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Abstract—Interdiffusion and phase equilibrium in the system composed of polystyrene and statistical copoly-
mers of butyl acrylate and styrene were studied by optical interferometry. The diagrams of the phase state were
for the first time plotted and analyzed; pair interaction parameters were determined. The obtained diagrams are
characterized by an upper critical solution temperature (UCST). The dependence of the interaction parameter
on copolymer composition, polystyrene molecular weight, and temperature was shown. The data of interdiffu-
sion of polystyrene into copolymers (and vice versa) are presented; they vary within 10–7–10–11 cm2/s. The acti-
vation energy of diffusion was calculated. No influence of structural heterogeneity of macromolecules of sta-
tistical copolymers on phase characteristics, translational diffusion coefficients, and coordinate of the diffu-
sion front was registered.
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Table 1. Characteristics of experimental objects

Object
Styrene content 
in copolymer, 

mol %
Мn × 10–3 Ð Тg, К

PBA 0 35.0 1.17 223
PS-1 100 0.74 1.11 303
PS-2 100 1.14 1.07 343
PS-3 100 2.33 1.07 348
PS-4 100 4.1 1.00 353
PS-5 100 9.0 1.01 373
PS-6 100 30.0 1.02 373
stat-CBAS-8* 8 54.0 1.58 238
stat-CBAS-21* 21 48.0 1.53 252
stat-CBAS-35* 35 50.0 1.56 275
stat-CBAS-17 17 47.0 1.40 248
stat-CBAS-25 25 50.0 1.47 260
The main problem of analysis and prediction of
processes of inter- and self-diffusion in binary and
multicomponent polymer systems is related to the lack
of quantitative data on the contribution of the archi-
tecture given by synthesis of a macromolecular com-
pound to the numerical values of partial diffusion
coefficients of macromolecules. It can be stated that at
present the problem of the effect of molecular weight
and molecular weight distribution on translational
mobility of macromolecules [1–5] is solved owing to
emergence of research dedicated to the influence of
the nature of end groups [6]. However, the data on
translational mobility of macromolecules in composi-
tion heterogeneous, branched, star, alternating block,
and graft copolymers are at the initial stage of develop-
ment [7].

The data on diffusion and phase properties of
copolymer–homopolymer systems should be taken
into account to solve these problems. Controlled syn-
thesis of copolymers with set architecture of macro-
molecular chains under conditions of “living” anionic
polymerization and radical polymerization with
reversible deactivation of chain has been actively
developed in polymer chemistry in recent decades.
This technique allows obtaining composition homo-
geneous statistical and gradient copolymers and star,
alternating, and block copolymers [8–18].
17
Previously [19], we studied phase equilibrium and
interdiffusion of the polystyrene–poly(n-butyl acry-
late) (PBA) system within a wide range of molecular
weights of components. The majority of these systems
are characterized by diagrams exhibiting amorphous
layering and UCST. Pair interaction parameters were
5
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determined in terms of the classical Flory–Huggins
theory; their dependence on the molecular weight of
PS and temperature was registered. The possibility to
predict generalized phase state diagrams of the PS–
PBA system (molecular weight up to 106) was shown.

The started study of solubility and interdiffusion in
binary systems containing copolymers (n-butyl acry-
late–co-styrene) of different composition (including
statistical, gradient, and, in particular, composition
homogeneous and narrow-dispersed ones) as one of
the components and PS and PBA homopolymer mac-
romolecular probes as the second component is the
natural sequel of these investigations. The results of
these investigations were generalized in the present
work.

EXPERIMENTAL

PBA, PS, and their statistical copolymers of vari-
ous microstructure obtained by classical radical copo-
lymerization (stat-CBAS*) and reversible chain trans-
fer copolymerization (stat-CBAS) were used as exper-
imental objects. The styrene content in copolymers
was varied within 10–40 mol % (Table 1). The condi-
tions of synthesis and the method of determination of
the composition of copolymers were described in [20].
PO

Fig. 1. Temperature dependence of refractive index for PBA (1), st
and PS-6 (8).
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The solubility of polymers was studied by laser
microinterferometry [21, 22]. Films of PS and copoly-
mers 120–150 μm thick were used for all measure-
ments by the pressing method. The experimental tech-
nique was similar to the traditional one. Film samples
(5 × 10 mm) were placed between two optically trans-
parent glasses 5 mm thick; a semitransparent layer of
metal (nichrome) characterized by a high refractive
index was preliminarily applied to inner surface of the
glasses. A small tilt angle (~5°) was formed using metal
clamps of different thickness (for example, 100 and
120 μm for PS film 120 μm thick). The optical contact
between the samples and the inner surface of the
glasses was established at a temperature 20–30 K
higher than the glass transition temperature. Micro-
metric screws were used to set the largest dimension of
sample perpendicularly to the tilt rib. In this case, the
direction of diffusion f low coincides with the direction
of interference fringes. The obtained cell was placed
into a thermostatted diffusion cuvette; the accuracy of
temperature maintenance in the cuvette was ±1 K.
Then a capillary was filled with melts of PBA or stat-
CBAS characterized by rather high fluidity (see Table 1).
The moment of phase contact was considered the start
of the interdiffusion process.

A He–Ne laser (wavelength of 632 nm) was used as
a light source. The interference pattern was registered
LYMER SCIENCE, SERIES A  Vol. 61  No. 2  2019
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using digital video camera; the image was sent to a
PC. Measurements were performed under stepwise
increase/decrease in temperature within 280–500 K.
The processing of the interference pattern was the
same as the traditional one.

Preliminary experiments allowed obtaining data on
the temperature dependence of the refractive index of
PS, PBA, and copolymers to estimate the quantity of
interference fringes within the interdiffusion region for
every polymer–copolymer pair (Fig. 1).

Thus, for PS-4, the difference between the refrac-
tive indices of PS and PBA is 0.13 at temperatures
higher than Тс (for example, 380 K); for PS and stat-
CBAS-17, it is 0.11, which corresponds to the forma-
tion of up to 40–45 interference fringes within the
interdiffusion region. This means that the increment
of composition (concentration) is registered with
accuracy of 2.4 vol % in transition from one of inter-
ference fringe to another. These data was used for the
determination of compositions of coexisting phases in
systems characterized by amorphous layering.

RESULTS AND DISCUSSION

Interdiffusion Regions

Typical interference patterns of regions of phase
conjugation of PBA and copolymers obtained by the
POLYMER SCIENCE, SERIES A  Vol. 61  No. 2  2019

Fig. 2. Interference patterns of interaction of copolymers stat-CB
profile lines of concentration distribution at 333 and 413 K, resp
system at 413 K;  and  are the compositions of coexisting ph
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classical radical copolymerization stat-CBAS* are
given in Figs. 2a and 2b. The information concerning
the interaction between PS and PBA homopolymers is
given for comparative purposes in Fig. 2c [19]. It is
seen that the PS–PBA interdiffusion region is a super-
position of five regions: pure homopolymers, interfa-
cial boundary (dark line in the middle of concentra-
tion profile), and regions of partial dissolution of PBA
in PS (and vice versa; regions to the left and to the
right of the interfacial boundary, respectively). In the
case of interaction between copolymers and PBA,
complete mutual solubility of components is observed
at the same temperature. The concentration profile
characterizing the composition distribution within the
interdiffusion region is identified for these systems at
all concentrations from PBA to stat-CBAS.

The influence of PS molecular weight on interdif-
fusion of components was illustrated in Figs. 3 and 4
by example of copolymers stat-CBAS* and stat-CBAS
synthesized by classical polymerization and reversible
chain transfer polymerization. It is seen that complete
dissolution of components in each other is observed in
the case of PS characterized by М ≤ 1.2 × 103 (Fig. 3).

The solubility of homopolymer in copolymer
decreases as the molecular weight of homopolymer
grows. For PS-4 (Мn = 4.1 × 103), the interfacial bound-
ary separating the regions of copolymer dissolution in PS
AS-8* (a) and stat-CBAS-21* (b) with PBA and corresponding
ectively; (c) interference pattern of interdiffusion in PS-4–PBA
ases.
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Fig. 3. Interference patterns of interaction of PS-2 with stat-CBAS-8* (a) and stat-CBAS-21* (b) copolymers at 413 K.
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(to the left of the interfacial boundary) and PS dissolu-
tion in copolymer (to the right of the boundary) is
formed within the region of diluted solutions of copo-
lymer in PS. For PS-5 (Мn = 9.0 × 103), the region of
copolymer dissolution in homopolymer is degener-
ated. Such systems are considered systems with one-
way diffusion [23, 24]. The components are almost
incompatible for PS characterized by Мn > 30.0 × 103

(Fig. 4c). In this case, the interference patterns are
composed of superposition of three zones: two regions
of pure components and interfacial boundary region.

The concentrations of saturated solutions ϕ' and ϕ''
corresponding to the compositions of coexisting
phases, i.e., solubility of copolymers in PS (and vice
versa) at the given temperature, are estimated under
isothermal conditions in the neighborhood of the
interfacial boundary (ϕ' and ϕ'' are the volume frac-
tions of homopolymer in gradient solution) [25]. Such
structure of the transition concentration gradient
region of phase conjugation is observed for all studied
PS–stat-CBAS pairs irrespective of the synthesis con-
ditions of copolymers.

Additional data on the mechanism of mixing of
components was obtained according to the kinetics of
motion of diffusion fronts of homopolymers (Fig. 5)
into the copolymer phase (curves 1'–5'). It is seen that
the shift of coordinates of fronts is linear in Х–t1/2

coordinates, indicating the diffusion mechanism of
spontaneous mixing of homopolymers with copoly-
mers. The slope of Х–t1/2 straight lines decreases as the
PS molecular weight is raised, indicating the decrease
in mass transfer rate. It should be mentioned that the
coordinates of the Boltzmann–Matano plane remain
constant within the whole observation of interdiffu-
sion, which demonstrates the absence of volume con-
traction at mixing of polymers. Thus, one can con-
clude that a traditional diffusion mechanism of mixing
of polymers and copolymers is observed in the PS–
PO
stat-CBAS and PS–stat-CBAS* systems. The specific
features of one system or another are pronounced in
the length of the interdiffusion region and numerical
values of diffusion coefficients and compositions of
coexisting phases.

Phase Diagrams

Phase diagrams of PS blends with copolymers
(Figs. 6, 7) were plotted using the temperature depen-
dences of composition of coexisting phases. It is seen that
mutual solubility of the components of the mixtures
increases as the temperature is raised; i.e., the systems are
characterized by UCST. However, it was impossible to
experimentally determine UCST because the position
of critical values of temperature is located in the region
corresponding to the thermolysis of the trithiocarbon-
ate group and formation of polymer characterized by
lower molecular weight [26, 27]. Theoretical estimates
of the position of the binodal dome were performed in
terms of the approach introduced and previously
approved in [19] (dotted lines in Figs. 6, 7).

The increase in molecular weight of PS shifts the
binodal curves of all systems toward the region of
diluted solutions of PS. In this case, the character of
the phase structure in the heterogeneous region of dia-
gram, which can be classified as “matrix–inclusion”
structural type, remains constant (SEM image in Fig. 6).

The solubility of PS in the copolymer phase (and
vice versa) increases as the content of styrene units
increases in both stat-CBAS and stat-CBAS* at tran-
sition from PBA to copolymers. This effect is most
pronounced at plotting the isothermal cross section of
the phase diagram (Fig. 8). Let us recall that in this
case the binodal dome corresponding to the content of
styrene in copolymers is about 50–55%; at this con-
tent, complete compatibility of components is
observed. The critical composition of the system is
determined by the ratio of molecular weights; it lies
within 0.6–0.7 volume fractions of PS.
LYMER SCIENCE, SERIES A  Vol. 61  No. 2  2019
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Fig. 4. Interference patterns of interaction of stat-CBAS-17 copolymer with PS-4 (a), PS-5 (b), and PS-6 (c) at 413 K and cor-
responding profile lines of concentration distribution.
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The position of binodal fragments of the PS-5–
stat-CBAS-8* and PS–stat-CBAS-17 systems shows
that PS solubility is somewhat higher in the first case
(Fig. 6, curves 2 and 3). PS solubility in the copolymer
obtained by the reversible chain transfer (curve 4) is
similar to PS solubility in PBA (curve 1). However, in
our opinion, this result should not be related to the
structural heterogeneity of macromolecules because
stat-CBAS and stat-CBAS* copolymers differ in com-
position of macromolecules, the influence of which
on solubility of components is higher than that of the
structural factor. The mutual position of figurative
points of copolymers on the boundary curve of the
isothermal cross section of the phase diagram is evi-
dence of this fact.

Thermodynamics of Mixing Process

It is well known that the equality of chemical
potentials of every component in phases is the condi-
POLYMER SCIENCE, SERIES A  Vol. 61  No. 2  2019
tion of thermodynamic equilibrium of two phases in
binary systems. The condition of coexistence of two
phases corresponding to two points on the binodal is
the following:

where Δμi is the change in chemical potential of com-

ponent in the first  and the second  phases.

Specific equations for chemical potentials of com-
ponents are derived from the Flory–Huggins–Scott
theory of polymer solutions [25] which introduces the
following formula for the Gibbs free energy at mixing
of two polymers in the mutual volume V:

(1)

Δ = Δ Δ = Δ1 1 2 2and' '' ' ''μ μ μ μ ,

Δ 'μi Δ ''μi

 Δ = + +  
1 2

mix 1 2 12 1 2
1 2

φ φlnφ lnφ χ φ φ ,
r

RTVG
V r r
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Fig. 5. Kinetics of motion of diffusion fronts at 393 K in (a) systems composed of stat-CBAS-8* copolymer with PS-2 (1, 1'),
PS-3 (2, 2'), PS-4 (4, 4'), and PBA–PS-3 (3, 3') and (b) systems composed of stat-CBAS-21* copolymer with PS-2 (1, 1'), PS-4
(2, 2'), PS-5 (3, 3'), and PBA–PS-3 (4, 4'); (1–4) kinetics of diffusion into phase of copolymer and PBA; (1'–4') kinetics of dif-
fusion into PS phase.
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where Vr is the comparative volume, which is set to
100 cm3/mol according to [28]; r are the degrees of
polymerization of homopolymer and copolymer
expressed in units of comparative volume (the values
of weight average molecular weight were used for the
calculation for copolymers); ϕ1 and ϕ2 are the volume
fractions of homopolymer and copolymer, respec-
tively; and χ is the pair interaction parameter character-
izing the interaction between components. The following
equations can be written for chemical potentials taking
into account the concentration dependence of pair
interaction parameter χ(ϕi):
PO
(2)

(3)

 + − + 
 
 = + − + 
 
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Fig. 6. Phase diagrams of systems PS-6–PBA (1), PS-5–stat-CBAS-8* (2), PS-5–stat-CBAS-17 (3), PS-6–stat-CBAS-17 (4),
PS-5–stat-CBAS-25 (5), and PS-5–stat-CBAS-35* (SEM image of composition blend is given); here and in Fig. 7, dotted lines
show the model diagram domes.
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Fig. 7. Phase diagrams of systems PS-4–stat-CBAS-17 (1), PS-4–stat-CBAS-21* (2), PS-4–PBA (3), PS-4–stat-CBAS-25 (4),
and PS-4–stat-CBAS-35* (5).
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Table 2. Activation energy of diffusion in PS–acrylate
copolymers systems

Diffusant Diffusion medium Еa, kJ/mol

PS-4 PBA 29.7
PS-4 stat-CBAS-8* 32.2
PS-4 stat-CBAS-17 32.6
PBA PS-4 44.2
stat-CBAS-8* PS-4 48.0
stat-CBAS-17 PS-4 48.5

Fig. 8. Isothermal cross section of phase diagram at 393
(1) and 433 K (2) of systems PS-5 (a) and PS-4 (b); (I)
heterogeneous state region; (II) true solution region.
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where  is the volume fraction of the ith component
in the first phase,  is the volume fraction of the ith

component in the second phase, , and

χ21 = .

The solution of Eqs. (1) and (2) with regard to the
values χ12 and χ21 allows obtaining unambiguous cal-
culation ratios which can be applied for binary poly-
mer systems without taking into account the composi-
tion heterogeneity of macromolecules:

(4)

(5)

The numerical values of χ12 and χ21 were for the
first time calculated using the composition of coexist-
ing phases of these systems. It should be mentioned
that the values of χ12 and χ21 almost coincide with each
other (for example, for PS-4–stat-CBAS-17, χ12 =

φ'i
φ''i

∂= +
∂12

1

χχ χ
φ
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∂ 2

χχ
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PO
0.036 ± 0.003, χ21 = 0.033 ± 0.002), which indicates
the absence of concentration dependence of pair
interaction parameters in the system.

The temperature dependences of χ12 are given in
Fig. 9. It is seen that the values of the pair interaction
parameter of PS–PBA and PS–stat-CBAS vary
within a comparatively narrow range from 0.01 to 0.07;
they are close to the critical value of pair parameter

χcr = . In this case, the current values

χ12 > (χ12)cr; this inequality indicates incompatibility
(or partial compatibility) of PS–stat-CBAS blends.

Linear temperature dependences χ12–1/Т are
observed for all studied systems; their slope which
characterizes the enthalpy contribution to the energy
of polymer interaction is positive, which is typical of
systems with UCST. It should be mentioned that the
UCST position can be estimated according to the
point of intersection of extrapolated χ12–1/Т depen-
dence to (χ12)cr.

The dependences of pair interaction parameters on
copolymer composition of copolymers of butyl acry-
late and styrene are generalized in Fig. 10. It is seen
that the pair interaction parameter decreases as the
content of styrene units in copolymer chain is raised;
it asymptotically approaches the ultimate values which
coincide with (χ12)cr. This dependence can be used for
the estimation of the composition of copolymers
(point of intersection of curves χ12 ≅ (χ12)cr) which
corresponds to the region of compatibility of their
mixtures with homopolymers. The critical value of ϕPS
determined using the point of intersection of the
curves χ12(ϕ) and (χ12)cr is 0.6–0.7 volume fractions of
PS. This calculated value is in good accordance with
the experimental data (see Fig. 8).

Diffusion Characteristics

It is known that two limiting composition regions
ϕ1 → 0 and ϕ1 → 1 are the most interesting ones in
binary systems; these regions correspond to the posi-
tion of diffusion fronts in the copolymer and
homopolymer phases. Here ϕ1 is the concentration of

 + 
 

2

1 2

1 1 1
2 r r
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Fig. 9. Temperature dependence of pair interaction parameter PBA with PS-3 (1), PS-4 (2), and PS-6 (3); stat-CBAS-8* with
PS-3 (4) and PS-5 (5); stat-CBAS-21* with PS-4 (6); and stat-CBAS-17 with PS-4 (7), PS-5 (8), and PS-6 (9).
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Fig. 10. Dependence of pair interaction parameter on
copolymer composition at 400 K in systems containing
PS-4: (1) PBA (y axis) and stat-CBAS*; (2) stat-CBAS.
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PS in its solutions in copolymers. Precisely these data
were used for the analysis of interdiffusion of copoly-
mers and PS.

Figure 11 demonstrates the dependences of the
coefficients of PS diffusion into copolymers (and vice
versa) on copolymer composition. Obviously, in the
first case (ϕ1 → 0), partial translation mobility of
homopolymer molecules in the medium of styrene
and butyl acrylate copolymer can be discussed; in the
second case (ϕ1 → 1), translational mobility of copo-
lymers in PS matrix is observed [29, 30]. In terms of a
reptation model, such changes in the nature of the dif-
fusion medium and diffusant mean that, in the first
case, data on the influence of macromolecules of
copolymer forming “tube walls” on the translational
mobility of PS macromolecules are predominantly
obtained. In the second case, data on the influence of
the structure of copolymer macromolecules moving
“along the tube” formed by PS macromolecules on
the diffusion coefficient is obtained [29, 30].

It is interesting to mention that the coefficients of
diffusion of PS macromolecules into copolymers (D12)
are higher than the coefficients of diffusion of copoly-
mer macromolecules into PS (D21). Such ratio
between diffusion coefficients D12 and D21 is preserved
at all values of temperature and is related to the differ-
ence between the molecular weights of PS and copo-
lymers. The closeness of positions of figurative points
of stat-CBAS and stat-CBAS* copolymers on concen-
tration dependences of partial diffusion coefficients
D12 and D21 means that the possible differences in
POLYMER SCIENCE, SERIES A  Vol. 61  No. 2  2019
composition heterogeneity of copolymers obtained by
different synthesis techniques within the region of the
true solutions of the phase diagrams exhibit a f luctuat-
ing character and do not affect the translation diffu-
sion coefficients and coordinate of the diffusion front.
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Fig. 11. Dependence of diffusion coefficient on copolymer composition at 393 K in copolymer phase at diffusion of PS-4 into
matrix of PBA or copolymers (a) and in PS phase at PBA or copolymer diffusion into PS-4 matrix (b): (1) stat-CBAS*; (2) stat-
CBAS; (3) PBA; (4) PS.
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The results concerning the activation energy of diffu-
sion allow drawing the same conclusion (Table 2).

Thus, a complex study of diffusion processes and
solubility of PS characterized by different molecular
weights in statistical copolymers of n-butyl acrylate
and styrene of varying composition was performed.
It was shown that the synthesis technique which
affects the molecular weight and composition disper-
sion of copolymers, i.e., structural heterogeneity of
macromolecules of statistical copolymers, exhibits less
influence on the phase and diffusion parameters than
the differences in composition of copolymers.
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