
Physics of the Solid State, 2024, Vol. 66, No. 1

12,08

Scaling Describtion of Network Structure of Gelatin Films
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The structure of the physical network of macromolecules on the surface of thin films obtained from aqueous

solutions of gelatin during cooling from 320 to 273K have been studied with a resolution of 6−8 nm in the scale

range of 8−80 nm using electron microscopy. The analysis of density-density correlation functions has shown that

with an increase in the magnitude of the scale, there are structural transitions from coils of macromolecules to

fractal aggregates of coils, and then to a homogeneous physical network of particle entanglements. The depth of the

intramolecular transformation coil-helix determines the degree of interpenetration of coils and thereby the width

of the scale interval of structural transitions. The unfolding of the coils increases the correlation length and spatial

uniformity of the polymer network structure.
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1. Introduction

Special focus is made on the study of patterns of

formation of film network structure from linear flexible

polymers in three aspects. First, in terms of the effect of

conformational [1] and phase [2,3] state of macromolecules

on the density and spatial homogeneity of the formed parti-

cle fluctuation network. Second, due to the need to consider

the history of interaction between the polymer and solvent,

i. e. formation of macromolecule clusters in solution and

cluster-cluster aggregation [4–6]. And finally, third, in terms

of the possible use of fractal approach [7] to the scaling

description of the polymer network structure, because the

macromolecules and their aggregates are fractals [4,8,9].

Gel plays an important role among biopolymers used

in the state-of-the art sol-gel transition technology [10], [3].
Typical properties of gel macromolecules include pro-

nounced polymolecularity and quite high kinetic rigi-

dity [11]. Therefore, the folded coil (FC)→ helix type co-

operative conformational transition implemented during gel

aqueous solution cooling at T = 313−293K is complicated

and macromolecules generally proceed to the percolating

coil (PC) state during gelling [9,12]. It has been shown

earlier [13] that the main factor for the conformational

transition is the configurational state of gel macromolecules

or the defined amino-acid residue sequence. Two structural

types of gel were detected —
”
non-helicalized“ (� 1)

and
”
helicalized“ (� 2), respectively, with low and high

FC→PC transition cooperativity and, thus, differing by

almost factor of two in hydrodynamic volume of macro-

molecules at 293K [12,14]. The general property of

Gel � 1 and � 2 samples was their quite narrow molecular-

mass distribution, they contained almost no oligopeptide

fraction and had similar viscosity-average molecular weight

M ≈ 105 [13]. Such value of M corresponds to single co-

called α-polypeptide chains [15].

Spatial correlations on the surface of films formed from

aqueous solutions of Gel � 1 and � 2 samples during

cooling from T = 320 to T = 293K were studied in [16].

For visualization of the topological structure of films,

gold surface decoration option of the electron-microscopic

technique was used. The surface was preliminary ac-

tivated by molecular bromine [17] to create nucleation

centers of decorating nanoparticles in vacuum thermal

gold plating. Resolution of this technique depends on

the most probable interparticle distance and is equal to

6−8 nm depending on the type of Gel and concentration

condition of film formation. In [16],
”
density-density“

type correlation functions g(R) were obtained on scale

R < 15 nm corresponding to the hydrodynamic radius of

an individual macromolecule [14]. Therefore, the detected

correlations [16] are actually related to the features of

chain mass density distribution within a macromolecule

and functions g(R) on a larger scale shall be addressed to

review the effect of the Gel type on the particle fluctuation

network topology.

For this, electron-microscopic images of the gold de-

corated film surfaces of Gel � 1 and � 2 samples were

examined herein in the scale interval 8−80 nm. To achieve

the research objective, the computer image processing

technique was improved to ensure digitizing of quite

large arrays of decorating nanoparticle positions and to

identify valid spatial correlations in the specified scale

interval. Further to [16], new approaches to the calculation

of density and degree of homogeneity of the polymer
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network structure through the analysis of discrete distri-

bution patterns of the decorating gold nanoparticles were

addressed.

2. Experimental procedure

Gel � 1 and � 2 samples with similar viscosity-average

molecular weight (≈ 105), but with different unfolding

capability of chains in aqueous solution. The hydrodynamic

radius of macromolecules at T = 293K was equal to 14.4

and 17.7 nm, respectively. 4−6µm films were formed on

glass at T = 293K from 1.5 and 3 g · dl−1 Gel aqueous so-

lutions. The solutions were preliminary heated at T = 320K

during 30min. Water content in vacuum treated (gold
decorated) films was equal to 4% [16].
The density-density type spatial correlations on the

”
air“

surface of films were studied using so-called
”
coarse-

grained“ radial functions g(R) of decorating gold nanoparti-

cle distribution. To obtain these functions, a computer step-

scan technique was used to scan the particle distribution

density ρ on two-dimensional images of the surface at δ

interval corresponding to the most probable interparticle

distance [18]. The correlation length was determined

by the positions of singular points of functions g(R).
The area of the processed images was at least 0.5µm2

and included more than 8000 nanoparticles. In contrast

to [16], an additional grid was not applied to the decorating

nanoparticle image herein, which significantly increased the

calculation accuracy of functions g(R).
The Gel network structure topology was studied be

percolation on bound circles [19] with centers in gold

nanoparticles. With gradually increasing circle radius R,
the circles overlap and merge into clusters. At a certain

value of R, a percolation cluster is formed to display the

continuous fluctuation network of macromolecules. Forma-

tion of such cluster is recorded during the investigation of

the dependence of a probability P of percolation on the

bound circles on the degree ω surface filling by them. P
was calculated as follows: P = smax/N, where smax is the

maximum number of particles (circles) bound into a single

cluster at a defined values of R or ω; N is the full number

of particles on the gold decorated surface image. Inflection

point of P(ω) meets the percolation threshold [8], and

the critical value of ω∗ characterizes the polymer network

structure density.

The degree of spatial homogeneity of the macromolecule

fluctuation network was assessed using the fluctuation

scaling of the number of decorating nanoparticles. As

known [20], particle number fluctuation FL in a two-

dimensional space is expressed as follows

FL = 1 + 2πρ

∞
∫

0

(

g(R) − 1
)

RdR, (1)

where ρ is the particle distribution density and g(R) is

the radial distribution function. When processing the final

scale R images, equation (1) used the numerical correction

ε [21]:

I(R) = 1 + 2πρ

R
∫

0

(

g(R) + ε − 1
)

RdR. (2)

By fitting of ε, I(R) achieved the horizontal asymptote

corresponding to FL [21,22]. Expression (2) was written as

I(R) = N(R) + (ε − 1)πρR2, (3)

where N(R) is the mean number of particles in the region

with center in a particle and limited by the radius vector R.
Equation (3) was used for computation and optimization

of FL.

3. Findings and discussion

Decorating gold nanoparticle assembly (Figure 1) displays
a continuous macromolecule fluctuation network in polymer

films. The electron micrographs clearly show gold-free

areas corresponding to the network cells. Computer-

aided analysis of the decorated film sample surface im-

ages shows that the gold nanoparticle distribution den-

sity ρ increases in transition from sample � 1 to sam-

ple � 2. For example, in films produced from polymer

solutions with a concentration of c = 1.5 g · dl−1 which

is close to the threshold gelling concentration c thr at

T = 293K [14], ρ is equal to 9.6 · 103 and 12.8 · 103 µm−2

for samples � 1 and � 2, respectively. In this case,

the most probable interparticle distance decreases (Fi-
gure 2). The obtained data indicates that the num-

ber of active centers of gold nanoparticle formation

grows on the surface of sample � 2 compared with

sample � 1 and is explained by unfolding of macro-

molecule coils.

”
Coarse-grained“ radial functions g(R) of nanoparticle

assembly density distribution demonstrate the network

structure features of samples Gel � 1 and � 2 (Figu-
re 3, a, b). Threshold polymer concentration c thr in the

solution corresponds to functions g(R) with faint peak

meeting the density alternation period L or the mean

cell size of the polymer network structure (Figure 3, a).
Periodical structure of the films indicates quite narrow cell

distribution by size, which agrees with a relatively small

interval of macromolecule cluster sizes in the solution near

the gelling threshold measured by the viscosimetry and

light scattering methods [12]. It is important that the

effective hydrodynamic radius of clusters corresponds to L
in films, which satisfies completely the cluster model of film

superstructure formation [23].
The density of macromolecule fluctuation networks in

films varies symbatically with c of Gel sample solutions,

while with growth of c decrease in the correlation length ξ

of the polymer network structure is observed and func-

tions g(R) approach 1.0 at R = ξ (Figure 3, b).
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Figure 1. Electron micrographs of the gold decorated Gel films produced from 1.5 g · dl−1 aqueous solutions. Samples: � 1 (a)
and � 2 (b).
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Figure 2. Functions g(R) of distribution of individual gold

nanoparticles on the Gel films produced from 1.5 g · dl−1 aqueous

solutions. Surface image scanning pitch is δ = 2 nm. Samples:

� 1 (curve 1) and � 2 (curve 2).

Local density fluctuations ρ result in a nonuniform

variation of functions g(R) with growth of R scale. In the

initial section (R < 15−25 nm) the functions fall as a power

function g(R)∞RD−2 valid for fractal objects with a fractal

dimension D [4]. Moreover, two g(R) variation regions are

detected on the scale: the first corresponds to D 1.66± 0.01

(sample � 1) and 1.55 ± 0.02 (sample � 2), and the

second corresponds to D = 1.9± 0.02 for each of two

samples. These scale regions in form of two linear sections

are clearly identified by plotting log-log functions g(R)

(Figure 4). The first linear section corresponds to the

macromolecule coils. Its boundary for sample � 1 is

exactly equal to hydrodynamic radius Rg = 14.4 nm [14]
of the folded coil (D = 5/3 [9]), and for sample � 2

is lower than Rg = 17.7 nm [14] of the percolating coil

(D = 3/2 [9]). Thus, unfolding and overlapping of macro-

molecule coils due to FC→PC transition take place in

sample � 2 compared with sample � 1. The second

linear section of the curve in Figure 4 corresponds to

the coil aggregate fragments for which D = 1.9± 0.02.

As known [7], D = 1.9 characterizes the topology of the

internal percolation particle cluster in a two-dimensional

space. Such macromolecule cluster is formed in the polymer

solution at the gelling threshold at c = c thr [12,14]. The

scale interval corresponding to the coil aggregates is also

lower for sample � 2 compared with sample � 1 due to

coil overlap.

The identified density-density type spatial correlations

correspond to the multilayer cluster film structure and

reflect structural transitions from macromolecule coils to

fractal coil aggregates and then — on scale R > L (or
R > ξ), to a homogeneous particle fluctuation network.

Figure 5 shows the curves of the probability P of

percolation cluster formation from the bound circles with

centers in the decorating nanoparticles vs. the degree ω

of filling with circles of the two-dimensional film surfaces

of the given Gel samples. Inflection point of the curves

meeting the critical percolation probability P∗ = 0.6 defines

the density ω∗ of he polymer network structure. During un-

folding of macromolecule coils, ω∗ grows. For example, in

the film formed from sample solution � 2 with c ∼ c thr ,
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Figure 3.
”
Coarse-grained“ density-density type radial functions

g(R) for macromolecule fluctuation network. Surface image scan-

ning pitch is δ = 8 nm. Solution concentration c = 1.5 g · dl−1 (a)
and c = 3 g · dl−1 (b). Samples: � 1 (curve 1) and � 2 (curve 2).

macromolecule fluctuation network resulting from FC→PC

transition fills the space more densely by more than 10%

compared with sample � 1 (Figure 5).

Decorating nanoparticle number fluctuations FL decrease

with the growth of nanoparticle distribution density ρ on

the film surface, while the values of FL for two Gel samples

differ significantly. Thus, in films formed near the solution

gelling threshold, FL for sample � 2 is twice lower than

for sample � 1 (Figure 6). This indicates that the polymer

network structure homogeneity increases with unfolding of

macromolecule coils.

9 11 14 18 22

0

ln
(

)
g

R

1

2

2.5 3.0

0.05

0.10

0.15

R, nm

9 11 14 18 22

0

ln
(

)
g

R

1

2

2.5 3.0

0.05

0.10

0.15

R, nm

2.0

ln R( , nm)

ln R( , nm)

a

b

Figure 4.
”
Coarse-grained“ density-density type radial log-log

functions g(R). Solution concentration 1.5 (a) and 3 g · dl−1 (b).
Samples: � 1 (curve 1) and � 2 (curve 2).
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Figure 5. P(ω) curves for percolation on bound circles.

Solution concentration 1.5 g · dl−1. Samples: � 1 (curve 1)
and � 2 (curve 2).
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Figure 6. Calculation using equation (3) and optimization of the

decorating nanoparticle number fluctuations FL. a) Sample � 1,

numerical correction ε = 0 (curve 1) and ε = −0.031 (curve 2);
b) Sample � 2, numerical correction ε = 0 (curve 1) and

ε = 0.0006 (curve 2). Solution concentration 1.5 g · dl−1.

4. Conclusion

Application of the fractal approach to the scaling descrip-

tion of the Gel film surface decorated with gold nanopar-

ticles made it possible to display all structuring stages

of the macromolecule fluctuation network — transition

from macromolecule coils to coil aggregates and then —

to the infinite particle cluster during the cluster-cluster

aggregation. Geometrical dimensions of the multilayer Gel

network cluster structure elements in films agree with the

hydrodynamic dimensions of the particles in solution at the

gelling threshold. Differences in dimensions are caused

by coil interpenetration during macromolecule unfolding

due to conformational transition FC (fractal dimension

D = 5/3)→PC (D = 3/2). Intramolecular cooperative

transition FC→PC increases the correlation length and

spatial homogeneity of the polymer network superstructure.
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