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Abstract—Phase equilibria in systems polystyrene–block and gradient n-butyl acrylate–styrene copolymers
are studied for the first time using optical interferometry for polystyrene of various molecular weight and
copolymers of different architecture. Phase diagrams, which are characterized by the upper critical solution
temperatures, are constructed. The pair interaction parameters for these systems are calculated, and the ther-
modynamics of mixing of the components is evaluated. The data on the interdiffusion of polystyrene into the
copolymer and the copolymer into polystyrene are obtained. The effect of the composition of copolymers on
their interaction with polystyrene is analyzed. The friction coefficients of macromolecules and the diffusion
coefficients of monomer units are calculated. It is shown that these values are independent of the molecular
weight of the diffusant and the architecture of the copolymer.
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This paper is an extension of our previous studies
on interdiffusion and phase equilibria in the systems
PS–poly(butyl acrylate) (PBA) and PS–butyl acry-
late–styrene random copolymers [1–4]. Phase dia-
grams were constructed and analyzed. It was shown
that most of these systems are characterized by amor-
phous separation diagrams with the upper critical
solution temperatures. In terms of the classical Flory–
Huggins–Scott theory [5, 6] pair interaction parame-
ters were determined, and their dependence on the
molecular weight of PS, the composition of random
copolymers, and temperature was studied. The distri-
bution profiles of components in interdiffusion zones
were obtained, and the partial diffusion coefficients of
PS into the copolymers and the copolymers into PS
were estimated. The activation energies of diffusion
were calculated. It was demonstrated that the struc-
tural heterogeneity of random copolymer macromole-
cules exerts a lower impact on the phase and diffusion
parameters of the systems than the difference in their
composition.

In this study, the block and gradient n-butyl acry-
late–styrene (BASC) copolymers of different compo-
sition are used as blend components, and PS and PBA
homopolymers are used as macromolecular probes.
This group of the copolymers was chosen owing to the
fact that, compared to the previously studied random
copolymers, they provide an opportunity to unveil
specific features of the solubility and translational
mobility of macromolecules of complex architecture

in evidently compositionally heterogeneous, alternat-
ing, block, and graft copolymers.

Our thermochemical and structural morphological
studies made it possible to identify substantial differ-
ences between block and gradient BASC [4]. The
presence of extended random fragments in gradient-
BASCs strongly affects the conformation of a macro-
molecular chain in general, thereby allowing PS
blocks to form small structural heterogeneities that do
not cause the isolation of PS as a separate phase. The
same behavior is exhibited by block-BASC containing
a small (up to 40%) amount of styrene, although the
packing density of domains grows, and the glass tran-
sition temperature of these copolymers deviates from
the Flory–Fox additivity rule. With an increase in the
content of styrene in block-BASC (above 40%) the
phase transition and, as a consequence, isolation of
individual phases enriched in PS block fragments
occur; this leads to the emergence of two glass transi-
tion temperatures.

One of the key issues in the field of polymer blends
concerns the level of thermodynamic miscibility of
components, because this parameter crucially influ-
ences the morphology and mechanical behavior of the
blend. In this study, we present our data on the phase
equilibria in the systems PS–BASC block copolymers
and PS–BASC gradient copolymer in a wide range of
MW values of both components. Owing to a similar
structure of random, block, and gradient copolymers,
the PS–BASC blends are suitable and interesting
368



DIFFUSION AND THERMODYNAMICS OF POLYSTYRENE MIXING 369

Table 1. Characteristics of the objects of research

Polymer/copolymer Content
of styrene, % (IR)

Content of n-butyl 
acrylate, % (IR) Мn × 10–3 (GPC) Đ Тg, K (DSC)

PBA 0 100 35.0 1.17 223
PS-1 100 0 0.74 1.11 303
PS-2 100 0 1.14 1.07 343
PS-3 100 0 2.33 1.07 348
PS-4 100 0 4.10 1.00 353
PS-5 100 0 9.0 1.01 373
PS-6 100 0 30.0 1.02 373
random-BASC-17 17 83 47.0 1.40 248
block-BASC-7 7 93 64.0 1.32 233
block-BASC-12 12 88 58.0 1.18 233
block-BASC-17 17 83 67.0 1.36 235
block-BASC-46 46 54 25.0 1.47 254, 349
gradient-BASC-18 18 82 47.0 1.12 250
model systems for gaining insight into the general fea-
tures of polymer miscibility.

This study addresses the experimental investigation
of phase equilibria and interdiffusion in the systems
PS–BASC block and gradient copolymers in a wide
range of temperatures and MW of both components.

EXPERIMENTAL

The objects of research were PBA, PS, and n-butyl
acrylate–styrene block and gradient copolymers of
different microstructure which were synthesized by
reversible addition-fragmentation chain transfer
copolymerization. The content of styrene in the copo-
lymers was varied in the range of 7–46 mol %
(Table 1). The conditions of synthesis and the tech-
nique of studying the composition of copolymers were
described in [7, 8]. The random copolymer of n-butyl
acrylate and styrene containing 17 mol % styrene units
was used for comparison.

The block copolymer has the block-PS–block-
PBA–block-PS triblock structure [4, 8], in which the
RAFT agent is situated within the PBA block. The
gradient copolymer has a more complex triblock
structure, in which small fragments of the random
copolymer are present at the boundary of blocks. It is
expected that this structure will provide a smoother
transition between blocks in the copolymer. Thus, this
gradient copolymer can partially be considered as a
five-block copolymer block-PS–block-random–
block-PBA–block-random–block-PS.

The chosen block and gradient copolymers are dis-
tinguished by the presence of a single glass transition
temperature for all compositions of the copolymers,
except block-BASC-46. The average MW of the copo-
lymers is (47–67) × 103, except block-BASC-46,
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whose MW is two times smaller. The MW of the ran-
dom copolymers of PS and PBA (random-BASC) [2]
is close to that of block-BASC; it is in the range of
(47–52) × 103. The molecular weight of PS is in the
range of (0.8–30) × 103, which is comparable with the
sizes of blocks in the copolymers.

The solubility of polymers was studied by laser
microinterferometry [9, 10]. All measurements were
conducted using polystyrene and copolymer films
with a thickness of 120–150 μm which were obtained
by pressing [2]. The interference patterns were mea-
sured and treated as described in [1, 2]. Measurements
were performed under the step-by-step
increase/decrease in temperature from 280 to 500 K;
however, phase diagrams were constructed using the
data obtained under the step-by-step rise in tempera-
ture to 440 K, which is associated with the thermal
degradation of the copolymers [3].

According to preliminary experiments, the tem-
perature dependences of the refractive index were
determined for the copolymers and their blends
(Fig. 1). Measurements were carried out on an
ATAGO NAR-2T refractometer (Japan) in the above-
mentioned temperature and composition ranges. For
all the studied components, both linear temperature
dependences of the refractive index and additivity
dependences of this parameter on composition were
observed; therefore, using the obtained interference
patterns, the concentration profiles and their evolu-
tion with time and temperature may be estimated. It
was shown that, at temperatures above Тg, for exam-
ple, at 380 K for PS-4, the difference between the
refractive indexes of PS and PBA is 0.13; between the
refractive indices of PS and block-BASC-17 or gradi-
ent-BASC-18, it is 0.11; and between the refractive
indexes of PS and block-BASC-46, it is 0.07. These
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Fig. 1. Temperature dependence of the refractive index for (1) PBA, (2) block-BASC-7, (3) block-BASC-12, (4) block-BASC-
17, (5) gradient-BASC-18, (6) block-BASC-46, (7) PS-1, (8) PS-2, (9) PS-3, (10) PS-4, (11) PS-5, and (12) PS-6.
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results indicate that from 42 to 23 interference bands,
respectively, are formed in the interdiffusion zone.
This means that, when moving from one band to
another, the composition (concentration) increment
is registered with an accuracy of ∼2.4 vol %. This
information is of crucial value for calculating the com-
positions of coexisting phases in amorphous phase-
separated systems.

RESULTS AND DISCUSSION
Interdiffusion Zones

Figures 2 and 3 show the typical interference pat-
terns of interdiffusion zones that spontaneously
appear upon the conjugation of block-BASC and gra-
dient-BASC phases with the phase of PA at different
temperatures and MW of the homopolymer. It is seen
that, in the case of the low molecular weight PS (Мn <
1.2 × 103), the interdiffusion zones are the classical
example of completely mutually soluble components
(Figs. 2a, 2e). In these systems for both block and gra-
dient copolymers, the continuous concentration dis-
tribution profile is detected in the self-diffusion zone
when moving from PS to the copolymer. Both
branches of the concentration distribution profile are
symmetric with respect to the middle point of the
ordinate (Fig. 4а).

As the molecular weight of PS is increased ((4 ×
103) < Мn < (10 × 103)), the nature of the transition
region of conjugated phases changes. In the middle
PO
composition range, an interface is observed which
separates the region of dissolution (the diffusion
region) of PS macromolecules in the copolymer phase
(on the right of the interface) from the region of disso-
lution of copolymer macromolecules in the
homopolymer phase (on the left of the interface).
Under isothermal conditions, the position of the
interface on the interference patterns does change with
time and the concentration jump on the interface
remains invariable and only temperature dependent.
In heating/cooling cycles, the jump of concentrations
ϕ' and ϕ'' is reproduced quantitatively. This fact makes
it possible to state that equilibrium is established on
the interface between the compositions of coexisting
phases; i.e., at a given temperature, the copolymers are
soluble in PS and PS is soluble in the copolymers,
respectively.

As temperature is increased, the solubility of PS in
the phase of block and gradient copolymers increases,
which provides evidence that the UCST exists in the
systems PS–block-BASC and PS–gradient-BASC.

Upon further increase in the molecular weight of
PS, the mutual solubility of the polymers worsens
(Fig. 2). When the molecular weight of PS is above
30 × 103, the solubility of the components is almost
zero. Under these conditions, the zone of phase con-
jugation coincides with the interface (Figs. 2d, 2h).
The same effect of the molecular weight of PS on the
LYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
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Fig. 2. Effect of temperature and molecular weight of PS on the nature of interference patterns for the systems PS–block-BASC-
17 at a molecular weight of PS of (a) 1140, (b, f) 4100, (c, g) 9000, and (d, h) 30 000 and (e) for the system PS-2–block-BASC-
12. Т = (a–e) 383 and (f–h) 433 K.
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mixing of PS with PBA and random-BASC was
described in [2].

The specific behavior of block and gradient copo-
lymers manifests itself in the high-temperature range.
For example, starting from 415 K in the interdiffusion
zone of systems PS-4–block-BASC-17 (Figs. 2b, 2f)
and PS-5–block-BASC-17 (Figs. 2c, 2g), the system
undergoes swelling and the second optical boundary is
formed in the region of dilute solutions of the block
copolymer in PS. As temperature is increased to
433 K, the optical boundary degenerates аnd the sec-
ond concentration wave appears on the concentration
distribution profile (Fig. 4b). Note that the concentra-
tion distribution curve becomes asymmetric relative to
the middle point of the ordinate. In our opinion, this
finding may be attributed to different solubilities of the
components.

In Fig. 3, the interference patterns measured for the
copolymers of different structure, including random,
block, and gradient, and PBA are compared. It is clear
that the nature of the copolymer slightly affects the
nature of diffusion zones. A marked difference is
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
detected only in the case of block-BASC-46, whose
rapid swelling under heating was described above.

Interestingly, for the copolymer containing up to
40% styrene, the position of the interface and the
composition of coexisting phases are reproduced com-
pletely under heating/cooling regimes beyond the
mentioned temperature range. For the copolymer
block-BASC-46 upon swelling, no phase separation is
observed with decreasing temperature.

In our opinion, these effects may be explained by
the fact that the matrix of the block copolymers con-
tains the network of three-dimensional bonds, which
is related to the segregation of PS domains and frag-
mented PBA chains to the pseudophase. Under the
influence of the diffusant, this phase (domain) net-
work is broken (melts) at elevated temperatures and
the system becomes single phase. It may be assumed
that, for the original supramolecular structure of block
and gradient copolymers to be recovered, the proce-
dure of copolymer processing used previously (at the
first step) should be implemented.
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Fig. 3. Interference patterns for the interaction of PS-4 with (a) PBA and copolymers (b) random-BASC-17, (c) gradient-BASC-
18, (d) block-BASC-17, and (e) block-BASC-46 at 393 K.
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Phase Diagrams and Pair Interaction Parameters

The phase diagrams of the systems PS−block-
BASC and PS−gradient-BASC (Figs. 5, 6) were con-
structed by the common method using the tempera-
PO
ture dependences of compositions of coexisting
phases. Only the experimental data that were repro-
duced in heating/cooling cycles were taken into
account. On the diagrams, the regions of high tem-
peratures (above 433 K) are marked off, in which the
LYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
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Fig. 4. Concentration distribution profile in the interdiffusion zone for the systems (a) PS-2–block-BASC-7 at 383 K and (b) PS-
5–block-BASC-46 at 433 K.
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thermal degradation of the copolymers takes place
during the long-term processes of contacting the com-
ponents [3, 11].

It is clear that all the studied systems feature the
UCST. Like most polymer systems in which the com-
ponents exhibit noticeably different molecular
weights, the diagrams are asymmetric [12] and critical
concentrations are shifted to a lower MW component.
Note that the data obtained are in good agreement
with the phase diagrams reported in [2]. It is shown
that all the above-mentioned phase states are repro-
duced in the heating/cooling cycles.

The solubility of the components increases with
temperature. This implies that all the studied systems,
including PBA–PS and PS–random-BASC, are char-
acterized by amorphous separation phase diagrams
with the UCST situated in the region of the thermal
degradation of the copolymers.

There is a fairly pronounced asymmetry in the
position of binodal curves on the temperature–con-
centration field of the diagrams. The right branch of
the binodal, which characterizes the solubility of PS in
block-BASC, is situated in the region of dilute solu-
tions of BASC in the PS phase (less than 5 vol %). As
the molecular weight of PS is increased from 4 × 103 to
30 × 103, its position on the temperature–concentra-
tion field of the diagram remains almost unchanged.
The solubility of PS in block-BASC (the left branch of
the binodal) decreases abruptly with the molecular
weight of PS. The minimum values of solubility in this
composition region are attained at Мn ≥ 30 × 103.

Using PS-4 as an example, Fig. 6 demonstrates the
effect of composition and structure of the copolymer
on the phase diagram. It is seen that the solubility of
block-BASCs in PS is slightly different from the solu-
bility of PBA in PS (the right branches of the binod-
als). A noticeable difference in the positions of bound-
ary curves begins only at temperatures above 440 K.
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
The greater the content of styrene units in the copo-
lymer, the longer the region of solubility of the compo-
nents. For block-BASC-7, the solubility of PS-4 in the
copolymer is in the range of 0.1–0.2 volume fractions;
for block-BASC-17, it is in the range of 0.1–0.3 vol-
ume fractions; for block-BASC-46, it is in the range of
0.3–0.7 volume fractions. It is interesting that the val-
ues of solubility of PS-4 in gradient-BASC-18
(curve 3) and block-BASC-17 (curve 4) are similar.

The influence of the structure and topology of the
macromolecular chains of copolymers is the most dis-
tinct when examining the isothermal cross sections of
the phase diagrams. Figure 7 presents the generalized
data for systems PS–PBA, PS–random-BASCs, PS–
block-BASCs, and PS–gradient-BASCs. Under such
a representation of the bimodal curves, the region of
the heterogeneous state is situated between them, and
the point of their intersection is equivalent to the crit-
ical point (the critical composition) at a given tem-
perature. The dome of the binodal corresponds to the
content of styrene in block-BASC on the order of 48–
50% (for random-BASC, this value is 50–55%), at
which complete miscibility of the components com-
mences. It is seen that, for systems PS–block-BASC,
the experimental compositions of coexisting phases
fall on the common binodal curves at different tem-
peratures (curve 1 at 393 K and curve 2 at 433 K). It
should be emphasized that the data obtained for gradi-
ent-BASC (symbols 5, 6) coincide with those for
block-BASC at the respective temperatures. For ran-
dom-BASC, the dependences are analogous to those
plotted for block-BASC, but the numerical values of
PS solubility in it are much smaller (curves 3 and 4,
respectively). Similar differences may be attributed to
different molecular weights of the copolymers.

The thermodynamic analysis of the experimental
data on phase equilibria was performed using the
Flory–Huggins theory of polymer solutions [5, 6]. Let
us recall that the condition at which phases may coex-
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Fig. 6. Phase diagram of PS-4 with (1) PBA, (2) block-BASC-7, (3) gradient-BASC-18, (4) block-BASC-17, and (5) block-
BASC-46. I is the region of true solutions, and II is the region of the heterogeneous state. The region of the thermal instability of
BASC is marked in gray [3, 11].
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Fig. 5. Phase diagram of block-BASC-7 with (1) PS-4, (3) PS-5, and (4) PS-6 and (2) the calculation data on the spinodal for
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stable states. The region of the thermal instability of BASC is marked in gray [3, 11].
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Fig. 7. Solubility of PS-4 in (1, 2) block-BASC, (3, 4) random-BASC [2], and (5, 6) gradient-BASC. Т = (1, 3, 5) 393 and
(2, 4, 6) 433 K.
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ist is the equality of chemical potentials of compo-
nents (Δμi) in them:

(1)

where  and  are the chemical potentials of the
ith component in the first and second phases, respec-
tively.

The expressions for the chemical potentials of
components for the amorphous phase-separated sys-
tem are as follows [12]:

(2)

(3)

where ϕ1 and ϕ2 are the volume fractions of the first
(PS) and second (BASC) components, respectively; r1
and r2 are the degrees of polymerization of the
homopolymer and copolymers expressed in compara-
tive volume units (for copolymers, the weight-average
molecular weight was used in calculations); and χ is
the pair interaction parameter.

Then as applied to the amorphous phase separa-
tion, we may write

(4)
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(5)

The combined solution of these equations yields
the mathematical expressions

(6)

(7)

Under the assumption of concentration indepen-
dence, we arrive at

(8)

The relations presented above were used for the
analysis of phase diagrams of amorphous equilibrium.
The pair interaction parameters χ12 and χ21 derived for
systems PS–block-BASC, PS–random-BASC, and
PS–gradient-BASC show that they are similar quanti-
tatively. This finding indicates that there is no concen-
tration dependence of these parameters. Therefore,
the data calculated using Eq. (8) are presented in
Figs. 8 and 9 together with the inset which demon-
strates the composition dependences of χcr, which
were calculated in terms of the Flory–Huggins theory
[5]. It is seen that the values of χ are in the narrow
range from 0.01 to 0.05 and all the temperature depen-
dences χ–1/Т are straight lines. It should be noted
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Fig. 8. Temperature dependence of the pair interaction parameter: PS-4 with (1) PBA, (2) block-BASC-7, (3) block-BASC-17,
(4) block-BASC-46, (5) gradient-BASC-18, and (6) random-BASC-17; (7) PS-5 with block-BASC-17 and (8) PS-6 with block-
BASC-17.
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Fig. 9. Dependence of the pair interaction parameter on
copolymer composition at 400 K in the systems (1) ran-
dom-BASC–PS-4 [2] and block-BASC with (2) PS-4,
(3) PS-5, and (4) PS-6. The open triangle refers to the gra-
dient-BASC with PS-4, the full squares refer to PBA with
PS-4, PS-5, and PS-6, and the open square refers to PS–
PS. The dashed line refers to the limiting value of the pair
interaction parameter for the system PS–BASC. The inset
shows the dependence of χcr on composition for block-
BASC with (5) PS-4, (6) PS-5, and (7) PS-6.
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that all χ–1/Т plots have similar slopes. Within the
framework of the refined Flory–Huggins theory [5, 6]
the slope of the χ–1/Т dependence is related to the
enthalpy constituent of the pair interaction parameter
χH, that is, is proportional to the energy of interaction
between segments of the mixed polymers. As the
molecular weight of the oligomeric component
increases, χ naturally decreases and asymptotically
approaches a certain limiting value χ ≅ 0.02, which
characterizes the interaction of two high molecular
weight BASCs and PS. The free term of the χ–1/Т
dependence characterizes the entropy constituent χS.
The temperature dependences of χ and their extrapo-
lation to χcr were used to calculate the UCST and the
domes of the binodal curves.

Thus, the constant temperature coefficient of the
enthalpy component, which varies in the limited inter-
val 6.8 ± 2.0, confirms the assumption that the
intersegment interaction energy is independent of
molecular weight.

The effect of the molecular weight of PS on the
position of boundary curves may be traced using
block-BASC-17 as an example (Fig. 8, curves 2, 7, 8).
When moving from PS-4 (2) through PS-5 (7) and to
PS-6 (8), the numerical values of χ decrease, but the
slope does not change. This indicates that the molec-
ular weight of PS influences only the entropy constit-
uent of the pair interaction parameter.
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
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Table 2. Coefficients of diffusion D and self-diffusion D* of polystyrene in copolymers

Diffusion medium
ϕcop = 0.98

Мn × 10—3

logD [cm2/s] logD* [cm2/s]
copolymer polystyrene

block-BASC-7 64 4.1 –7.6 –7.7
block-BASC-17 67 4.1 –7.9 –8.0
block-BASC-46 25 4.1 –8.0 –8.0
gradient-BASC-18 47 4.1 –7.9 –8.0
block-BASC-7 64 9 –8.1 –8.2
block-BASC-17 67 9 –8.8 –8.9
block-BASC-46 25 9 –10.2 –10.2
The effect of copolymer structure on the thermo-
dynamics of mixing is the most evident in Fig. 9, in
which the pair interaction parameter is plotted as a
function of the composition of copolymers of different
nature. For all systems, regardless of the architecture
of macromolecules, there is the common trend of a
change in χ and χcr with the composition of copoly-
mers—the pair interaction parameter gradually
decreases with an increase in the content of polysty-
rene units in the copolymer chain and asymptotically
approaches the limiting value χ = 0.02, which is typi-
cal of the system oligo-PS–high molecular weight PS.
In our opinion, the seemingly extremal pattern of
dependences 2–4 in Fig. 9 may be explained by a
much lower molecular weight of block-BASC-46
compared with the other block-BAS copolymers. This
hypothesis is proved by the calculated composition
dependences of χcr (Fig. 9, curves 6–8), which are
influenced only by the MW of the components.
Accordingly, it should be expected that the high
molecular weight block-BASC with the content of sty-
rene on the order of 50% should have lower values of χ
comparable with the limiting one.

The Diffusion of PS in the Copolymers

Figure 10 shows the kinetics of diffusion front
propagation of PS macromolecules into the matrix of
block-BASC and gradient-BASC (curves 1–8) and the
copolymer macromolecules into the matrix of PS
(curves 1'−8 '). The linear character of the depen-
dences plotted in coordinates Х–t1/2 (Х is the depth of
penetration of the diffusing component, and t is the
observation time) provides evidence for the diffusion
mechanism of spontaneous mixing of the components
in the region of solutions (I) on the phase diagrams.
The limiting partial diffusion coefficients of PS and
the copolymers were calculated according to the
Boltzmann–Matano method and from the slope of
the straight lines (Table 2) using both the simple for-
mula of the mean square displacement of front D =
X2/2t and the Boltzmann–Matano method [13, 14].
The partial self-diffusion coefficients of polystyrene
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
 into the block and gradient copolymers and the
copolymers  into the PS matrix were calculated by
the equation

(9)

where DV is the interdiffusion coefficient, D* is the
partial self-diffusion coefficient, ϕ1 is the solution
composition corresponding to the position of the fig-
urative point on the concentration distribution profile

front,  is the geometry parameter equal to the ratio

of molar volumes of polymers, and χ is the pair inter-
action parameter of components (in accordance with
Fig. 8). The calculation results are summarized in
Table 2.

The dependences of the diffusion coefficients of
PS into the copolymers and the copolymers into the
PS melt on the molecular weight of PS are presented
in Fig. 11. It is seen that, for block-BASC-7 and block-
BASC-17, the exponent of the dependence D = kM–b

is almost two, while for block-BASC-46 it is much
higher. We believed that this is associated the contri-
bution of thermodynamic nonideality to the diffusion
coefficient.

An analysis of the temperature dependence of the
diffusion coefficients made it possible to calculate the
activation energy of diffusion; its numerical values are
listed in Table 3.

Figure 12 shows the interdiffusion coefficients of
PS into the matrix of the copolymer and of the copo-
lymers into the matrix of PS as a function of the com-
position of the copolymers. For comparison, the same
figure presents the data on translational diffusion
coefficients for the random copolymers (curve 1). For
all the systems, there is a common tendency—reduc-
tion in the translational mobility of PS macromole-
cules in the matrix of the copolymers of different
architecture with an increase in the amount of PS
units in the chain. The specific nature of each system
makes itself evident as the intensity of decline in the
rate of the translational motion of PS macromolecules
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Fig. 10. The kinetics of diffusion front propagation at 393 K in the systems (1, 1 ') block-BASC-7–PS-2, (2, 2 ') block-BASC-7–
PS-4, (3, 3 ') block-BASC-17–PS-4, (4, 4 ') block-BASC-46–PS-4, (5, 5 ') block-BASC-7–PS-5, (6, 6 ') block-BASC-17–PS-5,
(7, 7 ') block-BASC-46–PS-5, and (8, 8 ') gradient-BASC-18–PS-4. (1–8) The kinetics of propagation in the copolymer matrix,
and (1 '–8 ') the kinetics of propagation in the PS matrix.
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Fig. 11. Dependence of the diffusion coefficient on the molecular weight of PS at 393 K in the phase of copolymers for the dif-
fusion of PS-4 into the matrix of (1) block-BASC-7, (2) block-BASC-17, (3) block-BASC-46, and (4) gradient-BASC-18.
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in the copolymers. For example, when the composi-
tion of block-BASC and gradient-BASC changes by
20%, the self-diffusion coefficient of PS changes by an
PO
order of magnitude for the systems based on PS-4 and
two orders of magnitude for the systems based on PS-
5. Note that the self-diffusion coefficient of the copo-
LYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
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Table 3. Activation energy of diffusion in systems PS–
acrylic copolymers

Diffusant Diffusion medium Еа, kJ/mol

PS-4 PBA 29.7

PS-4 random-SBAC-17 32.6

PS-4 gradient-SBAC-18 30.1

PS-4 block-SBAC-7 20.5

PS-4 block-SBAC-17 42.4

PS-4 block-SBAC-46 69.3

PS-5 block-SBAC-7 24.0

PS-5 block-SBAC-17 33.6

PS-5 block-BASC-46 58.3

PBA PS-4 44.2

random-BASC-17 PS-4 48.5

gradient-BASC-18 PS-4 40.7

block-BASC-7 PS-4 29.7

block-BASC-17 PS-4 56.5

block-BASC-46 PS-4 70.7

block-BASC-7 PS-5 41.1

block-BASC-17 PS-5 37.8

block-BASC-46 PS-5 69.3
lymers into PS changes by half an order of magnitude
and one-and-a-half orders of magnitude for the sys-
tems based on PS-4 and PS-5, respectively. A similar
effect is observed in the case of random-BASC. The
exception is block-BASC-46, whose molecular weight
is two times lower than the molecular weight of the
remaining copolymers.

It is known that, for binary systems, two limiting
regions of compositions ϕ1 → 0 and ϕ1 → 1, in which
a diffusant and a diffusion medium are diverse in
nature, are of most interest. Obviously, in the former
case (ϕ1 → 0), the case in point is the translational
mobility of homopolymers in the medium of block
and gradient copolymers; in the latter case (ϕ1 → 1),
the translational mobility of the copolymers in the PS
matrix. Within the framework of the reptation model
[15], this change in the nature of the diffusion medium
and diffusant implies that, in the first case, informa-
tion on the predominant effect of copolymer macro-
molecules forming the wall of the tube on the transla-
tional mobility of PS is derived; in the second case,
information on the effect of the structure of copoly-
mer macromolecules moving along the tube formed by
PS macromolecules on the diffusion coefficients. The
schematic of motion of macromolecules illustrating
the above considerations is shown in Fig. 13. It could
be expected that the numerical values of the friction
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
coefficients of macromolecules (or chains) character-
izing their motion in the entanglement tube would be
different. Following the data from [15], let us assume
that the translational motion of macromolecules is
described by the reptation model, according to which
the partial self-diffusion coefficient may be expressed
through the equation

(10)

where D is the self-diffusion coefficient; Z is the fric-
tion coefficient of a chain per unit, which character-
izes its motion in the entanglement tube; and Ne is the
number of units in a chain between entanglements
(taken to be 100).

In our case, the self-diffusion coefficients of the
homopolymer PS in the copolymer and the copoly-
mer in PS depend on the local composition of the
medium:

(11)

(12)

where

(13)

(14)

where ρ1 is the molar fraction of component units (in
this case, PS) and z is the friction coefficient per
monomer unit.

Figure 14 shows the calculated friction coefficients
of chains for the translational motion of PS in the
copolymers and the copolymers in PS. It is seen that,
firstly, within the measurement error, the friction
coefficients of chains depend almost equally on the
composition of copolymers of different architectures.
A certain scatter in these values may be attributed to
the proximity of the frontal concentrations to the
binodal curves, that is, to the contribution of thermo-
dynamic nonideality to the values of diffusion coeffi-
cients. Secondly, in calculations of average friction
coefficients (Eqs. (11)–(12)), the additivity rule is
valid only in a narrow range of styrene contents in the
copolymer (up to 30–40%). In general, when the
composition is changed from zero to unity, the change
in the friction coefficient is described by a third order
polynomial. Thus, it may be stated that, in calcula-
tions of translational mobility coefficients, it is advis-
able to use local friction coefficients, which character-
ize the architecture of both the diffusant and the diffu-
sion medium.
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Fig. 12. Dependence of the diffusion coefficient on copolymer composition at 393 K (a) in the phase of copolymers for the dif-
fusion of PS-4 into the matrix of (1) random-BASC [2] and (2) block-BASC and (3) PS-5 into the matrix of block-BASC and (b)
in the phase of PS for the diffusion of (1) random-BASC and (2) block-BASC into the PS-4 matrix and (3) block-BASC into the
PS-5 matrix. The open triangle refers to the gradient-BASC, the full square refers to PBA, and the open square refers to PS.
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Fig. 13. Schematic of motion of macromolecules in the tube formed in the matrix of (a) block-BASC and (b) PS. Bold straight
lines refer to block-PS, and thin straight lines refer to block-PBA.
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Fig. 14. Dependences of the friction coefficient on copo-
lymer composition at 393 K (а) in the phase of copolymers
for the diffusion of PS-4 into the matrix of (1) PBA, (2)
random-BASC, (3) block-BASC, (5) gradient-BASC, and
(6) PS and (4) PS-5 into the matrix of block-BASC and (b)
in the phase of PS for the diffusion of (1) PBA, (2) ran-
dom-BASC, (3) block-BASC, and (5) gradient-BASC into
the PS-4 matrix and (4) block-BASC into the PS-5 matrix.
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Fig. 15. The reptation constant D0 as a function of copoly-
mer composition at 393 K in the copolymer phase for the
diffusion of PS-4 into the matrix of (1) PBA, (2) random-
BASC, (3) block-BASC, and (5) gradient-BASC and (4)
PS-5 into the matrix of block-BASC.
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Finally, it can be mentioned that a similar conclu-
sion about the contribution to the diffusion coefficient
can be made using our data on D0 = kT/Z. This expres-
sion has a meaning of the self-diffusion coefficient for
the system of broken units, in which monomer units
are not joined together into a chain (Fig. 15).

Thus, complex research into the processes of diffu-
sion and solubility of polystyrenes of various molecu-
lar weight in the block and gradient n-butyl acrylate–
styrene copolymers of different composition is per-
formed and the results obtained are compared with the
POLYMER SCIENCE, SERIES A  Vol. 62  No. 4  2020
data available for PBA and random copolymers. The
phase diagrams featuring the UCST are constructed.
The data on the interdiffusion of polystyrene into the
copolymer and the copolymer into polystyrene are
obtained. The friction coefficients of macromolecules
and the diffusion coefficients of monomer units are
calculated. It is shown that the effect of copolymer
structure is small compared with the effect of diffusant
molecular weight.
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