1. Introduction

Cellulose is the most widespread renewable organic
material produced in the biosphere. The cellulose
structure is represented by an elongated linear chain-
like macromolecule composed of hundreds or tens of
thousands of D-glucose residues. The use of cellu-
lose together with its derivatives has wide applica-
tions in various fields, including the food industry,
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building, hydrocarbon extraction, aerospace materi-
als, medicine, and pharmaceuticals [1-3]. Although
cellulose is a hydrophilic material [4, 5], it is insolu-
ble in water and most common solvents. Therefore,
there was a need to modify the structure of cellulose
in order to improve its solubility, which led to the
synthesis of various cellulose derivatives.

A characteristic feature of many water-soluble cel-
lulose ethers is the thermoreversible volume transi-
tion. Its essence consists in the formation of a poly-
mer gel network when the temperature increases, but
the system returns to the state of isotropic solution
when cooled down. The threshold temperature of this
transition is called the lower critical solution tem-
perature (LCST). The start of the gel formation is
initiated by the aggregation of macromolecules into
polymer associates, which leads to the formation of
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a single homogeneous cluster that fills the entire vol-
ume of the system. At the same time, the structure of
the emerging polymer network is determined by the
influence of various factors, for example, electrolyte
impurities.

The study of the specific features of macromolecule
aggregation and gel formation in systems contain-
ing cellulose derivatives is a challenging task ow-
ing to the wide application of those materials in
biomedical technologies [6-8]. Hydroxypropyl cellu-
lose (HPC) as an object of research was chosen due to
the attractiveness of its physical and chemical proper-
ties. In addition to the well-known unique properties
of a “green polymer”, such as availability, cheapness,
and biocompatibility, HPC has a low LCST value of
(40+42) °C [9-12]. Such a temperature is close to the
physiological interval of temperatures, which opens
prospects for the application of HPC in the systems
of controlled drug delivery and wound treatment.

In this work, the thermotropic gelation and aggre-
gation processes in aqueous solutions of HPC with
NaCl, Nal, and AgNO; admixtures were studied. The
latter two salts demonstrate a pronounced bacteri-
cidal activity. Therefore, the physical and biological
properties of polymer systems created making use of
those salts have been the subject of intensive research
for a long time [13-17].

2. Materials and Methods
2.1. Materials

The cellulose derivative, hydroxypropyl cellulose
(HPC), was manufactured by the Alfa Aesar company
[18]. The manufacturer’s specification stated that the
average molecular weight of HPC was 10, the degree
of substitution was 75.7%, and the viscosity of the
5 wt% aqueous solution of the polymer at 25 °C was
112 cPs.

Analytical-grade NaCl, Nal, and AgNOj salts were
produced by the Sigma-Aldrich company.

2.2. Specimen preparation

The initial aqueous HPC solution with a concentra-
tion of 2 wt% was prepared by dissolving the nec-
essary amount of polymer in deionized water under
continuous stirring for 4 h at a temperature of 60 °C
to ensure the complete dissolution of the polymer. As
a result, a homogeneous and transparent solution was
obtained.
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This initial solution was divided to prepare four
specimens. The salts were introduced into three of
them, and the specimens were mixed until the com-
plete salt dissolution. The molar concentrations of the
salt in the specimens were identical and equal to that
of the physiological solution (154 mmol/1).

By diluting 2% solutions with water to a ratio
of 1:10, specimens with a polymer concentration of
0.2 wt% and a salt concentration of 15.4 mmol/l were
fabricated.

2.3. Static light scattering

The temperature dependences of the intensities of
transmitted and reflected light were measured on the
installation described in works [19, 20].

3. Results and Their Discussion

The studies were performed using the device de-
scribed in detail in works [19,20]. When falling on the
surface of the examined solution, the primary beam
of light with a wavelength of 525 nm formed two
beams, transmitted and reflected. The correspond-
ing intensities Jr and Jg of these beams were mea-
sured at a set of temperatures within an interval
from 25 to 70 °C. The specimen heating rate was
1.1 °C/min. The obtained experimental data were
calibrated in each specimen to a transparency level
of 100%. As such the corresponding value of Jr at a
temperature of 25 °C was selected.

3.1. Specimens with the 2-wt% HPC
concentration and the 154-mmol/l salt
concentration. Transparency of solutions

Figure 1 exhibits the measurement results obtained
for the temperature dependences of the relative in-
tensities of the transmitted light beam (the solution
transparency) for specimens with NaCl, Nal, and
AgNOj salts. To interpret the results of the turbidi-
metric experiment, let us use the formalism devel-
oped by us to describe the kinetics of sol-gel transi-
tions [21,22].

Let phases A and B be in equilibrium at the tem-
perature T' = T, and the transition A — B occur
at T > Tj. Provided that the system temperature
changes in time according to a linear law

T(t) = Ty + ot, (1)
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where v is the heating rate, the following formula was
obtained in work [21]:

InOA(t) = —¢ /t exp [‘(%2} (t — 7)*dr. 2)
0

Here, 04 is the relative volume of phase A; and &,
«, and M are parameters to be determined from the
experiment

In work [22] it was shown that the ratio between the
surface tension coefficients at the interface between
the sol and gel phases in the experimental specimens
can be calculated using the formula

o B M 1/3 )
g1 - M1 ’

where the primed quantities are related to the so-
lutions with ions, and the quantities with the sub-

script 1 to the ion-free solution. By minimizing the
mean square deviation function

N
XQ(N) =N"! Z [HA(Tj) - eeXp(Tj)}Qa (4)

where N is the number of temperature points, and
Oexp is the experimental value of the relative volume
of phase A, we calculated the values of the parameters
¢, a,and M.

In Table, the LCST wvalues corresponding to the
inflection points in the temperature dependences of
Jr depicted in Fig. 1 and the relative changes in the
interfacial surface tension coefficient (3) are quoted
for each solution. From the analysis of the presented
data, it follows that the coefficients of interphase sur-
face tension are lower if the specimens contain ions in
comparison with the case of ion-free solution.

Qualitatively, this result can be explained as fol-
lows. Cellulose derivatives are moderately rigid chain
polymers [23]|, whose macromolecules in various sol-
vents are characterized by certain conformations. The
latter depend on the solvent type, the polymer con-
centration, and so forth. For instance, HPC macro-
molecules have an elongated shape in ethanol solu-
tions [24] and in diluted aqueous solutions [25]. At the
same time, in work [26], it was shown that its polymer
chain has a statistical coil conformation in aqueous
solutions with HPC concentrations of (1+5) wt%.
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Fig. 1. Temperature dependences of the relative intensities of
transmitted light, J, for specimens with an HPC concentra-
tion of 2 wt% and ions of various salts: ion-free (1), NaCl (2),
Nal (3), and AgNOg3 (4)

Lower critical solution temperature
(LCST) and the change of the interfacial
surface tension coefficient o when the salt
is introduced into the polymer solution

n Salt LCST, °C on/o1
1 — 40.1 1

2 NaCl 37.2 0.899
3 Nal 39.5 0.933
4 AgNO;4 38.7 0.815

The equilibrium state of a polymer coil (at T' =
=Ty [21]) is characterized by its root-mean-square
radius, which is determined by a balance between the
electrostatic repulsion forces between the monomers,
which leads to the coil swelling, and the elastic
forces preventing this swelling. The transition from
the equilibrium state to the gel one is accompanied by
a temperature growth and a corresponding swelling of
the polymer coil [27]. The presence of ions in the so-
lution gives rise to an additional swelling of the coil
due to the screening of the interaction forces between
the polymer chain links. This effect manifests itself
in the LCST reduction and the decrease of the work
that must be done to form a unit area of the sol-gel
interface. In our opinion, this can be a possible mech-
anism that qualitatively describes the decrease of the
interfacial surface tension coefficient in the presence
of the NaCl, Nal, and AgNO, salt ions in the solution.

3.2. Dilute (1:10) solutions. Light reflection

Figure 2 illustrates the measurement results for the
temperature dependences of the relative intensities
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Fig. 2. Temperature dependences of the normalized intensities
Jr of the light reflected by dilute HPC solutions: with NaCl
salt ions (a), without ions (b). The values of the hydrodynamic
diameter D of polymer aggregates (black circles) were obtained
in work (28| using the method of dynamic light scattering for
the same solutions
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Fig. 3. Temperature dependences of the relative intensities Jg
of reflected light for dilute HPC solutions with ions of various
salts: Nal (1) and AgNO3 (2)

of reflected light for dilute HPC solutions with and
without ions of the NaCl salt. These systems have al-
ready been studied by us earlier in work [28], and
it was established that in 0.2-wt% HPC solutions at
temperatures higher than the LCST and in the pres-
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ence of ions, there appear polymer aggregates whose
size can be several times larger than the wavelength
of visible light.

Let us find a relationship between the size of the
particles and the intensity of the light scattered by
them. Let a be the radius of a particle, and k be the
wave vector magnitude of an incident photon. Taking
into account the size of the clusters, we proceed from
the Mie scattering theory [29].

The cross-section of the inverse Mie scattering for
a single particle has the form [30]

7(0) = =35 | S (1P (27 + 1A (0, k) — By(a )|

()

where A; and B; are the Mie coefficients [31]. Ac-
cording to the calculation results obtained for cross-
section (5) in the framework of the method [32, 33],
for light with a wavelength of 525 nm and the refrac-
tive index value taken from [34] for the aqueous HPC
solution, it follows that for a = (102+-10*) nm, the
dependence o(a) has the scaling behavior

a(a) ~ a’, (6)

with the power exponent s = 2.
The total cross-section of the inverse Mie scattering
by a system of N identical spherical particles equals

¥ ~ Na®. (7)

Since the amount of polymer in the solution is a con-
stant parameter, the number of such particles equals

N ~1/a®, (8)
and, therefore,

Y ~1/a. 9)
It follows from formula (9) that
Jr ~ 1/a, (10)

that is, the intensity of backscattered light increases
as the particle size decreases. The same conclusion
can be drawn, if we compare the experimental values
of Jg and D (see Fig. 2).

From Fig. 2, a, one can see that the experimental
dependence Jg(T) for the solution with NaCl ions
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has a non-monotonic character: as the temperature
increases, the Jgr-values first grow, then reach a max-
imum at 7", and afterward decrease. The sizes of the
polymer clusters (see the same figure) have a similar
temperature behavior. There are two explanations for
the decrease of cluster sizes at T > T’. The first of
them consists in that the clusters collapse at T > T’
and form numerous small fragments. But in this case,
as follows from Eq. (10), instead of the reduction of
the intensity Jg, we would observe its growth, which
contradicts the experiment. The second explanation
is that large polymer aggregates disappear from the
solution at T > T’ owing to their sedimentation,
which is confirmed by the experiment: whenever the
measurements were concluded, some polymer sedi-
ment was found at the bottom of the cell with the
solution. This sediment did not dissolve well in a hot
solution, but it dissolved easily in cold water.

Note that the viscosity of the 0.2-wt% aqueous so-
lutions of HPC at (50+60) °C exceeds the viscosity
of water by only 5-7% [35]. Therefore, the sedimenta-
tion of polymer clusters occurred quite quickly: from
Fig. 2, a, it follows that Jg decreased by a factor of
two during about 10 min.

Figure 2 also demonstrates that the sizes D of clus-
ters in the ion-free specimen are several times smaller
than in the specimen with ions. By order of mag-
nitude, they are equal to the wavelength of visible
light. In Fig. 2, b, the intensity of reflected light is
larger than that in Fig. 2, a, as it should be accord-
ing to formula (10). The polymer clusters in the ion-
free solution were in a suspended state, and practi-
cally no sediment was observed in the call after the
measurements.

Figure 3 illustrates the experimental temperature
dependences of Jg for dilute HPC solutions with ions
of the Nal and AgNOj; salts. As one can see, these
dependences are also non-monotonic, the nature of
which was clarified above. At the same time, the in-
tensity of reflected light in the case of the solution
with AgNO; salt ions (curve 2 in Fig. 3) reaches
even larger values than those for the ion-free solu-
tion (see Fig. 2, b). According to Eq. (10), this fact
means that the size of polymer aggregates in the solu-
tion with AgNO, is the smallest among all four stud-
ied specimens. However, unlike the ion-free speci-
men where small clusters remain suspended for a long
time, a noticeable sedimentation occurred in the solu-
tion with AgNO;. This fact indicates that the density
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of polymer aggregates in the solution with AgNO,
was higher than the density of clusters in the ion-free
solution. This conclusion is confirmed by the results
of works [13-17], where it was shown that silver ni-
trate is reduced by cellulose derivatives to metal; as
a result, polymer aggregates contain silver nanopar-
ticles tens of nanometers in size.

4. Conclusions

The turbidimetric method is applied to study the
thermal behavior of HPC aqueous solutions (2 wt%)
with additions of NaCl, Nal, and AgNOj; salts
(154 mmol/1). It is found that the introduction of
these salts into the solution reduces the surface ten-
sion coefficient at the interface between the sol and
gel phases, decreases the LCST, and diminishes the
rate of sol-gel transition. This result can be used in
the controlled drug delivery systems fabricated on the
basis of the polymer gel matrix.

Using the method of static light scattering, dilute
aqueous solutions of HPC (0.2 wt%) with the admix-
tures of NaCl, Nal, and AgNOg salts (15.4 mmol/1)
are studied. It is found that, at temperatures higher
than the LCST, there arises inverse scattering of
light via the light reflection from the supramolecu-
lar structure of the researched solutions. In the so-
lutions with ions, there emerge large macromolecu-
lar associations (clusters) whose size is several times
larger than the wavelength of visible light. The tem-
perature dependence of the intensity Jr of backward
scattering is non-monotonic for specimens with salts;
namely, as the temperature grows, the values of Jg in-
crease, reach a maximum, and finally decrease. There
is a relation between the values of Jgr and the sizes
of polymer clusters, which was found in the frame-
work of Mie scattering theory. In particular, it is
shown that the reduction of Jr(T') in an interval of
(55=-70) °C occurs due to the sedimentation of clus-
ters rather than their decay, which was confirmed
experimentally.

In our opinion, the aggregation and sedimentation
of polymer clusters from dilute solutions in the pres-
ence of ions has an important application value for the
development of promising technologies, such as cata-
lysts with adjustable activity and film nanocompos-
ite materials [36-40]. In works [13-17], it was shown
that composite films based on water-soluble cellulose
derivatives with metallic silver nanoparticles have a
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high fungicidal and antibacterial efficiencies against
both gram-positive and gram-negative bacteria. Ta-
king this fact into account, the aggregation in diluted
aqueous solutions of HPC with the ions of Nal and
AgNOg salts can be used in modern technologies for
the production of bactericidal polymeric 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 determining the application of hydrogels in
military-medical technologies”).
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OCOBJIMBOCTI TEJTEYTBOPEHH S

I ATPETAIIT V BOJHUX PO3YMHAX
CILIPOKCUIIPOIILIIETIOI03U

3 COJISIMU NaCl, NaI T AgNO,

TypOiiuMeTpUYHUM METOIOM Ta METOJIOM CTAaTHYHOTO PO3Cisi-
HHS CBITJIa JOCJIPKEHO OCOBIMBOCTI IeJIey TBOPEHHS Ta arpera-
il y 2% Ta 0,2% (Mac.) BOZHMX PO3YMHAX TiPOKCHUIIPOIIJIIE-
mionosu (I'TIL) 3 consmu NaCl, Nal i AgNOgz. Bcranosieno,
IO BBEJICHHSI BKasaHuX couieit y 2% posumn 3Mmenmrye koedi-
[I€HT ITIOBEPXHEBOI'O HATATY Ha MEXKIi 30JIb- Ta rejb-dasu, 1o-
HIDKY€ HYDKHIO KpUTHUYHY Temmeparypy posunay (HKTP) Ta
CIIOBIJIBHIOE MIBUJIKICTH 30J1b-T€JIb IIEPEXOY. 3 JTaHUX [0 CTATHU-
YHOMY PO3CIfIHHIO CBiT/Ia BUILIUBAE, 110 y pos3Gasienux (1:10)
Boguux pozumuax [Tl npu remmeparypi, Bumiit 3a HKTP,
Yy IPHUCYTHOCTI COJIeil yTBODPIOIOTHCSI 3HAYHI HAJIMOJIEKYJIsIDHI
aconiaTyu (KjacTepu), po3Mip sIKUX [IEPEBUIILYE JOBXKUHY XBHJIL
BUMMOTO CBiTJIa y AeKinbka pasiB. Crnocrepiramgocs BUNa aH-
Hsa ocaziB mouimepy. IlokazaHo, 1m0 IHTEHCHBHICTH BiZOUTOrO
cBiTia Moxke OyTu onmcaHa fK YHKIisA PO3Mipy KJjacTepa y
pamkax Teopil poscisinust Mi. Becranossieno, 1o rycruna moJi-
MepHux arperariB y po3unti 3 AgNO3 € HAflBUIIOIO TTOPIBHSIHO
3 PEIITOO0 JOCJIIPKEHUX 3Pa3KiB, IO MOSCHIOETHCS BiTHOBJIEH-
HaAM HiTpaTy cpibia mo metairy. Ocamkenns kiacrepis I'III 3
HAHOYACTUHKaMU CPibsia MoOKe OyTH BUKOPUCTAHO Y TEXHOJIO-
risix CTBOPEHHSI KOMIIO3UTHHX IOJIMEPHHUX ILIIBOK 3 OaKTepu-
IUAHOIO Ta (DYHIIIUIHOK aKTUBHICTIO.

Katwwoei cao6a: TiApOKCHIPOIIIEI0N03a, COJ, TIeje-

YTBOPEHHS, arperaris.
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