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TEMPERATURE DEPENDENCE
OF THE SHEAR MODULUS IN CONCENTRATED
POLYMER GELS: MOLECULAR MECHANISM

In addition to the conventional entropic mechanism of the temperature dependence of the shear
modulus in polymer gels, another one has been found. It is implemented in concentrated rigid-
chain gels. Such gels were shown to consist of two phases: a network and fibers, with the former
phase determining the magnitude of the gel shear modulus. If the temperature increases, the
fibers are destroyed; some chains come off the fibers and increase the network phase fraction,
thus increasing the shear modulus. Temperature dependences of the shear modulus for gelatin
gels with gelatin concentrations c = 12%, 20%, 30%, and 40% were measured in a temperature
interval of 34—42 °C. They are consistent with the proposed mechanism. We will also show
that this mechanism of the temperature dependence of the shear modulus is responsible for the
temperature effect on the regeneration of damaged cartilage tissue.
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1. Introduction

In recent years, the rapid progress in gel research
has been observed (see, e.g., review [1]). This oc-
curs, because gels are components of the human body,
and they are widely used as medicines (see, e.g.,
works [2, 3]).

As is known, the gel is a solution, where the dis-
solved substance forms a framework. A gel is called
the polymer gel, if the dissolved substance is a poly-
mer, and the hydrogel, if the solvent is water. A sys-
tem, where the dissolved substance does not form a
framework, is called a sol. Accordingly, the gel forma-
tion process is called the “sol-gel transition”.

It is generally accepted (see, e.g., work [4]) that
the framework of a polymer gel is a network formed
by polymer chains that are interconnected by nodes
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(Fig. 1). The shear modulus plays the role of a pa-
rameter that determines whether a substance belongs
to the class of gels on the basis of the deformation
properties of the substance. Namely, the shear mod-
ulus G of the gel must satisfy the relationships

0< G < Gg, (1)

where G is the shear modulus of a solid.

Due to the special status of the shear modulus, at-
tention in gel physics is focused on the mechanisms
that govern the behavior of the shear modulus under
the influence of various factors, in particular, tem-
perature. Based on the model depicted in Fig. 1, it is
accepted (see, e.g., work [4]) that the shear modulus
changes under the temperature influence are caused
by the entropy variation, which gives rise to the rela-
tionship

G~T, (2)

where T is the absolute temperature.

In this paper, we will describe a mechanism of
the temperature-induced change of shear modulus in
polymer gels that is different from the conventional
one [4].
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2. Experimental Part.
Formulation of the Problem

In work [4], gelatin hydrogel is mentioned among the
systems whose structure should correspond to Fig. 1,
so, whose temperature dependence of the shear mod-
ulus should be described by formula (2). We experi-
mentally determined the temperature dependence of
the shear modulus of gelatin hydrogel. For this pur-
pose, gelatin hydrogel with concentrations ¢ = 12%),
20%, 30%, and 40% was studied.

The technology of specimen manufacture and the
method of the shear modulus measurement were de-
scribed in work [5]. Before the measurements, the
specimens were kept at a temperature of 20 °C for
24 h. The experimental results are presented in Fig. 2,
where, besides the experimental points, the plots of
the theoretical dependence (2) are shown for compar-
ison. As one can see from Fig. 2, dependence (2) does
not agree with the obtained experimental data.

The aim of this work was to determine the molecu-
lar mechanism that is responsible for the experimen-
tally obtained temperature dependence of the shear
modulus.

3. Phase States
of the “Gelatin—Water” System

This paper continues the series of works [6-10]. Their
novelty consists in that the sol-gel transition is con-
sidered a phase transition of the first kind. This idea
is used in this work as well. According to this concept,
four phases can exist in the “gelatin—water” system:
phase a is the solvent, i.e., water (¢ = 0); phase b
is the solid polymer (¢ = 1); phase ¢ is the solution
(sol-phase); and the phase m is a mesophase (an in-
termediate phase between the solution and the solid
polymer). The phase diagram corresponding to this
concept is schematically illustrated in Fig. 3 (the scale
is not preserved). Here, the area above the curve ABF
is the region of existence of the g-phase, the area
bounded by the curve ADLE is the region of exis-
tence of the m-phase, the area bounded by the curve
ABDA is the region of coexistence of the ¢g- and m-
phases, the area bounded by the curve FBDH is the
region of coexistence of the g- and b-phases, and the
area bounded by the curve ELDHN is the region of
coexistence of the m- and b-phases.

If the temperature decreases along the line QV,
then the sol-gel transition takes place. Accordingly,
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Fig. 1.
chain (1), node (2)

Model of polymer network:

the m-phase is identified with the model depicted in
Fig. 1.

Gelatin is formed by collagen chains in the absence
of water. In this case, the chains form fibers (see,
e.g., work [11]), i.e., the b-phase is formed by collagen
fibers.

In the experiment (its results are presented in
Fig. 2), we studied gels with rather high polymer con-
centrations. So, it is reasonable to assume that it is
the area ELDHN in the T' — ¢ plane that was stud-
ied experimentally. Below we will discuss gels corre-
sponding to the area ELDHN, i.e., the region, where
gel is a mixture of the m- and b-phases.

4. Model of Gel Structure

From the thermodynamical viewpoint, the gel is a
non-uniform elastic continuum. We characterize such
a continuum by the tensor function S (r), where S is
the compliance tensor, and r is the radius vector of
a point in the space occupied by the continuum. By
definition (see, e.g., work [12]), a mathematically in-
finitesimal volume dr in the continuum actually cor-
responds to some finite-volume region, which is called
the physically infinitesimal volume. The latter is a re-
gion, where a local equilibrium is established. Every
such region is characterized by a certain value of
the tensor function S. The microscopic model of gel
structure is schematically exhibited in Fig. 4, a. Here,
the solid lines represent the fibers, and the dashed
curves mark the boundaries of the local equilibrium
regions. The cross-section of a local equilibrium re-
gion is shown in Fig. 4, b.

5. Influence of Phase
Transition on the Gel Shear Modulus

Generally speaking, the function S (r) has a random
character. Considering the S-function values corre-
sponding to different r’s as independent random
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Fig. 2. Temperature dependences of the shear modulus G in gelatin hydrogel with various gelatin concentrations 12% (a), 20%

(b), 30% (c), and 40% (d)
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Fig. 3. Phase diagram for the “gelatin—water” system

quantities, we have the following formula for the gel
compliance tensor:

_ 1
S:V/S(r)dr, (3)

where V' is the volume of the system.
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a b

Fig. 4. Schematic diagrams of the gel structure (a) and the
local equilibrium region (b): fiber (1), network node (2), and
chain (3)

The orientation of fibers in the local equilibrium
regions also has a random character. Let us assume
those orientations to be equally probable. As a re-
sult, the gel as a whole will behave as an isotropic
continuum, and the tensor S has two independent
components; one of them is the shear modulus.

Let an external load create a stress tensor field o (r)
in the gel. For the local strain tensor e (r), we have
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the formula

e(r)=S(r)o(r). (4)

The components of tensor S (r) depend on both the
network compliance and the compliance of the fibers
entering the local equilibrium region. The network
compliance is determined by isolated chains. The
fiber is a bundle of chains. Therefore, the network
compliance substantially exceeds the fiber compli-
ance. This fact gives grounds to consider a fiber as
absolutely solid and leave in formula (4) only the com-
ponents depending on the network compliance.

The deformation of network chains is mainly re-
duced to their bending. This type of deformation is
accompanied by the smallest increase in the poten-
tial energy, if the deformation occurs in the form of
rotations of the bonds connecting the chain links to
one another. The mentioned energy increase is associ-
ated in this case with the force constant 3 of torsional
vibrations.

The local compliance S (r) depends on the size L
of the local equilibrium region. Accordingly, the shear
modulus G, whose value is obtained according to for-
mula (3) by averaging over the volume V of the sys-
tem, must also depend on L. Based on the dimension-
ality of the quantities that G depends on, we have the
estimate

~ ﬁ (5)

L
Taking the values 8 ~ 1 N/m [13] and L ~ 107" m
[14], we obtain the numerical estimate

G ~ 10" Pa, (6)

which is consistent by order of magnitude with the
shear modulus values obtained in our experiment.

Let the line PM in Fig. 3 describe the temperature
increase in this experiment, and let the temperature
reach a value corresponding to the point K. Accor-
ding to the lever rule (see, e.g., work [15]), the relative
amount &, of the m-phase equals

Z

gm: ma

(7)

where Z = KN, and y = LK (see Fig. 3). As one
can see from Fig. 3, the value of £, should increase
as the temperature grows (upwards along the line
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PM). Accordingly, the value of G should also increase,
which was really observed in the experiment. Hence,
the temperature dependence of the shear modulus,
which was revealed in our experiment, is a conse-
quence of the existence of two gel phases, the m- and
b-phases.

As already mentioned, the fiber compliance prac-
tically equals zero, i.e., it is the m-phase that is re-
sponsible for shear elasticity. As the temperature in-
creases, the fibers are destroyed: the collagen chains
come off the fibers and join the network. As a result,
the fraction of the m-phase increases, which, in turn,
leads to the shear modulus growth.

The phase transition occurs when a certain con-
centration value is exceeded (in Fig. 3, this concen-
tration is marked by the EM line). The probability of
the b-phase formation increases as the chain stiffness
grows.

The collagen chains composing gelatin have consid-
erable stiffness. The gelatin concentration in the re-
searched gel was tens of percent. Therefore, from the
above considerations, the emergence of a specific tem-
perature dependence of the shear modulus in such gel
seems reasonable. Following the same logic, a similar
mechanism should take place, in general, in concen-
trated rigid-chain gels.

6. Temperature Effect
on the Cartilage Tissue Regeneration

In Introduction, we mentioned the gels that are the
constituents of the human body. They include car-
tilage tissue [3]. When treating cartilage tissue (see,
e.g., work [16]), applications of heat carriers (paraf-
fin, ozokerite, mud therapy) are widely used. At the
action of heat carriers, the tissue temperature in a
certain area increases. Such a growth is believed to
stimulate the regeneration of damaged cartilage tis-
sue. The mechanism of the aforementioned stimula-
tion remains uncertain.

In our opinion, the mechanism proposed above,
which stimulates the temperature dependence of
shear modulus in concentrated rigid-chain gels, can
play this role. Indeed, as is known [3], the main com-
ponents of hyaline and fibrous cartilage tissue are
collagen (10-12%), proteoglycans (7-8%), and water
(75-80%). In work [17], we proposed a model for the
cartilage tissue structure, which actually coincides
with the model depicted in Fig. 4, a. The only differ-
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ence is that the network is now composed of proteo-
glycans, but the fibers, as earlier, consist of collagen
chains.

Among the objects studied in our experiment was
gelatin gel with a gelatin concentration of 12%. Such
a solution is a toy model that corresponds to the
amount of collagen in cartilage tissue. In this case,
the behavior of cartilage fibers should be similar to
that of gelatin gel fibers.

It was shown that the temperature growth led to
the destruction of gelatin gel fibers. It is reasonable
to assert that the same effect should be observed for
cartilage fibers as well. Collagen chains that come
off cartilage fibers join the proteoglycan network,
increase the shear modulus of cartilage tissue, and
thereby restore the ability of damaged cartilage tis-
sue to resist the action of external loads. Actually,
this process is one of the stages of the cartilage tissue
regeneration.

7. Conclusions

It is accepted in the gel physics [4] that the tem-
perature dependence of the shear modulus in poly-
mer gels is determined by the entropy change. Ho-
wever, as [s shown in this paper, for concentrated
and rigid-chain gels, there exists a different molec-
ular mechanism governing the temperature depen-
dence of the shear modulus. This mechanism is as
follows.

e The mentioned gels consist of two phases, the net-
work and fiber ones. As the temperature increases, a
transition from the fiber phase into the network one
takes place.

e This transition is accompanied by the destruction
of the fibers. As a result, some chains come off the
fibers and join the network; so, the fraction of the
network phase increases.

e The compliance of the fibers is substantially lower
than that of the network. In effect, the shear elastic-
ity of gels is determined by the network. Accordingly,
the growth of the network phase fraction as the tem-
perature increases leads to larger shear modulus val-
ues. Just such a behavior is observed in the experi-
ment.

The proposed mechanism explains the positive ef-
fect of increasing temperature on the cartilage regen-
eration process. Namely, the temperature growth in-
creases the fraction of the network phase and, there-
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fore, the shear modulus value; i.e., it restores the sup-
porting function of cartilage tissue.
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TEMIIEPATYPHA 3AJIE2KHICTB MOIVJIA
3CYBY KOHIIEHTPOBAHUX ITOJIIMEPHIX
T'EJIIB: MOJIEKYJ/IAPHUIN MEXAHI3M

BcranosiieHo, 1110 [J151 TOJIIMEPHUX I'eJliB, OKPIM 3araJIbHOIPUI-
HSITOIO €HTPOINIHOrO, iCHye Ie IHIINI MeXaHi3M TeMIiepaTyp-
HOT 3aJie2KHOCTI MOAyJist 3cyBy. Lleit MexaHizM peaJiidyeTbcs y
BUITAJIKy KOHIIEHTPOBAHUX YKOPCTKOJIAHIFOroux remis. [Toka-
3aHO, 110 TaKi reJIi CKIaJaloThCs 3 ABOX (ha3: CiTKU Ta BOJIOKOH,
IPUYOMY BEJIMYMHY MOJYJIsl 3CyBY Tejisi Bu3Hadae citka. [Ipu

MiABUINEHHI TeMIIepaTypu BiI0OyBa€ThCs IEeCTPYKIlisi BOJIOKOH.
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IIpyu npoMy YacTuHA JIAHIYOTIB BiJIIENUIIOETHCS BiJl BOJIOKOH,
36LIBIIYI0YM KIJIBKICTh CITKOBOI pasw, 1110, B CBOIO Yepry, IIpU-
BOAWTH JIO 3POCTaHHsI MOAYJs 3CyBy. B inrepsami 34-42 °C
OTPHMAaHO TEMIIEPATYPHI 3aJI€?KHOCTI MO/YJIsl 3CYyBY JJIs YKejla-
TUHOBOTO TeJIIo 3 KoHNeHTpaieto ¢ = 12, 20, 30 i 40% »xenaTu-
Hu. OTpuMaHi 3aJI€2KHOCT] y3roJKYIOThCH 13 3allPOIIOHOBAHUM
mexaHizmoM. [lokazaHo, 10 BKa3aHUl MeXaHi3M TeMIlepaTyp-
HOI 3aJIE?KHOCTI MOJLyJIsl 3CYyBY 3yMOBJIIOE BILJIUB TE€MIIEPATY DU
Ha pereHepariiio IONIKO/?KEHOI XPAIIOBOI TKAHUHH.

Kat4w0861i €.086a: NOJIMEPHUR TeJib, MOJLYJIb 3CYBY, XPSIIIO-
Ba TKAHUHA.
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