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FEATURES OF THE FORMATION OF A NETWORK
IN SOLUTIONS OF RIGID-CHAIN POLYMERS

It has been shown that the network in rigid-chain polymer gels has a specific shape: the role
of nodes in this network is played by flat aggregates formed by folded polymer chains. A mech-
anism for the emergence of such a network has been proposed, and its existence in metolose
hydrogels has been confirmed experimentally using the dynamic light scattering and atomic
force microscopy methods.
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1. Introduction

When characterizing the polymer chains, the follow-
ing spatial scales are introduced [1]: the vector R
connecting the chain ends, the chain link size 𝑎, the
size of chain segment (the rigid section of the chain)
ℓ, and the length 𝐿 of the chain in the stretched
state. There are the following relationships between
those quantities:

𝐿 = 𝑁𝑎, (1)

⟨R2⟩ = 𝐿ℓ, (2)

where 𝑁 is the number of links in the chain, and ⟨R2⟩
is the average value of R2.
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There are two classes of polymers: flexible-chains,
for which the condition

ℓ & 𝑎 (3)

is fulfilled, and rigid-chains, which are characterized
by the inequalities

𝑎 ≪ ℓ ≪ 𝐿. (4)

It is also known [2] that there can exist two types of
structures in a polymer solution: the sol and gel struc-
tures. In contrast to the sol structure case, the poly-
mer chains in the gel structure form a network. Under
certain conditions, a sol-gel transition takes place
at which the sol structure transforms into the gel
one. The gel formed in an aqueous polymer solution
is called the hydrogel.

The generally accepted model of the network in
the polymer is a model [3–5] in which the network
nodes are connected via polymer chains (Fig. 1). A
characteristic feature of this model is the hierarchy of
spatial scales,

ℓ1 ≪ ℓ2, (5)

where ℓ1 is the node size, and ℓ2 is the average dis-
tance between the nodes. For condition (5) to be sat-
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Fig. 1. A model of a polymer network formed by flexible
chains: node (1 ), chain (2)

isfied, the node size must be much smaller than the
chain length 𝐿. Such a node can only be formed by
flexible chains, and, therefore, the model shown in
Fig. 1 is acceptable only for flexible-chain polymers.

So, what does the network in rigid-chain polymers
look like, and what is the mechanism of its forma-
tion? To answer these questions, we studied the aque-
ous solutions of rigid-chain polymers [6–13]. As the
research object, typical representatives of the poly-
mers belonging to this class, cellulose derivatives,
were chosen. This choice was also done because of the
needs of modern medicine, where the gels of men-
tioned polymers are used; in particular, these are
ophthalmology [14, 15], tissue engineering [16, 17],
drug delivery systems [18, 19], and the treatment of
wounds [20–23].

In works [6, 7, 11, 12], the preconditions for a poly-
mer network to be formed in the aqueous solutions of
cellulose derivatives were studied. In this paper, we
propose a mechanism of network formation in the in-
dicated hydrogels.

2. Experimental Part

The aqueous solution (1.5 g/l) of metolose 65SH-50
produced by Shin-Etsu Chemical Co. (Tokyo, Japan)
was studied [24]. The molecular weight of this com-
pound 𝑀 = 88000 [25], and the substitution type is
2906 [26].

Dynamic light scattering in the researched solu-
tion was studied making use of a Zetasizer Nano ZS
(Malvern) device. The experimental results are shown
in Fig. 2, where the dependence of the average size
of the clusters available in the solution on the solu-
tion temperature 𝑇 is depicted. As one can see, the
cluster sizes at 𝑇 > 65 ∘C significantly exceed the
corresponding values at 𝑇 < 65 ∘C.

Fig. 2. Dependence of the average cluster size 𝑑 on the tem-
perature 𝑇

a

b
Fig. 3. Reliefs of the film surface obtained at the temperatures
𝑇 = 50 ∘C (𝑎) and 70 ∘C (𝑏)

An atomic force microscope Integra Prima Basic
(NT-MDT Spectrum Instruments) and the Gwyddion
software [27] were applied to study the surface struc-
ture of the films obtained as a result of the metolose
solution epitaxy on a glass substrate at the tempera-
tures 𝑇 = 50 ∘C and 70 ∘C. The experimental results
are exhibited in Fig. 3. As is seen, the roughness of
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the surface obtained at 𝑇 = 50 ∘C substantially ex-
ceeds that at the surface obtained 𝑇 = 70 ∘C.

3. Discussion of Experimental Results

Let us determine the shape that a polymer cluster has
at 𝑇 = 50 ∘C. In work [7], on the basis of viscometric
experiments, it was found that, at this temperature,
metolose clusters have the form of elongated ellipsoids
of rotation, for which the ratio between the lengths
of the axes equals

𝐻/𝐷 ∼= 70. (6)

Denoting the molecular weight of a polymer link as
𝑚, let us write

𝑁 = 𝑀/𝑚. (7)

According to work [28], we have 𝑚 = 162 and 𝑎 =
= 1 nm for a cellulose chain. Substituting these val-
ues into formulas (1) and (7), we get 𝑁 = 530 and
𝐿 = 530 nm.

A large value of the ratio 𝐻/𝐷 allows the indi-
cated ellipsoid to be approximately considered as an
𝐻 × 𝐷 × 𝐷-parallelepiped, where 𝐻 and 𝐷 are the
lengths of its sides. To describe the chain behavior,
the persistent model [1] will be used, in which the
chain is considered as a uniform cylinder with diam-
eter 𝑑1. Based on the crystalline structure of cellu-
lose [28], we put 𝑑1 = 0.8 nm.

In order to form an 𝐻×𝐷×𝐷-parallelepiped from
the chain, it is necessary to divide the chain, not
breaking it, into sections each with length 𝐻 and ar-
range them in parallel to each other. Then, the num-
ber of such sections equals

𝑛 = 𝐿/𝐻. (8)

Evidently, the indicated procedure must also satisfy
the equality

𝑛𝜋𝑑1
2/4 = 𝐷2. (9)

Now, by solving the system of equations (6), (8),
and (9), we obtain 𝑛 ≈ 5, 𝐷 ≈ 1.5 nm, and 𝐻 ≈
≈ 105 nm. These values were calculated according to
the data of the viscometric experiment [7]. Let us
demonstrate that they agree with the value 𝑑DLS =
= 12.1 nm obtained for the average size of polymer
clusters at 𝑇 = 50 ∘C using the method of dynamic
light scattering (see Fig. 2).

It is known [29] that the information about the size
of clusters can be obtained from the data on dynamic
light scattering using the theory [30] describing the
diffusion of spherical particles. The mobility of such
particles is determined by the formula

𝑢 = (3𝜋𝜂 𝑑DLS)
−1, (10)

where 𝜂 is the viscosity of the liquid in which the
particles move. As follows from the determination for-
mula for 𝑢, the diffusing particle is characterized by
only one size, 𝑑DLS. In our case where the particle is
an ellipsoid of rotation, we can obtain the quantity
𝑑2 possessing the length dimensionality as follows:

𝑑2 =
√
𝐻𝐷. (11)

Substituting the above 𝐻- and 𝐷-values into formula
(11), we obtain 𝑑2 = 12.6 nm, which practically co-
incides with the 𝑑DLS-value and makes it possible to
talk about the consistency of the results obtained for
the cluster size using the viscometric method and the
method of dynamic light scattering.

Note that the values for 𝑑2 that are close to 𝑑DLS
can also be calculated

(i) from Perrin’s formula [31, 32] for the diffusion
of ellipsoids,

𝑑2 = 2/𝑆, 𝑆 =

∞∫︁
0

𝑑𝑥

(𝐷2 + 𝑥)
√︀
(𝐻2 + 𝑥)

, (12)

which gives 𝑑2 = 10.3 nm; and
(ii) from the formula for the diffusion of rigid

rods [33],

𝑑2 =
𝐻

2 ln (2𝐻/𝐷)
, 𝐻 ≫ 𝐷, (13)

which gives 𝑑2 = 10.6 nm.
In work [12], it was experimentally established

that the formation of a polymer network from rigid
chains results in an additional reflection of incident
light. The intensity of reflected light increases, as the
volume occupied by the formed network grows. Af-
ter the sol-gel transition is completed, practically all
incident light is reflected by the gel structure.

In the framework of the network model shown
in Fig. 1, it is impossible to explain the addi-
tional light reflection observed in work [12]. However,
this phenomenon can be described using a network
model that contains elements able to effectively reflect
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light. In particular, such elements can be flat aggre-
gates of polymer chains. If such aggregates are avail-
able, the network looks like that shown in Fig. 4. In
essence, these aggregates play the role of nodes.

In our opinion, the anomaly observed in the be-
havior of the dependences 𝑑DLS(𝑇 ) at 𝑇 = 70 ∘C (see
Fig. 2) has the same nature as the light reflection ef-
fect detected in work [12]. Namely, it testifies to the
appearance of large flat aggregates formed by poly-
mer chains. Let us assume that the possible mecha-
nism giving rise to the emergence of such aggregates
consists of two stages.

At the first stage, the globules unfold. More specif-
ically, the globules are transformed from ellipsoids
(in the accepted approximation, they are paral-
lelepipeds) into sheets, each formed by five fold chains
(Fig. 5). The thickness of this sheet is equal to the
chain diameter. The existence of a “sheet”-type con-
figuration is not new for rigid-chain polymers. This
class of polymers includes proteins for which the ex-
istence of such a configuration is a proven fact [34]. It
is called the “cross 𝛽-form” or the “𝛽-sheet”.

At the second stage, the sheets unite with one an-
other to form flat aggregates of various sizes with the
thickness equal to that of the chain.

The occurrence of flat aggregates makes it possi-
ble to explain the experimental results presented in
Fig. 3. For this purpose, let us apply the continual
model of statistically rough surface [35]. We assume
that such a surface, on average, is a plane described
by the equation

𝑍 = 0. (14)

The real surface equation is a random function

𝑍 = 𝑍(r), (15)

where r is a vector with the 𝑥- and 𝑦-components. Let
𝑅c denote the correlation radius for function (15). It
is known that, by the order of magnitude, 𝑅c is iden-
tical to the average inhomogeneity size. We also use
𝐿A to denote the size of a flat aggregate.

Assume that the following conditions are satisfied:

𝐷 ≪ 𝑅c, (16)

𝐿A ≫ 𝑅c. (17)

Condition (16) means that, at the deposition of an el-
lipsoidal globule onto the substrate, one of globule’s

Fig. 4. Model of a network formed by rigid chains: flat ag-
gregates of polymer chains (1 ), chains (2)

Fig. 5. Unfolding of a globule into a sheet

a b
Fig. 6. Contact of globules (𝑎) and flat aggregates (𝑏) with
the substrate surface

ends enters a dip on the substrate surface (Fig. 6, 𝑎),
and the long ellipsoid axis turns out inclined with
respect to the plane 𝑍 = 0. The next globules de-
positing from the solution turn out also inclined to
this plane, but at different angles. As a result of this
process, a film with substantial surface roughness is
formed.

As follows from condition (17), a flat aggregate can-
not enter the dip. This is prevented by the humps sur-
rounding the dip. Therefore, the aggregate depositing
on the substrate becomes arranged almost in parallel
to the plane 𝑍 = 0 (Fig. 6, 𝑏). That is why the sur-
face of the formed film turns our to be smoothed, as
is evidenced by the experiment.
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Note that the presented deposition model is rather
approximate, because it does not consider, for exam-
ple, the translational and rotational Brownian mo-
tions of globule-rods [36], as well as their interaction,
which undoubtedly affects the roughness of the sur-
face formed during the polymer film epitaxy. The cor-
responding problem is rather complicated and goes
beyond the scope of this work. However, in our opi-
nion, the proposed mechanism of network forma-
tion together with the simple deposition model make
it possible to qualitatively describe the experimen-
tal data obtained using the atomic force microscopy
method.

4. Conclusions

On the basis of the research carried out in this work,
the following mechanism of network formation in the
solutions of rigid-chain polymers can be proposed.

At temperatures below the temperature of the sol-
gel transition, the polymer chains have a globule-like
configuration: they are elongated ellipsoids of rota-
tion, and the ratios of the lengths of their axes are of
an order of several tens. At a temperature exceed-
ing the indicated one, the process of network for-
mation begins. It consists of two stages. At the first
stage, the globules unfold. So, the chain acquires a
sheet-like configuration. A sheet is formed by a chain
that is folded several times. The sheet has a thickness
equal to one nanometer by order of magnitude. At
the second stage, the sheets unite to form flat aggre-
gates with a thickness of an order of one nanome-
ter. As a result, there arises a network consisting of
flat aggregates connected with one another via sepa-
rate chains.
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ОСОБЛИВОСТI УТВОРЕННЯ СIТКИ
В ГЕЛЯХ ЖОРСТКОЛАНЦЮГОВИХ ПОЛIМЕРIВ

Показано, що сiтка в гелях жорстколанцюгових полiмерiв
має специфiчну форму – в цiй сiтцi роль вузлiв вiдiграють
плоскi агрегати, утворенi складеними полiмерними ланцю-
гами. Пропонується механiзм виникнення такої сiтки. Її iс-
нування для гiдрогелiв метолози пiдтверджено експеримен-
тально за допомогою методiв динамiчного розсiяння свiтла
та атомно-силової мiкроскопiї.

Ключ о в i с л о в а: полiмерна сiтка, динамiчне розсiяння
свiтла, атомно-силова мiкроскопiя.
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