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Abstract—Radial-density distribution functions of segments and radii of gyration are obtained for the first
time with the example of systems of statistical butadiene–styrene rubber of different composition and poly-
styrene by the processing of electron-microscopy images of individual copolymer molecules. Linear correla-
tion dependences of R = f(M1/2) are plotted. The possibility of quantitative determination of f luctuation devi-
ation from the equilibrium radius value is demonstrated. A method of calculating the values of Flory–Hug-
gins parameters for individual macromolecules and their assembly is suggested.
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INTRODUCTION

At present, there are a variety of physicochemical
methods that allow studying the structural character-
istics of macromolecules and determining their struc-
ture and particular details of their conformational
arrangement [1]. Such methods include X-ray struc-
tural analysis [2], small–angle neutron scattering [3–5],
small-angle X-ray scattering [6], nuclear magnetic
resonance [7], and atomic-force microscopy [8].

Modern analytical transmission electron micros-
copy (TEM) is also one of the most informative meth-
ods of studying structural characteristics of materials
[9–13]. It is commonly known that the TEM tech-
nique is based on analysis of the results of electron-
beam scattering when it passes a given object, includ-
ing individual macromolecules of biological or syn-
thetic origin. Let us indicate that the modern technical
support of image registration is characterized by new
(digital) options for its processing and analysis.

The aim of this work was to obtain information on
the structural characteristics of amorphous statistical
copolymers of butadiene and styrene (SKS) dissolved
in a polystyrene (PS) matrix by analysis of electron-
microscopy images of individual copolymer macro-
molecules.

EXPERIMENTAL

The research objects were SKS-451 (Mw = 100 kDa),
SKS-96 (Mw = 100 kDa), and PS (Mw = 230 kDa).

The initial polymer solutions were prepared by dis-
solution in toluene at room temperature for 3–4 days
under periodic stirring. The solutions were then mixed
together at a ratio that provided a mixture of polymers
with a given composition after removing the solvent
(0.1, 0.05, 0.025, 0.01 wt % of SKS in PS).

Films of polymer mixtures SKS-45-PS and SKS-
96-PS were obtained by pouring onto the surface of
water under normal conditions. After the solvent was
removed, PS films with a thickness of approximately
60–100 nm with distributed copolymer macromole-
cules were obtained. The films were annealed for sev-
eral hours near the glass-transition point of PS for the
maximum possible approximation to the equilibrium
state of copolymer macromolecules and PS.

It was shown in our previous papers [14, 15] that
the concentrations of 0.025 and 0.01 wt % are much
lower than C* (coil overlapping concentrations
according to de Gennes [16]); i.e., the obtained films
correspond to extremely diluted solutions of butadi-
ene–styrene copolymers in PS, where interaction
between copolymer macromolecules is practically
absent.

Figure 1 shows a diagram of the amorphous layer-
ing of the SKS-45–PS system, coil overlapping con-
centration C*, and imaging point C of the studied sys-
tem. The inset shows the studied region in detail. The
SKS-96–PS system is fully compatible in the tem-
perature range of preparation and research.

Various contrasting techniques are used to obtain
TEM images of biological and synthetic objects. To
this purpose, negative contrasting with salts of phos-
photungstic acid, molybdenum acetate, and uranyl
acetate is used [18]. The fast and simple method of

1 The number used with SKS corresponds to percentage of sty-
rene links.
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negative contrasting provides fast enhancement of the
contrast of the object, but causes distortion of macro-
molecules after drying. In this connection, we used
contrasting of the object (copolymer) in an already-
vitrified matrix, thus registering the conformation
state of the copolymer.

Films were contrasted in OsO4 vapors according to
the standard technique from [19]. It is known that
osmium tetraoxide reacts selectively with double
bonds of butadiene links of copolymers [20]. Elec-
tron-microscopy studies were carried out using an
EM-301 transmission electron microscope (Philips).
Measurements were performed using the bright-field
method at an accelerating voltage of 60–100 KeV. The
resolution was 0.5 nm.

From 150 to 250 images of individual macromole-
cules were obtained and processed in the course of
electron-microscopy studies for every copolymer.

The inelastic light-scattering technique was used to
obtain independent information on the molecular-
mass distribution of copolymers. Measurements were
carried out2 using a Malvern Zetasizer Nano device for
infinitely diluted copolymer solutions in toluene.

RESULTS AND DISCUSSION
Figure 2 contains a typical microphotograph of the

copolymer of SKS-45 in a polystyrene matrix as an
example. Microphotographs show pronounced objects,
which are presumably individual copolymer macro-

2 We are grateful to Dr. Sci. (Physics and Mathematics) V.D. Sobolev
for providing the possibility of performing the measurements.

molecules. However, this hypothesis has to be con-
firmed.

First, it is conventionally assumed in physical
chemistry of polymers that the size and molecular-
mass distributions of macromolecules are constant at
concentrations below C*. Indeed, when the SKS con-
centration in PS decreases from 0.1 to 0.025 wt %, par-
ticle-size-distribution histograms change and shift
toward lower values, while for concentrations of 0.025
and 0.01 wt % all histograms are rather close, i.e., dilu-
tion in this concentration range results in no change in
the particle-size and molecular-mass distributions,
which fulfils the above requirement.

Second, since osmium tetraoxide reacts quantita-
tively with the double bonds of butadiene links in SKS,
all cases of exceeding the background level of the
image-blackening degree (Fig. 2c) indicate that the
nanoobject is a copolymer containing double bonds. It
is shown in previous works [15] that the blackening
degree of the image of an individual macromolecule is
directly related to the content of double bonds in sta-
tistical butadiene–styrene copolymers.

Obviously, the overall excess of the blackening
degrees over the background values for an individual
copolymer dissolved in a PS matrix (blackening inte-

Fig. 1. Amorphous layering diagram of the SKS-45–PS
system [17]. The inset shows bimodal C*; C is the copoly-
mer concentration used in the study. I, II are the single–
phase and biphase regions, respectively. 
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Fig. 2. Electron microphotograph of (a) SKS-45 macro-
molecules in a polystyrene matrix, (b) an individual mac-
romolecule, and (c) the corresponding distribution of gray
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gral F) is directly related to the molecular mass of the
specific polymer molecule. The blackening integrals
of the whole processed set of images of individual
macromolecules registered under similar conditions of
electron-microscopy measurements are proportional
to the molecular mass distribution of the studied
copolymers.

Figure 3 shows histograms of radius distribution for

macromolecules dissolved in toluene and F1/2 of all the
processed images of macromolecules (the macromol-
ecule coil radius is proportional to the square root of
MM and, thus, also of F). One can see that both char-
acteristics agree with each other.

Thus, one can state that the nanoobjects observed
in the microphotographs are, indeed, individual mac-
romolecules. Earlier, a similar technique was used for
studying macromolecules of polybutadiene in the PS
matrix [14].

As already pointed out above, integrals of blacken-
ing are proportional to the molar mass distribution.
This means the possibility of calculating the number-
average (Fn) and mass-average (Fw) characteristics of

distribution of F. The results of calculation are shown
in Fig. 4. The same figures show the curves of normal
logarithmic distribution describing histograms of dis-
tribution of the blackening integrals.

The independent value of Mw and of Fw calculated

using the distribution allows determining the molecu-
lar mass of each macromolecule. This information is
necessary for calculation of the radial density distribu-
tion function of segments and the radius of gyration of
the polymer coil. To this end, blackening function f is
determined by summation over one of the coordinates
of gray levels. As shown in Fig. 5a, this function is
symmetrical with respect to the mass center for cen-
trally symmetric objects, which allows averaging the
right and left parts of the curve (Fig. 5b).

The further calculation of the radial-density distri-
bution function was carried out according to the fol-
lowing equation [21]:

(1)

Here,  is the radial-density distribution func-

tion and r is the current radius.

Figure 6 shows a typical radial-density distribution
function of segments of the SKS-45 macromolecule.
Analysis of radial distribution functions, their average
values, and fluctuation deviations from the average
requires a separate study. It is important for us that the
knowledge of the radial-density distribution function
allows calculation of the radius of gyration using the
standard numeric methods. Such a calculation was
carried out for all the studied images of polymer mac-
romolecules.

( ) .
2

f
rr
r

∂
∂ρ = −
π
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The obtained results are of fundamental impor-
tance for estimation of the equilibrium and fluctuating
state of specific macromolecules. To this end, we sug-
gest using the correlation dependence of the radius of
gyration on the square root of MM (Fig. 7).

It appeared necessary to supplement the experi-
mentally found dependences by information on radii

of gyration of macromolecules on their MM1/2 in the
θ-state. We used reference data for their calculation

Fig. 3. Distribution of radii according to the data of inelas-
tic light scattering (green). Histogram of distribution of
blackening functions F1/2 (black) for (a) SKS-96 and (b)
SKS-45.
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[22, 23]. In the cases in which the data on the θ-state

were absent, the dependence was calculated on the

basis of the dependences of  for specific

solvents and correction for the swelling degree of mac-

romolecular coils was introduced.

( )1/2R f M=

As seen from Fig. 7, all experimental points form a
rather narrow range of values. For the studied macro-
molecules, the radii of gyration varied from 3 to 14 nm with
an average of 7 nm for SKS-45 and from 3 to 16 nm with
the average of 9 nm for SKS-96. A decrease in the
average radius of the SKS-45 macromolecules as com-
pared to SKS-96 is related to the different distance of
the image points of the studied systems from their
binodal curves, which can also be related to a decrease
in solubility in polystyrene of butadiene–styrene rub-
bers at an increase in the content of butadiene groups
[24, 25].

The deviation of the radius of a specific macromol-
ecule from its equilibrium radius is a manifestation of
the density f luctuation. Figure 8 shows the histograms
of distribution for the ratios of the radius of gyration of
a specific macromolecule to the equilibrium radius of
a copolymer macromolecule with the same molecular
mass. The same figure contains the normal distribu-
tion curves. One can see that the histograms are rather
well described by the normal distribution. The nor-

mal-distribution dispersions (σ2) for SKS-96 and
SKS-45 are 0.0051 and 0.0104, respectively. Differ-
ences in dispersions are probably related to the fact
that compatibility of SKS-45 with PS is much worse
than that of SKS-96 with PS [24], as already pointed
out above.

Information on equilibrium radii of gyration and
radii of gyration in the θ-state allows calculating ther-
modynamic characteristics of interaction between
copolymers and PS.

The expression relating the thermodynamic char-
acteristics of interaction and variation of the polymer
coil size with respect to the θ-state is known from the
literature [1, 26, 27]:

(2)

Here,  is the Flory–Huggins interac-

tion parameter, z is a dimensionless parameter related

to swelling degree , and Cm is the parameter

related to molecular characteristics of the swelling or
contracting macromolecule. Parameter Cm is

(3)

where ,  is the partial molar vol-

ume,  is the molar volume of the polymer,  is
the mean square of the radius of gyration in the θ-

state, and  is the molecular mass of the polymer.

Several empirical equations relating parameter z
and swelling degree α are known [1]. In our previous
work [28], we compared the results of the numeric
modeling of conformations of an individual macro-
molecule with the known equations relating parame-
ters z and α and concluded that the best equation for
making predictions is the Kurata–Aleksandrovich
equation [1]:
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Fig. 6. Radial-density distribution function of macromol-
ecule segments (dots) and its description according to the
equation (line).
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(4)

However, the above is insufficient for calculation of
the Flory–Hyggins parameter. Parameter Cm includes

partial molar volume  of the copolymer. Determin-
ing it for the studied copolymers appears to be impos-
sible.

The dependence describing the radial density distri-
bution of segments is known from the literature [29]:

(5)

where  is the radial segment distribution density,

 is the number of monomer links in a macromole-

cule,  is the radius of gyration of a macromolecule,
r is the current radius. Accordingly, the radial-seg-
ment density function takes the following form in the
mass center:

(6)

Earlier, we used the data of numeric modeling to
obtain an empirical equation relating the Flory–Hug-
gins parameter and segment density in the mass center
of the polymer coil [28]. This expression takes the fol-
lowing form:

(7)

where  and  are the radial segment density

functions in the mass center of the θ-coil and of the
coil interacting with the matrix, respectively. The
range of application of this equation is small, but
allows calculating the partial molar volume of the
copolymer and necessary parameter Cm using the ear-

lier-determined radii of gyration of macromolecules
and their molecular masses.

After the preliminary calculations of parameter Cm,

Eqs. (2)–(4) were used to determine the values of
Flory–Huggins parameters for individual macromol-
ecules, images of which were processed and to obtain
the average values and the average distribution. Figure
9 shows histograms of distribution of the Flory–Hug-
gins parameter and description of the histograms by
the normal-distribution equation. One can see that the
Flory–Huggins parameter is close to zero for SKS-96;
i.e., on average, there is practically no interaction. At
the same time, the f luctuating coils deviate rather
strongly from the equilibrium state both toward swelling
(χ < 0) and towards contraction (χ > 0). For SKS-45, the
value of the Flory–Huggins parameter is much higher
(0.02) (Fig. 9b). This corresponds to deterioration of
compatibility of butadiene–styrene copolymers with
PS at an increase in the content of butadiene links.
The cause of the worse agreement of the distribution
with the normal distribution function is unclear and
requires additional study. As could be expected, dis-

3 5 3
1 3 8( ) 5 2 zα − + α − α =

V
�

( )
3

2
2

2 2`

3 3
exp ,

2 2

rr n
R R

⎡ ⎤⎡ ⎤ρ = −⎢ ⎥⎢ ⎥⎣ ⎦π ⎣ ⎦

( )rρ
n

R

( )
3

2

2

3
0 .

2
n

R
⎡ ⎤ρ = ⎢ ⎥⎣ ⎦π

2

0, 0,0( ) 16 2 ,ερ − ρ = χ + χ

0,ερ 0,0ρ

persion of the distribution for SKS-96 is much lower

than for SKS-45 (6.8 × 10–6 and 6.3 × 10–5, respec-
tively). Density f luctuations and the related interac-
tion f luctuations probably depend on the average
interaction value. One must also indicate that, in our
opinion, the obtained thermodynamic characteristics
must be attributed to the glass-transition point of PS
(100–105°C). It is at this temperature that the struc-
ture of the statistic copolymer is fixed by vitrification
of the matrix.

Studies of interaction between the polymer com-
ponents without involving any third components
(common solvents) is a rather complicated experi-
mental problem. There are few experimental tech-
niques providing direct thermodynamic information
on interaction of polymer pairs. This set includes anal-
ysis of phase-state diagrams. Earlier [17], we suggested
carrying out thermodynamic analysis of binodal
curves based on the theory of polymer solutions of
Flory–Huggins [30, 31], which was extended by Scott
to the polymer mixture [32]. According to the sug-
gested analysis, the compositions of the coexisting
phases and polymerization degree of components are
related to the pair-interaction parameter (Flory–
Huggins parameter) by the following relationship:

(8)

Here,  is the pair-interaction parameter;  is the
bulk concentration of component i; subscripts ' and ''
correspond to the first and second phases, respec-

tively; and  is the polymerization degree of compo-
nent i. The compositions of the coexisting phases cor-
respond to the isothermal section of the amorphous
layering diagram. Calculation of the Flory–Huggins
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Fig. 9. Histograms of distribution of pair interaction
parameter for macromolecules of (a) SKS-96 and (b)
SKS-45. The continuous line corresponds to the normal
distribution.
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parameters according to Eq. (8) for different tempera-
tures allows plotting the temperature dependence of χ.

Paper [33] contains the above-described thermo-
dynamic analysis of binodal curves of the systems of
PS–polybutadiene (PB), PS–SKS, and SKS–SKS of
different molecular masses. Figure 10 shows the results
of such analysis. The same figure presents the values of
Flory–Huggins parameters obtained in this work. It is
shown that the above results with all the above
assumptions do not contradict the data obtained using
a different method.

CONCLUSIONS

Thus, radial-density distribution functions of seg-
ments and radii of gyration are obtained by the pro-
cessing of electron-microscopy images of individual
macromolecules of statistical butadiene–styrene
copolymers distributed in a PS matrix. Linear correla-

tion dependences of R = f(M1/2) are plotted. The pos-
sibility of quantitative determination of f luctuation
deviation from the equilibrium radius value is demon-
strated. A method of calculating the values of Flory–
Huggins parameters for individual macromolecules
and their assembly is suggested.
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