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LAMELLAR GELS: STRUCTURAL PECULIARITIES

The possibility of the existence of lamellar gels has been formulated using the topological ap-
proach. The structural peculiarity of the gels of this type consists in that their framework is
formed by lamellae. A model of an ideal lamellar gel has been proposed, and its structural
parameters have been calculated. The type of defects that can emerge in a real lamellar gel has
been determined. A formula has been derived that describes water transport through the sur-
face of lamellar hydrogels. The possibility of the existence of lamellar gels has been confirmed
experimentally via light scattering in the aqueous solution of hydroxypropyl cellulose.
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1. Introduction

As is known [1], two types of structures can exist in a
polymer solution: the sol and gel ones. The difference
between them consists in that the interaction between
the chains is short-term in the former case. In the lat-
ter case, this interaction leads to the formation of a
long-term framework in the solution, with the indi-
cated framework consisting of polymer chains. Such
a solution is called “gel”. If the solvent is water, the
term “hydrogel” is also used.

The challenging character of gel studies arises, first
of all, from the needs of medicine [2-5]. In particu-
lar, just the possibility of implementing the obtained
results in medicine has stimulated the intensive devel-
opment of gel studies. Their results (see works [6-9]
and references therein) allow us to assert today that
there appeared a new scientific direction, gel physics.

The specific behavior of gels is mainly a result of
the structural features of their framework. One of the
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many issues related to gel physics is the creation of
theoretical models describing the gel framework, and
this task is a key point of this article.

It is generally accepted [1] that the polymer frame-
work is a network (see Fig. 1). The latter is formed by
chains 1 connecting with one another at nodes 2. A
chain can pass through several nodes. A chain seg-
ment between two neighboring nodes is called the
subchain. The schematic diagram of chains in Fig. 1
corresponds to the continuous (persistent) chain
model [10]. According to this model, a chain is consid-
ered to be an elastic rod. By order of magnitude, the
diameter of such a rod is assumed to equal the poly-
mer link size b. Such rods are depicted in Fig. 1 by
curves, and such a representation is associated with
the condition

b< h, (1)

where h is the size of the chosen spatial scale. In other
words, under condition (1), any chain is considered to
be a one-dimensional object.

As was already mentioned, a network is assumed to
be the only possible type of gel framework. Instead,
in this paper, we will demonstrate that another type
of framework, which is principally different from the
network, must also exist in gels.
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2. Gel Framework
from the Topological Viewpoint

In what follows, polymer links will be called polymer
particles. Let by denote the size of the solvent particle
(molecule or ion). As a rule, the sizes of the polymer
and solvent particles are of the same order of magni-
tude, which allows us to consider that the equality

b = by (2)

holds. Taking into account condition (1), let us con-
sider the polymer and solvent particles to be point-
like force centers. By M, we denote a set whose ele-
ments are the polymer and solvent particles.

Following work [11], let us introduce a topology in
the space occupied by the solution by partitioning the
set M into subsets according to the expression

MZCJM?'? (3)

where My, M1, M5y, and M3 are subsets whose el-
ements are zero-, one-, two-, and three-dimensional
cells, respectively. By definition, a zero-dimensional
cell is a point. One-, two-, and three-dimensional cells
are homomorphic to an open segment, a circle, and
a sphere, respectively. In other words, as a result of
the partitioning, the space becomes split into three-
dimensional regions. The surfaces separating these re-
gions from one another are two-dimensional cells. The
curves where the indicated surfaces intersect are one-
dimensional cells. Finally, such curves intersect at
points, i.e., zero-dimensional cells.

Only some part of the system is usually called the
framework: it does not include regions into which the
framework partitions the system. According to this
statement, the set M’ whose elements are the frame-
work particles (polymer particles) should be defined
by the expression

M = U M;. (4)

As was already mentioned, the network consists of
subchains connected by nodes. The latter act as zero-
dimensional cells, whereas the subchains play the role
of one-dimensional cells. Thus, in the case where the
framework is a network, the framework particles are
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elements of the set

M" =) M;. (5)

Below, the network will be called the chain framework
(abbr. C-framework), and a gel with such a frame-
work the chain gel (abbr. C-gel).

As one can see from expressions (4) and (5), in
addition to the chain framework, a framework of an-
other type, which includes surfaces, can exist in the
polymer gel. In reality, every such surface is a wide
thin plate. Following the accepted terminology [12],
we will call such a plate the lamella in order to de-
scribe the exterior view of the crystals. The corre-
sponding framework will be called the lamellar frame-
work (abbr. L-framework). A gel with such a frame-
work will be called the lamellar gel (abbr. L-gel).

3. Ideal Gels: Chain and Lamellar

As is known [1], the gel structure is characterized by a
substantial disorder. It is clear that this term remains
undefined until the term “order” is defined. In other
words, when talking about the disorder in the gel,
we thereby assume the existence of some ideal, i.e.,
completely ordered, structure. Let us call it the ideal
gel and consider a possible variant of such a structure.

When solving this task, we should keep in mind
that, by their properties, gels occupy an intermedi-
ate position between the liquid and the solid, with
certain peculiarities inherent to solids being also ob-
served in gels [1]. This fact gives us an idea to de-
termine the structure of ideal gel by analogy with
how the issue of ideal structure is resolved in solid-
state physics. In solid-state physics, the role of such

> |7

Fig. 1. Gel network as a model of polymer framework: chain
(1), node (2)
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Fig. 2. Ideal gel types: chain (a) and lamellar (b, c, d)

a structure is played by the lattice of an ideal crys-
tal [12, 13], which is characterized by the long-range
order by definition. So, following the path of analo-
gies with solids, we have to reasonably assume that
there exists a lattice in an ideal gel. However, only
the framework can form such a lattice.

As was shown above, there are two types of frame-
works; therefore, they must form two lattices. One
of them will be called the ideal C-framework, and
the other the ideal L-framework. The gels with these
frameworks will be called the ideal C-gel and the ideal
L-gel, respectively. The unit cells of the both gels are
exhibited in Fig. 2 (panels a and b). Fig. 2, ¢ illus-
trates a cross-section of the unit cell shown in Fig. 2, b
in the plane P. The polymer particles are shown as
hollow circles, and the solvent particles as solid ones.

One can see from Fig. 2, a that the chains have
a completely straightened configuration in the ideal
C-gel: they are directed along the crystallographic
axes X, Y, and Z. According to Figs. 2, b and ¢,
in the ideal L-gel, the polymer particles fill the unit
cell faces. The chains consisting of those particles are
directed along the axes X, Y, and Z (Fig. 2, d). As
one can see from Figs. 2, b and ¢, the solvent particles
are locked within the unit cell of the L-framework;
they cannot move over their volume occupied by the
ideal L-gel.

Let ac and ay, denote the translational periods of
the ideal C- and L-gel lattices, respectively; let n be
the number of polymer particles; and let N be the
total number of particles in the gel. The fraction ¢ of
polymer in the gel is determined by the formula

¢ =n/N. (6)
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According to equalities (6) and (2), the quantity ¢
represents the relative volume occupied by the poly-
mer in the gel. We will assume that the following con-
dition holds:

< 1. (7)

The obvious consequences of this condition are the
inequalities

ac > b, ap, >b. (8)

In the models shown in Fig. 2, a subchain and a
lamella have the dimensions ac X bx b and ar, X ar, X b,
respectively. After elementary geometric calculations,
we obtain the following equalities for the relative vol-
umes ¢ and 61, occupied by the polymer in the ideal
C- and L-gels, respectively:

Oc = 3b* /a?, 9)
01, = 3b/ay,.
Whence we obtain
ac = b(3/¢)'?,
ar, = 3b/¢.

Accordingly, for the numbers of subchains n¢ and ny,
we have the formulas

nc = 3N(¢/3)3/25
ni, = 3N(¢/3)3.

Formulas (10)—(14) describe the characteristic fea-
ture of the lattices in an ideal gel: the parameters of
those lattices depend on the polymer concentration
in the gel.

4. Real Lamellar Gel

As is known, in solid-state physics, along with the
model of an ideal crystal, various models of real crys-
tals are used to describe the behavior of solids. The
formation of a real crystal is considered to be a con-
sequence of defect accumulation in the lattice [12].
These are defects of different dimensions: zero-di-
mensional, one-dimensional, and so forth. The zero-
dimensional type of defects includes the defects that
are called substitutional. These are impurity particles
and vacancies.
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Continuing to follow the approach adopted in solid-
state physics, let us apply the concept of struc-
tural defects to gel physics, keeping in mind the L-
framework and using the terms “real L-framework”
and “real L-gel”.

By convention, the links of a polymer chain are dis-
tinguished into internal and terminal ones. The lat-
ter differ from the former by their chemical composi-
tion and the character of their interaction with neigh-
boring particles. The terminal links violate the spa-
tial periodicity of the gel framework lattice. Accor-
dingly, these links play the role of impurity particles
(according to the terminology adopted in solid-state
physics [13]).

Figure 3, a illustrates one of the possible variants
for the arrangement of terminal links in a lamella. In
this variant, the exhibited links are the nearest neigh-
bors, and, in principle, they can be considered as a
single zero-dimensional defect, a pair of impurity par-
ticles. The terminal links can be arranged along the
chain direction at a certain distance from one ano-
ther. If this distance equals b, then the formed void
(see Fig. 3, b) is a vacancy (according to the termi-
nology adopted in solid-state physics); if the distance
equals 2b, then we deal with a bivacancy (Fig. 3, ¢);
and so forth. At distances that substantially exceed
b, the matter concerns the emergence of a one-di-
mensional defect, a complex of vacancies (a gap) (see
Fig. 3, d). A gap can also arise as a result of the chain
bending (see Fig. 3, e). The presence of voids in the
lamellae of a real L-gel (Fig. 3), allows solvent parti-
cles to move from one cell to another, thus traveling
throughout the entire volume occupied by the gel.

Let us assume that vacancies and vacancy com-
plexes are formed via a non-fluctuation mechanism
[14], so, the number of voids in the lamellae is kept
at a required level that is necessary for the motion of
particles over the gel volume. An answer to the ques-
tion of whether a lamellar gel actually exists, as is
predicted by topology, can be given by measuring the
turbidity of the polymer solution during the sol-gel
transition. Indeed, polymer chains act as light scat-
terers in the sol-structure. If a C-gel is formed, this
role is transferred to subchains. Therefore, in dilute
solutions, where the number of chains is insignificant,
the light scattering induced by the C-gel formation
cannot lead to a noticeable light reflection.

On the other hand, as was already mentioned, if
a lamellar gel is formed, the polymer chains form
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Fig. 3. Types of defects in the lamellar framework: a pair of
impurity particles (a), a vacancy (b), a bivacancy (c), vacancy
complexes (gaps) (d, e). Notation: chain (1),) terminal link (2)
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Fig. 4. Temperature dependences of the intensities of trans-
mitted (Jr) and reflected (Jg) light beams for the 2% wt
aqueous solution of hydroxypropylcellulose. The heating rate
is 1.1 ° C/min

surfaces composed of lamellae. A set of such surfaces
is impermeable to light waves; i.e., light reflection
should be observed during the lamellar gel formation.

Using the technique described in work [15], we
studied light scattering in a 2% wt aqueous solu-
tion of hydroxypropyl cellulose. The experimental re-
sults are presented in Fig. 4. An analysis of this fig-
ure demonstrates that the intensity of light passing
through the polymer solution practically vanishes at
a temperature higher than 41 °C. This fact testifies
that a lamellar hydrogel is formed in the examined
solutions.

According to the literature data [16], the size of a
polymer unit of hydroxypropyl cellulose equals b ~
~ (0.8 nm. Then the size of lamellae in the hydrogel
studied in this experiment and calculated using for-
mula (12) is approximately equal to 150 nm.

5. Water Transport

through the Hydrogel Surface

As is known [2-5], hydrogels are widely used in
medicine as a component of wound dressings. A fac-
tor that accelerates the wound healing process is the
maintenance of wound moisture, so the hydrogel plays
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the role of a “moisture donor”. A hydrogel intended
for this role must meet at least two requirements:

e it must retain water at a permanent level
throughout the therapeutic action of the dressing;

¢ it must make it possible to regulate the amount
of water entering the wound.

The lamellar hydrogel meets these requirements to
a greater extent than the chain hydrogel. Indeed, the
first requirement is ensured by the fact that water is
present in cells with polymer walls. The second re-
quirement can be met by changing the number of
voids in the lamellae. Such changes can be achieved
by introducing ions into the gel [17, 18].

In work [19], it was shown that the size of the phys-
ical infinitesimal volume (the region, where the local
equilibrium is established) in liquids, is of an order
of 100 nm. This means that a cell of lamellar hy-
drogel with the size ar, ~ 150 nm is a physical in-
finitesimal volume from the thermodynamical view-
point. This circumstance makes it possible to con-
sider the lamellar hydrogel as a certain continuum
on which the scalar field of the concentration of wa-
ter molecules C(r), where r is the radius vector of
the continuum points (in physical terms, this is the
radius vector of the center of inertia of the cell), is
defined. The behavior of such a field is described by
the diffusion equation

% _ p.ac,

N (15)

where D, is the effective diffusion coefficient.

Let us denote the size of a hole, a formed vacancy
complex, by f x g x b (the faces of a unit cell) and
determine the dependence of D, on the parameters
f, g, and ar, of the lamellar crystal structure. Fol-
lowing [20], let us write down the formula for the av-
erage velocity v of the translational diffusion motion
of particles in the liquid,

D
v=—,

b (16)

where D is the self-diffusion coefficient of particles. In
the framework of microscopic model, for the number
Q of particles (water molecules) that pass, on average,
through the hole per unit time, we have the expression

Q=vCfg.
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(17)

Accordingly, in the continuum model, the particle flux
is given by the formula

_Q _vCfg
J= = (18)

and the flux through the cell face by the formula

D(?C

(19)
Approximating the derivative in formula (19) in the
form

oc _C

—_—

Ox ar, (20)

and comparing expressions (18) and (19), we obtain

fg

D.=D
bsaL

: (21)

This formula together with formula (15) determines
the character of water transport through the hydrogel
surface.

6. Conclusions

Today, it is generally accepted in the physics of gels
that the gel framework is a network formed by poly-
mer chains that are connected to one another at
nodes. In this paper, it is shown that not only a net-
work can serve as a framework model. There are gels,
where the framework is formed by lamellae consisting
of closely adjacent polymer chains. Such gels can be
reasonably called lamellar.

The framework of an ideal lamellar gel is a lat-
tice. In this lattice, the walls of a unit cell are lamel-
lae with a size of about 100 nm. The framework of a
real lamellar gel is also a lattice, but its lamellae con-
tain defects such as vacancy complexes. The latter
are holes in the lamellae. Due to these holes, solvent
particles can pass from one cell to another and move
throughout the entire volume occupied by the gel.

As is known [2-5], hydrogels are widely used in tis-
sue engineering. Today, there is a problem in this field
concerning the creation of artificial materials that
could replace rigid biotissues, such as muscles, blood
vessels, and so forth. Lamellar hydrogels with their
rigid framework can help one in solving this prob-
lem. For example, it was shown in works [21, 22| how
lamellar polymer matrices with specified physical and
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mechanical properties are built on the basis of water-
soluble cellulose derivatives under certain tempera-
ture conditions and the presence of polymerization
binding agents.

Another issue important for applications is the cre-
ation of microgels on the basis of diluted polymer so-
lutions with ionic impurities [18]. Such microgels con-
sist of polymer aggregates (clusters), which also have
a lamellar structure. By introducing ions into such
solutions, it is possible to change the size of lamellae
and the corresponding porosity of the clusters, which
makes it possible to use microgels as carriers of active
substances in modern technologies for the manufac-
ture of nanocomposite films, catalysts, bactericidal
polymer films, and drug delivery systems [23-26].

As follows from formula (21) obtained in this pa-
per, the transport of the solvent through the hydro-
gel surface is governed by the geometric parameters
of unit cell. Therefore, the drug release rate is deter-
mined by the hydrogel porosity, and the latter can be
created by performing the directed polymerization in
order to obtain a lamellar framework with a required
structure [27].

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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10.®. Babawma, B.1. Kosaavuyx, JI.A Byaasin
JIAMEJIAPHI I'EJII: OCOBJIMBOCTI CTPYKTYPU

Ha ocHoOBi TomosiorigyHoro miaxomy J0BeIEHO MOXKJIUBICTD iCHY-
BaHHs JJameJisipHuX rejiB. OcobyMBiCTh CTPYKTYPH I[OTO TUILY
reJsiiB MOJIAArae B TOMY, IO IXHIN KapKac yTBOPEHO 3 JlaMeJl. 3a-
IIPOIIOHOBAHO MO/IEJIb 1€aJIbHOIO JIAMEJISIPHOT'O I'eJII0 Ta PO3pa-
XOBaHO IIapaMeTpu HOro CTpyKTypu. BusnadeHno Bus nedekris,
SIKi MOXKYTh BUHUKATH B PeajIbHOMY JlaMeJisipHOMY Teiii. Buse-
IeHo (hopMyILy, IO OMHUCYE TPAHCIHOPT BOJAU KPi3b MMOBEPXHIO
JaMensipHux rigporesiB. MoK/IuBICTb iCHYBaHHS JIaMeJIIPHUX
rejiiB MmiATBEpAKEHA €KCIIEPUMEHTAJIHLHO 33 JIOIIOMOTOI0 PO3Ci-
SIHHSI CBITJIa BOJHHUM PO3YMHOM TIiIPOKCOIPOIIJIIEIONIO3H.

Katwwoei caoea: JJaMeJIIPHUIN T'ellb, TiJIPOKCUIIPOIIJIIIETIO-

J103a, PO3CisIHHS CBiTJIA.
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