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The model of microrelief formation on the surface of polymers was formulated, describing the connection

between the microrelief structural elements’ distribution function on the states with the kinetics of macro-

molecule formation, aggregation and aggregates’ integration into the polymer body. Methods for calculating

the kinetics of these processes, using experimental data on the microrelief properties, were developed. The

developed methods have proven effective in the study of microrelief on films obtained by the evaporation of

o−xylene and toluene solutions of polystyrene, as well as polystyrene granules’ microrelief. The hierarchical

structures were found on the surface of these bodies, from which it was possible to “extract” information

about the polymerization and aggregation of the polystyrene macromolecules. The obtained data are sum-

marized in the form of a morphological memory representation of the polymer bodies, consisting in the

long-term preservation of nonequilibrium structures available for study without destroying the body, as well

as the possibility to use the results of the study to describe the kinetics of these structures’ formation.
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1. Introduction

According to published results, electron and atomic force microscopy have been used
to study polymeric bodies, many of which have surfaces with microrelief on their macro-
molecular structures. In [1], a microrelief on the surface of a film, formed by the evaporation
of an o−xylene solution of polystyrene, was described. The microrelief of the film depended
on the composition of the evaporating solution, and from this microrelief, the composition of
the solution could be determined. In [2], this fact was interpreted as an indication that the
film possessed a morphological memory that conferred the ability to gain the information
about the conditions of its formation and the ability to use this information with the help
of the data in the morphology of the microrelief. Such an interpretation requires detailed
information about what was happening in the monomeric solution when the polymerization
initiator was introduced. It is known that in such a solution, the nucleation and growth of
the polymeric macromolecules occurs, which form the aggregates followed by their assembly
into a polymeric body, and the macromolecules on the body’s surface form the microrelief
[3-6]. During the transition to the body structure, the condition of each macromolecule can
change significantly, depending upon the relaxation time of its state [7,8]. As a result, if
the body is formed quickly and the complete relaxation of the macromolecule state is not
provided, the structure of the microrelief appears dependent on the kinetics of the body
formation. All of this should be taken into account when considering the processes that lead
to morphological memory.



Morphological memory of polymeric bodies 413

2. Model of the body microrelief formation

In this model, body formation starts when the polymerization initiator is introduced
into the monomeric solution (t=0) and ends at the moment when the solvent is completely
removed from the system by filtration or evaporation (t = tF ). In the range of t = 0 ÷ tF
the solvent, the dissolved monomers and macromolecules (j=1), macromolecular clusters
(j=2), and aggregates of clusters (j=3) which comprise the system are uniformly distributed
over the volume of the system. The state of each of these particles is characterized by

parameters ~X =
{
υ, n, ~P

}
, where υ is the volume, n is the number of monomers included

in the particle macromolecules; ~P = {P1 . . . Pi . . . Pm}; Pi is one of the characteristics of the
shape, composition and structure of the particle.

The states of the system are characterized by the parameters ~y = {V,CA, CB, N1, N2,
N3,WV , T}, where V is its volume, CA and CB are the concentrations of the monomer and
initiator molecules in the solution; N1, N2, N3 are the quantities of the macromolecules, their
clusters and aggregates in the system; WV is the rate of the system volume change; T is the
temperature. Wherein Nj =

∑
υ

Nj (υ, t), if the number of jth type particles with volume υ is

equal to Nj (υ, t). Alternatively, in the continuum approximation, Nj =
∫
υ

φj (υ, t)dυ if the

particles distribution function on volume is φj (υ, t).
Distribution function φj (υ, t) is influenced by the events that can both increase and

decrease the volume of each particle [9-12]. Therefore:

∂φj (υ, t)

∂t
= Ωjυ − βjυφj (υ, t) , (1)

where Ωjυ is the frequency function characterizing the frequency of events leading to the
appearance of the particles of jth type of size υ in the system, that is, the frequency of
particle transition in the state (j, υ); βjυ is the probability of the exit from the state (j, υ)
per unit time.

The solution of the equation (1) with appropriate boundary conditions establishes
a relationship between the frequency functions Ωjυ, βjυ, and the total volume Vj of the
particles of each jth type:

Vj =

∫
υnj

υφj (υ, t)dυ, (2)

where υnj is the minimum volume of the particle, to which the mentioned frequency functions
(volume of the jth type nucleus) can be ascribed.

Additionally, the condition of the conservation of the number of atoms introduced
into the system is fulfilled:

CA0V0 =

(
V −

∑
j

Vj

)
CA +

∑
j

υ−1
0j Vj, (3)

where CA0 and V0 are the initial monomer concentration and the volume of the system; υ0j

is the average volume per one monomer in the amount of the jth type particles.
The volume of the system, decreased at rate Wυ, due to solvent removal, is equal to

V = V0 (1− Φ), so that the condition (3) can be written in the form:

CA0 =

(
1−

∑
j

εj − Φ

)
CA +

∑
j

υ−1
0j εj, (4)
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where εj = Vj/V0; Φ =
t∫

0

(Wυ/V0)dt.

According to the equations (3) and (4), at t = tF , when CA = 0 and Φ =
tF∫
0

(Wυ/V0)dt = W̄υ

V0
tF , we have:

V0 = (1− PF − υ0SCA0) = W̄υtF , (5)

where PF = VP/V0 is the parameters of the body porosity at the volume of the space between
the particles (pores) equal to VP ; υ0S is the average volume per one monomer built into the
body of macromolecule; W̄υ is the average speed Wυ in the interval (0 |t |tF ) dependent on ~y.

Equation (5) defines the parameters ~y of the system state, at which the time tF
remains within the range: (

β−1
1υ

∣∣tF ∣∣β−1
3υ

)
, (6)

where β−1
jυ is the value that characterizes the time, suitable for the particle escape from the

state (j, υ).
Relations (1)–(5) consider the possibility of implementing multiple routes of body

formation, dependent on ~y. The simplest of these is the route in which β1υ � β2υ, β3υ,
tF ∼ 1/β1υ, and the process comes down to the formation of the polymer molecules with
the volume ε1 = ε1(t) increasing up to ε1(tF ) = CA0υ01 at the time of their association in
the body of randomly arranged macromolecules. In describing the simplest route, detailing
the functions Ωjv and βjv applied to the chained macromolecules as described in [13,14], the
equation (1) can be reduced to the form:

∂φ1 (υ, t)

∂t
=
∂2 (D1υφ1υ)

∂υ2
− ∂

∂υ
(G1υφ1υ) , (7)

where D1υ = 1
2
(α1υCAa

2
v + β1υb

2
v), G1v = α1υCAav−β1υbv, φjv = φj(υ, t), α1v and β1υ are fre-

quency functions, characterizing the frequency of events leading to an increase and decrease
in volume of the particle in the state (j = 1, υ); and are the increase and decrease of υ at a
single event.

Due to the uniformity of the system, relations (1)–(7) characterize any of its areas,
including the near-surface areas, where the microrelief of the body is formed. The parameters
for the states of the surface and internal parts of the system may vary [15], but they develop
according to the same rules. Therefore, we can assume that the above model describes the
kinetics of microrelief formation on a mesokinetical level of detailing, that involves consid-
eration of the distribution functions of the structural elements’ microrelief on their volume.

3. Model of the microrelief change with body usage

When using the body its microrelief changes as a result of inevitable chemical, ra-
diation and mechanical influence by the environment in which the body is moved. These
influences can be imagined as a set of events, each of which leading to a specific increase
or decrease in the volume of the particles of the near-surface areas of the body. As a result
of thermal and chemical influences (e.g. collisions of the body with the molecules of the
medium) or mechanical influences (e.g. contact with the bodies in the medium), the distri-
bution function of the near-surface area particles is altered in accordance with equation (1).
This equation, with reference to the microrelief, can be provided in the form:

−∂φj (υ, τ)

∂τ
=

∂

∂υ
(ajωjφjυ) + νjφjυ, (8)
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where φj (υ, τ) = φjυ is the distribution function of the particles in the near-surface area in
the state (j, υ) at the time τ > tF for the usage of the body; ωj is the frequency of events
leading to the change in volume υ; aj is the average volume change at a single event; νj is the
frequency of acts of escape of jth type particles from the near-surface areas to the medium.

Also, if the transfer of the body from the medium where it was obtained to the medium
of usage takes place without violating its integrity, it is reasonable to put the solution for
equation (8) in the form:

ϕj (υ, τ) = ϕj (υ, tF ) exp

(
− νjτ

ωjτRi
Fji

)
, (9)

where τRi is the characteristic response time of the microrelief on this i impact ; Fji =
Fji (υ, τ) is the function that is determined by the solution of the equation (8) at known
frequency functions and.

Equation (9) indicates the method of accounting for the influence of the medium of
usage on the microrelief of the body. When frequency functions are defined experimentally,
formula (9) enables one to calculate the distribution before the exposure from the data
on the distribution after the exposure. With unknown frequency functions, it is possible
to determine them by comparing the experimental data on the functions before and after
exposure, followed by prediction of the behavior of the body with prolonged use [4,16]. It is
possible that the frequency functions may be useful in solving practical problems.

4. Characterization of the morphological memory

The complete characteristic of the body surface is the set of the state parameters of
all the macromolecules that make up its microrelief. These state parameters are included in

the distribution functions
{
φj

(
~X, τ

)}
, each of which can be represented as

φj

(
~X, τ

)
= φj (υ, τ) fj

(
~P , τ

)
υ
, (10)

wherefj

(
~P , τ

)
υ

is the distribution density of the particle macromolecules in the state (j, υ)

on the properties ~P .
Given this, it is advisable to carry out a characterization of microrelief by a consistent

definition of functions φj (υ, τ) and fj

(
~P , τ

)
υ

by measuring the volume of all the particles

of microrelief, followed by the study of the bodies that have similar volume. And if the
determination of the particle volumes is considered as the beginning of the study of the
microrelief morphology, the value

φ (υ, τ) =
∑
j

φj (υ, τ) (11)

can be taken as the basic morphological characteristics of the microrelief.
According to equations (8) and (9), using experimental data on the distributions

ϕj (υ, t) at the known frequency functions ωj (~y) and νj (~y), the distributions φj (υ, tF ) can
be calculated. According to the equations (1)–(7), in the known frequency functions Ωjv (~y)
and βjv (~y) one can go from φj (υ, tF ) to the distributions φj (υ, t) at any time t < tF . The
given frequency function can be determined from the special experiments by comparison of
the experimental data with functions φj (υ, t), measured at different moments of time. After
these experiments, it is possible for a computer to use the experimental data on the morphol-
ogy of the body’s surface to calculate the change in the distribution of its macromolecules



416 I. V. Melikhov, O.V. Alekseeva, et al.

on states in the formation process and new uses will arise. The possibility of creating such
methods can be regarded as a manifestation of morphological memory of the body consist-
ing in the long-term preservation of its nonequilibrium macromolecular structures, with the
opportunity to study these structures without having to destroy the body. The formation
of such structures can be considered as an accumulation of body information about the
processes that lead to these structures’ formation. The experimental determination of the
functions φj (υ, τ) can be considered as an extraction of information from the morphological
memory with data capacity ϕ (υ, τ).

5. Approaches to the use of morphological memory

Apparently, morphological memory can be used to study the fast polymerization,
the effects of short intense influences on the polymeric body and their slow degradation,
i.e. where it is difficult to measure the speed of processes in situ. However, to realize this
possibility, it is necessary to experimentally determine the frequency functions, participating
in the equations (1), (7) and (8). Therefore, it is necessary to study the elementary processes
that determine the function φ (υ, τ) on model bodies and to make sure that they leave
a significant imprint on the microrelief. The obtained data on the frequency functions,
supplemented by the boundary conditions of the solution of these equations, will lead to the
formulation of a number of the boundary value problems on the morphological memory of
the model bodies. Solution of these boundary value problems over a wide range of ~y will
allow one to identify the main relations of the microrelief with the speeds of the elementary
processes as well as to describe the response of the function φ (υ, τ) to the change of ~y
and to develop algorithms for calculating the parameters of elementary processes from the
experimental data about the function φ (υ, τ) at different ~y. Currently, methods for solving
such problems and the models of elementary processes are developed, and experimental data,
allowing one to judge the main features of the microrelief and to make a phenomenological
model of its formation, is accumulated [1-20]. For the quantitative study of the relation
between the parameters of microrelief and the elementary processes, it is advisable to start
with the simplest system, one in which the initiator molecules are rapidly converted into the
nuclei of chain macromolecules, their number in the system reaching the value N1 = CBV0.
The nuclei become larger, merging individual monomer molecules, while the elimination of
the molecules joined by chains is unlikely (α1υCA � β1υ) and the merging frequency is
independent of the size of the macromolecule [α1υ 6= α1υ (υ)], due to the constant number of
merge sites. At the same time, Ω1υ � Ω2υ,Ω3υ, so that the aggregation during the time of
the complete solvent removal tF does not occur, and equation (7) is applicable, its solution at
the boundary conditions φ (υ, t) = 0 and

(
G1υφ1υ −D1υ

∂φ1υ
∂υ

)
υ→υn1

= N1δ (t) has the form:

φ1 (υ, τ) = N1

[
(πAp)−1/2 exp

(
−X2

−
)
− 1

2p
exp

(
υ − υn1

p

)
erfc (X+)

]
. (12)

Here, δ (t) is the Dirac delta function; A =
t∫

0

G1υdt; p = D1υ/G1υ; X± = υ−υn1±A
(4πA)1/2

; υn1 is the

volume of the macromolecule nucleus; erfc (X+) = 2√
π

∞∫
X+

e−X
2
dX.

Distribution (12) corresponds to the following molecular weight distribution of the
macromolecules in a given system

Ψ1 (m, t) ≡ 1

N1

∂N1m

∂m
= B1 exp

[
−γ (M − A1)2]−B2 exp (Mυ0/p) , (13)
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where m = (m0/υ0) υ is the mass of the macromolecule with the volume υ if the mass of
one link of the chain is m0; N1m is the number of macromolecules with the mass less than
m; M = (m−mn) /m0; mn is the mass of the nucleus of the macromolecule; A1 = A/υ0;

B1 = υ0
m0
/ (πAp)1/2; B2 = υ0

2m0p
erf

[
γ1/2 (M + A)

]
; γ = υ0/ (4πA1).

Equations (12) and (13) were obtained according to the kinetic models which are
used in polymerization description [10,12,18-20], but using the function ϕ1(υ, t). Similar
relationships can be obtained to describe the aggregates, therefore one should detail the
functions Ωjυ and βjV in accordance with the state parameters ~X of these particles. The
sequence of work on creation and use of the morphological memory is shown in Fig. 1.

Fig. 1. Scheme of the work associated with the morphological memory. The
complexes to resolve the following problems are shown. SEP – the study of
elementary processes. LSP – laboratory synthesis of the product. SPU –
study of the changes in the product properties when it is used. MM1 – the
accumulation of the information about the regularities of the product obtaining
and use in the morphological memory. MM2 – development of models of
product creation. MEP – models of the elementary processes. MOS – the
model of optimal production synthesis. MPU – the model of the product
behavior when it is used

6. Morphological memory of the polystyrene bodies

In Fig. 2, an electron microscopic image of the microrelief one of the polystyrene
granules purchased from “Aldrich” is shown. Macromolecules of these granules were once
formed in the devices of the company, and then became larger and aggregated in the body,
which remained for a long time in the environment of use, and was then transferred to a
microscope, where the surface of the body has taken the shape shown in Fig. 2. The same
figure shows the image of the film obtained by dissolving these granules in o−xylene, followed
by solvent evaporation, resulting in the formation of a film [1,2]. Other films and granules,
randomly taken from commercial products, had a similar appearance.

All the examined bodies had the hierarchical microrelief available for the morphologi-
cal characterization, wherein this microrelief was similar to that presented in the publications
on polystyrene (e.g., in [21-23]) and other polymers (e.g., [24-26]).

The primary subnanoparticles of the size of 1–2 nm (j=1), integrated in the chains
and ring-shaped clusters, nanoparticles in the form of aggregates of these clusters (j=2)
and microparticles composed of these aggregates (j=3) were the structural elements of the
microrelief.
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Fig. 2. The electron microscopic images of one of the areas of the surface of
the granule and the film obtained by the method [1]. SamScan microscope
(England) with a standard preparation of the samples and coating of the Au
layer with the thickness of 5Å. I – granule; II –film

Table 1. Limit volumes of the particles

Volume, nm3 Film Granule Granule after the contact

υ10 2,2±0,3 470±40 19,7±4,2

υ1M ·104 0,75±0,2 3,4±0,4 6,4±0,7

υ20·105 0,09±0,02 2,4±0,3 3,6±0,5

υ2M ·106 1,3±0,1 13,1±0,4 36,6±0,4

These particles were sufficiently ordered, allowing us to delineate the image of each of
them to measure the area S and to find the parameter υ = S3/2 assigned as the volume of the
particle. The average jth type particle sizes within the composition of different (j + 1)th type
particles did not differ remarkably, so that all the particles of each type were characterized
by a single function:

θj (υ) =
1

Nj

υ∫
υ0j

φj (υ, τ) dυ = Bjυ/Bj0, (14)

where Bjυ is the number of measured particles of jth type with the volume less than υ; Bj0

is the total number of measured particles of jth type; υj0 is the volume of the smallest of the
detected particles.

Several functions θj (υ) are shown in Figs. 3 and 4, where it is seen that the size of
each particle type remained within a certain range of volumes υj0 < υ < υMj, in which the
value θj (υ) increased from 0 to 1 (Table 1). The measurements showed that the interval
∆υj = υMj − υ0j depended on the formation conditions and usage of the body. As it
turned out, the interval ∆υj for the nanoparticles of the film obtained by evaporation of a
fullerene(C60)-containing solution, was dependent on the concentration of fullerene according
to the relationship:

∆υ2 = ∆υ20 (1 + χFMF/MM) , (15)

where ∆υ20 is an interval without fullerene; MF and MM are masses of fullerene and
polystyrene introduced in the original solution at MF/MM= (3· 10−4÷1· 10−3); χF =
(1552±42) is an empirical coefficient.
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Fig. 3. Distribution functions θ1(υ) of subnanoparticles of the film and gran-
ule microrelief on the volume before and after a short introduction in toluene.
1 – film, 2 – granule before to the contact with toluene, 3 – granule after the
contact with toluene

Table 2. Limit volumes of the nanoparticles of the film with different content
of the fullerene

MF/MM υ0j·105 nm3 υMj·106 nm3

0 0,09 1,3

3·10−4 0,15 1,5

10−3 0,22 1,7

The concentration of fullerene also affected the maximum volume of the nanoparticles:

υM2 = υM0[(1 + χυ(MF/MM)k], (16)

where υM0 is the maximum volume at MF=0; χυ=20,5±0,1 and k=0.61±0.02 are empirical
coefficients (Table 2).

Equations (15) and (16) indicate that the microrelief of the film memorized the quan-
tity of the fullerene in the solution in which the film was formed, whereas the granule sub-
jected to the partial dissolution remembered what happened to it at dissolution. This is
indicated by the data in Figs. 3 and 4, which show that the granule placement into the
stream of toluene at a temperature of 300 ◦K for τ = 60 s resulted in a significant change of
the distribution functions θj (υ). This change can be characterized by the parameter Pj:

θj (υ)tF = θj (υ + Pj)τ , (17)

where θj (υ)tF and θj (υ + Pj)τ are the functions θj (υ) before and after the contact with
toluene when the volume of the particles was equal to υ and υ + Pj, respectively.

According to the data in Figs. 3-5, the parameter Pj was equal to:

Pj = υjτ − υ = P0j (υ/υ0j)
qj , (18)

where υjτ is the volume of the particle of jth type, which volume equaled to υ before the
contact at the moment τ ; P0j = υjτ − υ0j and qj are empirical parameters (Fig. 5). The
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Fig. 4. Distribution functions θ2(υ) on volume of nanoparticles of the film
and granule. 1 – film, 2 – granule before to the contact with toluene, 3 –
granule after the contact with toluene

Fig. 5. Parameter Pj of the subnano- and nanoparticles of the granules mi-
crorelief. 1 – subnanoparticles at P01 q=0.98; 2 – nanoparticles at P02 q=1,27

volume υjτ could increase due to the capture of toluene molecules by the particles and
decrease due to the release of macromolecules. Therefore:

Pj =

τ∫
0

(ωjaj − νjbj)dτ ∗, (19)

where ωj and νj are the frequencies of events leading to the increase and decrease of υjτ ; aj
and bj are the changes of υjτ at a single event at 0< τ ∗ < τ .

From equations (16) and (17), it follows that during contact with toluene and its
subsequent removal from the granules, the following conditions were fulfilled:

ωj = ωj (τ ∗) (υ/υ0j)
qj , (20)

νj = νj (τ ∗)N
qi

j−1, (21)
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where Nj−1 = υ/āj−1 is the number of the particles of (j-1)th type in the particle of jth type
with the volume υ; āj−1 is the average volume per jth type particle in the volume υ; ωj (τ ∗)
and νj (τ ∗) are the frequency functions, characterizing the probability of the participation of
a single particle of the jth type in the change of υ per unit time.

States (18)–(21) can be considered as an indication of the fact that the capture
of the toluene molecules by the granule causes their penetration in the volume of nano-
and subnanoparticles with solvation of macromolecules, causing the weakening of the bond
between the macromolecules and providing their removal from the subnanoparticles with a
similar probability (q1 → 1).

Toluene molecules, which penetrated into the subnanoparticles during contact, were
removed from the subnanoparticles after contact, so when in the microscope, their parameter
Pj is similar to:

P1 = −N0 (υ)

τ∫
0

ν1 (τ ∗) b1dτ
∗, (22)

whereN0 (υ) is the quantity of the macromolecules in the subnanoparticle of the volume υ
before the contact.

The parameter Pj of the nanoparticles in the microscope is equal to:

P2 = (υ/υ0j)
q2

τ∫
0

ω2 (τ ∗) a2dτ
∗. (23)

Their frequency function ω2 (τ ∗) increased at the contact due to the capture of
toluene, and decreased after the contact due to toluene removal from the granules. Ad-
ditionally, if the structure of nanoparticles changed reversibly during toluene capture, the
condition P2= 0 would be fulfilled. However, solvation of the macromolecules lead to ir-
reversible changes in the location of subnanoparticles in the volume of nanoparticles, so
P2 > 0.

Equations (18)–(23) make it possible to determine the frequency functions ωj (τ ∗)
and νj (τ ∗), information on which is stored in the function Pj = Pj (υ). One can try to
simulate the frequency functions using equations (7)–(11).

Considering the above, it can be argued that the studied films and granules of
polystyrene possessed the morphological memory. These granules maintained their nonequi-
librium hierarchical structures, formed on their surface, for the long time in such a state, thus
allowing an approach for the identification of kinetic equations for the hierarchies’ formation.

7. Conclusion

Experiments with polystyrene showed the concept of the morphological memory of
the polymeric bodies as the ability of their surface microrelief to maintain long-term nonequi-
librium macromolecular structures that can be effectively used in the study of polymerization
and in the search for the optimal conditions for polymer synthesis. It was found that the
proposed models for the formation of polymers, devoid of arbitrary assumptions, could be
the basis for creating a computer system for the application of morphological memory to
determine the rates of elementary processes and to predict the behavior of polymers during
their prolonged use.
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