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STRUCTURAL FEATURES
OF LAMELLAR-CHAIN HYDROGELS

The possibility of creating hydrogels of a new lamellar-chain type in the framework of in-
creased rigidity on the basis of ternary aqueous solutions of polymeric and oligomeric molecules
has been considered. A hypothetical model of such a framework whose structural elements are
oligomeric lamellas and polymer chains is proposed. These elements are connected, because
the ends of the polymer chains are embedded into the pores of lamellas. A formula for the free
energy of such a system is obtained. It is shown that an increase in the polymer concentration
should lead to a mutual approach of the lamellas. This conclusion is consistent with the results
of a small-angle X-ray scattering experiment in which ternary aqueous solutions with various
concentrations of a polymer (polyethylene glycol) or an oligomer (sodium dodecyl sulfate) are

studied.
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1. Introduction

According to modern ideas [1-3], gel is a dispersed
system, where

1) particles of the dissolved substance form a
porous framework;

2) elastic shear stresses may arise, but the elastic
shear modulus of the gel is several orders of magni-
tude lower than that of solids.
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A gel in which the dissolved substance is a polymer
is called the polymer gel. Its generally accepted model
[4] is shown in Fig. 1. As one can see, the framework of
a polymer gel is a network formed by polymer chains
connected with one another by long-term chemical or
physical bonds. A space region, where such connec-
tions are located, is called a node. In Fig. 1, those
regions are encircled.

In the case where the solvent is water, the terms
“hydrogel” and/or “polymer hydrogel” are used.

The physics of polymer hydrogels has a long his-
tory [5-7]. Today, this scientific direction continues
to be developed intensively. This is its second birth
(see reviews and books [8-11] and the references the-
rein). The main reason is that the structure of poly-
mer networks in hydrogels is similar to that of the
intercellular matrix in biological tissues and can im-
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itate its physical, chemical, and mechanical prop-
erties [8]. As a result, hydrogels are widely applied
in various areas of medicine, such as ophthalmol-
ogy [12,13], controlled drug delivery systems [14, 15],
wound treatment [16, 17], tissue engineering [18, 19],
and others.

In view of the aforesaid, we performed a cycle of
works aimed at researching the hydrogels based on
cellulose derivatives [20-28]. The presented work is
aimed at studying the possibility of creating hydro-
gels based on a ternary aqueous solution of polymeric
and oligomeric molecules of a new type, namely, hy-
drogels with a framework of increased rigidity. A ne-
cessity in such hydrogels is associated with a probable
application of those polymers in tissue engineering. In
this case, their main function will consist in the cre-
ation of a space, where all necessary conditions for
the biological tissue development would be provided:
the organization of the cell structure, its nutrition,
delivery of bioactive substances, and so forth. An im-
portant role in the implementation of the relevant
tasks is played by the hydrogel framework. In work
[29], it was noted that the majority of polymer hy-
drogels used in tissue engineering cannot provide con-
ditions for the development of biological tissues with
enhanced mechanical properties, such as bones, mus-
cles, and blood vessels; the obvious reason is the in-
sufficient rigidity of the polymer framework.

To solve this problem, in this article, we consider
a possible variant of creating a hydrogel based on
polyethylene glycol (PEG) possessing a framework
with increased rigidity. The properties of PEG-based
hydrogels are widely discussed in the modern liter-
ature, in particular, concerning their possible appli-
cation in industry (water vapor absorption [30], oil
production [31], heating/cooling systems in buildings
[32], and biomedical technologies (see works [33-35]
and the references therein). PEG is an attractive ma-
terial for tissue engineering, because, as a rule, it does
not invoke an immune response [34], although this
is not always the case [33]. An idea of creating such
a hydrogel consists in the introduction, along with
the polymer, of another dissolved substance with a
lamellar structure into the solution: this substance,
when becoming a part of the framework, could in-
crease its rigidity. For example, a method was sug-
gested in work [36] to create mesostructured hydro-
gels based on PEG-diacrylate with the addition of
the block copolymer P123 [37], which forms lamel-
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Fig. 1. Polymer gel structure: polymer chain (1), node (2),
solvent (&)

a

Fig. 2. Oligomeric lamella: general view (a), view along the
arrow @ (b), cross-section of the lamella in the P-plane (c)

lar domains. In this work, a simpler model system
(water-PEG-sodium dodecyl sulfate) was studied for
the first time for the existence of lamellar structures.

2. Mechanism of Lamellar-Chain
Hydrogel Structure Formation

When studying the physical properties of an oligomer,
its chains in the totally extended configuration are
considered as rods [4]. Being arranged in parallel to
one another, those rods form ordered layers, lamellas
(Fig. 2). Figure 2, a illustrates the general view of
a lamella, Fig. 2, b demonstrates its top view, and
Fig. 2, ¢ shows the lamella cross-section along the
plane P.

In work [38], on the basis of the concepts of solid
state physics about defects in crystals, the issue of
the existence of a similar phenomenon for lamellas
was considered. The vacancy is one of the defects dis-
cussed in solid-state physics. By definition [39], the
vacancy is an empty site in the crystal lattice. As one
can see from Fig. 2, b, the ends of the rods compos-
ing a lamella form a plane lattice, and Fig. 3 demon-
strates a vacancy in such a lattice. It is clear that this
vacancy arises as a result of the removal of the cor-
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Fig. 3. Vacancy in an oligomeric lamella: view along the arrow
Q (b), lamella cross-section in the P-plane (see Fig. 2) (c)
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Fig. 4. Node of the lamellar-chain hydrogel framework: poly-
mer chain (1), lamellas (2), water (3)
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Fig. 5. Lamellar-chain hydrogel structure: polymer chain (1),
lamellas (2), water (3)
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Fig. 6. Approximate model of the lamellar-chain hydrogel
structure. See explanations in the text

responding rod from the lamella. In this case, there
appears a pore in the lamella the size of which is equal
to the size of the removed rod (Fig. 3, ¢). That is why
this defect was called the supervacancy [38].

From the viewpoint of thermodynamics, it is ben-
eficial for the end sections of the polymer chains to
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enter the pore (the supervacancy) in a lamella, be-
cause the total energy of the system decreases at
that. If several chains are penetrated into the pores
of the same lamella (Fig. 4), a node of the frame-
work of a polymer network is formed in effect. The
structure of a hydrogel with such nodes is schemat-
ically depicted in Fig. 5. Since the hydrogel struc-
tural elements shown in this figure are lamellas and
chains, it is logical to call it the lamellar-chain (LC)
hydrogel. The framework of the LC hydrogel con-
tains lamellas. Therefore, it is obvious that its rigidity
should be higher in comparison with that of the hy-
drogel (the structure of the latter is shown in Fig. 1).

3. Lamellar-Chain Hydrogel
Restructuring Induced by the Polymer
Concentration Variation

It is clear that, like any hypothetical model, the
model of the LC-hydrogel structure depicted in Fig. 5
has to be verified experimentally. The main structural
element of our model is the lamella, which suggests
that the application of the small-angle X-ray scatter-
ing method [40] to study, for example, the influence
of various physical factors on the spatial period in the
hydrogel lamellar structure could be an effective tool
for such a verification.

Bearing in mind the application of this experimen-
tal method, let us determine the dependence of the
spatial period in the LC-hydrogel on the polymer con-
centration in it, i.e., the dependence inherent to the
model shown in Fig. 5. Let us consider an approxi-
mate model of the LC-hydrogel structure exhibited
in Fig. 6. This model is a set of parallel lamellas con-
nected by chains and arranged at the same distance
from one another. Let us denote this distance as H.

Obviously, the approximate model corresponds to
a periodic structure with the period d that satisfies
the equality

H=d-3, 1)

where § is the lamella thickness. Let us draw the
X-axis perpendicularly to the surfaces of the lamel-
las. The length of the polymer chain projection on
the X-axis is equal to

¢ = H + 2h, (2)

where h is the length of the chain segment located in
the lamella’s pore. It is known [4,41] that if the ends
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of a polymer chain are moved apart to a distance ¢,
there appears a force of an entropic origin, which is
determined by the equality

L
= 3kpT — 3
f B NG,Q’ ( )
where kg is the Boltzmann constant, T the temper-
ature, N the number of chain links, and a the link
length. Therefore, the work that must be done to
move the chain ends apart to the distance £ is equal to

: (4)

Na?’
If the chain ends are drawn into the lamellar pore,
the energy gain equals

U = —2hW, (5)

1 3
A== fl="kgT
2fZ 2/€B

where W is the energy of intermolecular interaction
per unit molecular length. The change in the free en-
ergy density F; due to the drawing of the chain ends
into the pore amounts to

L =Z(A+U), (6)

where Z is the number of chains per volume
unit. This quantity is determined by the equality

¢
7= (7)
where ¢ is the volume fraction of polymer and v is
the volume of a polymer link.

The appearance of forces f that attract the lamel-
las to one another gives rise to the deformation of
the LC-hydrogel structure. The corresponding defor-
mation energy density Fb is equal to

neE ()

where E is Young’s modulus of the lamellar struc-
ture, and D is the spatial period in the absence of
deformations (at ¢ = 0). The total change in the free
energy density F' induced by the appearance of poly-
mer chains in the solution is equal to

F=F +F,. (9)

Substituting the quantities Fy and Fy into Eq. (9),
we have

E (d— DY
P (2]
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At a fixed ¢, the free energy (10) is a function of two
variables, h and d. The equilibrium values of those
variables can be determined from the solution equi-
librium conditions

oF oF

—_— = — =0. 11
oh 0, od 0 (11)
Substituting Eq. (10) into Egs. (11), we obtain the
following formula for the equilibrium value of the pe-

riod d:

(12)

a=p(1-5)

ENv

From whence, it follows that the period d should de-
crease, if a polymer is introduced into the oligomeric
solution, and, correspondingly, ¢ increases.

4. Experimental Part

Ternary aqueous solutions of the oligomer sodium do-
decyl sulfate (SDS, C1oH25504Na, Sigma-Aldrich, a
molar mass of 288.8 g/mol, a density 1.16 g/cm®)
and the linear water-soluble polymer polyethylene
glycol (PEG, HO(C2H40),,H, Merck, a molar mass of
44.05n + 18.02 g/mol, a density of 1.13 g/cm®) were
studied using the method of small-angle X-ray scat-
tering. For the experiment, four specimens were pre-
pared with the following SDS and PEG volume frac-
tions: 1) ¢psps = 0.1 and ¢pppg = 0.02, 2) ¢sps = 0.26
and ¢PEG = 0.04, 3) ¢SDS = 0.29 and ¢PEG = 0.2,
and 4) ¢sps = 0.31 and ¢pgg = 0.38.

The experiment was performed at the Institute of
Experimental Physics of the Slovak Academy of Sci-
ences (Kosice, Slovak Republic). The measurements
were carried out in the air environment at room
temperature and the fixed wavelength A = 1.54 A
of monochromatic X-ray radiation corresponding to
the K-alpha line of the copper anode of the X-ray
tube. The distance between the specimen and the de-
tector was 0.69 m, which made it possible to regis-
ter the scattering vector magnitudes within an in-
terval from 0.01 to 0.3 A~! with a resolution of
0.005 A~!. The research specimens were in borosil-
icate capillaries with a diameter of 1 mm and a wall
thickness of 0.001 mm. The specimen exposure time
was equal to 2 h.
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Fig. 7. Dependence of the period d in the structures of ex-
amined solutions on the polymer volume fraction ¢prg. The
corresponding values of the oligomer volume fraction ¢spg are
given in parentheses

The values of the period d determined from the
experimental data for four specimens are shown in
Fig. 7. As one can see, the period d decreases with
the polymer introduction into the oligomer solu-
tion and the corresponding polymer concentration
growth. This result agrees with formula (12), which
can be considered as a confirmation of the existence
of the structure depicted in Fig. 5, i.e., the reality of
the LC-hydrogel existence.

As was already mentioned, the hydrogel framework
is formed as a result of drawing the ends of polymer
chains into the pores (supervacancies) of oligomeric
lamellas. Which physical factors are responsible for
such a behavior of the chains?

It is known [4] that the decisive role in the physics
of polymers belongs to the model of freely-jointed
chains. According to this model, a chain in the equi-
librium state acquires, on average, the form of a
sphere whose radius R undergoes substantial fluctua-
tions. Such a sphere is called the statistical ball. The
average value of its squared radius equals [42]
(R*) = Na?/6. (13)
The entropy of a chain in the statistical ball state is
maximum. When lamellas appear in the solution, the
thermodynamic situation for the chain changes. Now,
two factors act on the chain. On the one hand, the
drawing of the chain ends into the lamellar pore de-
creases the system energy. On the other hand, such a
drawing decreases the number of possible chain con-
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formations, i.e., decreases the system entropy. The
framework structure shown in Fig. 5 is a result of
establishing a balance between the actions of those
factors.

5. Conclusions

In this work, the simple liquid system water-PEG-
SDS is considered theoretically and experimentally
for the first time in order to verify the exis-
tence of lamellar structures. Hydrogels formed in
ternary aqueous solutions of polymer and oligomeric
molecules have a framework in the form of a net-
work of polymer chains connected with one another
by oligomeric lamellas. Such a connection is realized
by drawing in the ends of polymer chains into the
lamellar pores.

The presence of oligomeric lamellas in the frame-
work of the mentioned hydrogels makes them prin-
cipally different from hydrogels formed in aqueous
polymer solutions, which allows the former to be
considered as a new type of hydrogels. Taking the
structure of their framework into account, it is rea-
sonable to call such hydrogels lamellar-chain (LC-
hydrogels). Note that, due to the presence of lamel-
las in the framework of LC-hydrogels, such hydrogels
have a higher rigidity. This circumstance is promis-
ing for the application of LC-hydrogels in tissue en-
gineering to restore or replace such biological tissues
as bones, muscles, and blood vessels.

Surely, the researched system cannot be di-
rectly applied in tissue engineering. However, the ob-
tained results may be useful in further studies with
more complicated systems suitable for biomedical
applications.
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JIAMEJIAPHO-JTAHITIOT'OBI
I'TAPOTEJII: OCOBJIMBOCTI CTPYKTYPH

Posrisaerbcsi MOXKIUBICTH CTBOPEHHSI Ha OCHOBI GiHapHOIO
BOJIHOT'O PO3YHHY IOJIIMEPHUX Ta OJIrOMEPHUX MOJIEKYJI Tigpo-
rejiiB HOBOI'O THILy — JIAaMEJIAPHO-JIAHIIONOBUX — i3 KapKacoM
1 ABUIIEHOT YKOPCTKOCTI. 3aIlpOIIOHOBAHO TiIIOTETUYHY MOJIENhb
TAKOI'0 KapKacy, CTPYKTYPHUMH €JIEMEHTAMHU SIKOT'O € OJIIrOMep-
Hi Jlamesin Ta nojiimepHi jganioru. Lli exemenTn 3’€HYyIOTHCA
3aB/ISIKA TOMY, IO KiHIIl HOJIMEPHUX JIAHIJIOTIB BTATYIOTHCS B
nopu james. Orpumano GbopMyisly Iuisi BiIbHOI eHepril Takol
cucremu. [TokazaHo, 10 36iJIBINIEHHST KOHIIEHTPAIl MoJIiMepa
Mag€ IIPUBECTH JI0 B3a€MHOI0 30JirKeHHs JiaMeJi. 1leit BUCHOBOK
Y3TrOPKY€EThCH 3 Pe3yJIbTaTaMy IIPOBEIEHOI'0 METOJOM MaJIOKy-
TOBOT'O PO3CifIHHSI PEHTr€HIBCBKHUX IIPOMEHIB €KCIIEPUMEHTY, B
SAKOMY JIOCJIIIzKyBaJInch GiHapHi BogHI po3ynnu nosimepa (1o-
JIeTHIJIEHIVIIKOJIST) Ta oJliroMepa (momenuicyibdara HaATpio) 3
PiBHUMU KOHIIEHTPAI[iSIMU.

Katwwo6i cn06a: rigporess, JaMessipHO-JIAHIIOIOBa CiTKa,
MAaJIOKyTOBE PEHTTEeHIBCbKe PO3CisiHHSI.
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