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Phase equilibria in the poly(dimethylsiloxane)(PDMS)—polydiethylsiloxane (PDES) sys�
tem in the amorphous and liquid�crystal states were studied by optical interferometry. The
findings obtained were compared with the data of calorimetric measurements. The experiments
were carried out in a wide range of molecular weights and temperatures, and the phase diagrams
were constructed. Thermodynamic analysis of the experimental data was performed in the
framework of the Flory—Haggins theory for polymeric solutions. The analytical expressions for
calculation of the pair interaction parameter using the binodal and liquidus curves were ob�
tained. The pair interaction parameters of polymers and their dependences on the temperature
and molecular weight were determined. The pair interaction parameter was shown to decrease
with increasing the molecular weight of the oligomer component, approaching asymptotically a
limiting value, which characterizes the interaction of the high molecular�weight PDMS and
PDES. It was shown that the phase equilibria in the PDMS—PDES systems can be predicted
quantitatively and qualitatively.
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Polymer mixing is one of the efficient methods for
preparation of composite polymeric materials, rubbers,
and thermo� and reactoplastics. A number of scientific
and engineering problems of polymer mixing have been
elucidated in detail in the literature.1—3 Organoelement
polymer blends, in particular those of such important class
of polymers as polyorganosiloxanes, have been studied to
a lesser extent, at least in scientific sense. Among them,
the blends of polydimethylsiloxane (PDMS) with
polydiethylsiloxane (PDES) are of undoubted interest.

One can expect that polymeric materials for technics
and medicine based on these blends will combine such
well�known properties of PDMS as enhanced thermo�
and frost�resistance, hydrophobicity, biocompatibility,
and high thromboresistance4 with specific mechanical
properties of PDES, which is an example of mesomorphic
elastomers.5,6

One of the key problems in the polymer blends area is
the level of the thermodynamic compatibility of compo�
nents, which determines the morphology and mechanical
properties of the blend to a significant extent. In this work,
the phase equilibria in the PDMS—PDES system in a
wide range of the molecular weights (MW) of both com�

ponents are studied. Because of the low glass transition
temperature and viscosity, the similarity of the chemical
structure of both polymers, and the mesomorphic behav�
ior of PDES, the PDMS—PDES compositions are the
convenient model systems to study the general features of
the polymer compatibility.

The work7 in which the phase equilibria of
PDMS—PDES were studied is the closest in its themes.
However, the authors of work7 did not go beyond the
narrow range of MW of PDMS (up to 1000 g mol–1), and
this did not allow the conclusions on the mutual solubility
of high�molecular PDMS and PDES to be drawn.

The goal of this work is to study experimentally the
phase equilibria in the PDMS—PDES systems in the wide
range of temperatures and MW of both components.

Experimental

We used a high�molecular PDMS (trade mark SKT), linear
oligodimethylsiloxanes with terminal trimethylsiloxy groups
(trade mark PMS);8 PDES of a linear structure, which was
obtained by KOH�induced polymerization of hexaethylcyclo�
trisiloxane,9 and oligodiethylsiloxanes of predominantly linear
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structure with terminal triethylsiloxy groups.8 The characteriza�
tion of the polymers is presented in Table 1.

The phase equilibria and processes occurring in the region of
phase interface were studied by optical interferometry based on
the appearance of an interference pattern in thin (∼100 µm)
films placed into a wedge�shaped gap between two semitranspar�
ent glasses.10 The measurements were carried out with an ODA�2
optical diffusiometer in the temperature range of 20—300 °C in
the whole range of concentrations. The pure components PDMS
and PDES interacted in the thermostatted cell, and as a result,
the profile of the concentration distribution was established spon�
taneously in the region of the phase conjugation. This profile was
due to the position of the figurative point of the system in the
temperature—concentration field of the phase state diagram.
The procedures of runs, the registration of interferograms, the
construction of the concentration profiles, and the estimation of
the compositions of the coexisting phases were described
earlier.11

The refraction indices for polymers and their blends as func�
tions of temperature were determined by preliminary experi�
ments.12 The measurements were performed on an Abbe refrac�
tometer (IRF�454BM) in the above�mentioned ranges of tem�
peratures and compositions. Both the linear temperature depen�
dences of the refraction index and the additive composition de�
pendences of the refraction index were found for all components
and their blends under study. Therefore, the obtained interfero�
grams allowed us to evaluate the concentration profiles and their
changes in time and upon the temperature variation.

Results and Discussion

Typical interferograms of the zones of the mutual dif�
fusion of the systems under study are shown in Fig. 1. One
can observe continuous changes in the concentrations for
the PDMS�1—PDES�4 system on going from one com�
ponent to another (see Fig. 1, a). The facts that the inter�
face is absent and the concentration profile is continuous
indicate their complete compatibility in the whole tem�
perature range studied.

The interferogram of the transition region of the phase
interface in the PDMS�1—PDES�4 system obtained at
the temperature above that of isotropization (Ti) is a com�

bination of two zones of mutual diffusion (I and III) and
the interface (II) (see Fig. 1, b, d). The phase boundary on
the interferograms does not change its position in time,
and the concentration jump at the interface remains con�
stant and depends on only temperature, being reproduc�
ible in the heating—cooling cycles. Hence, the determined
concentrations at the interface are equilibrium and corre�
spond to the compositions of the coexisting phases.

The typical interferogram of the systems, which are
characterized by a combination of the liquid�crystal equi�
librium and amorphous phase separation, is presented in
Fig. 1, c. In this case, the transition zone consists of
three subzones: PDMS dissolution in mesomorphous
PDES (I), PDMS solubility in the coexisting isotropic
PDES phase (II), and PDES solubility in PDMS (III), as
well as of two interfaces. With an increase in the MW of
PDMS, its solubility in the amorphous PDES�1 phase
decreases. This made it possible to suggest the one�side
PDMS diffusion to the high�molecular PDES phase, un�
like the systems containing cyclolinear polysiloxanes and
PDMS,13 where the mutual diffusion takes place in the
whole range of compositions. All above phase states are
reproducible in the heating—cooling cycles, and this fact
gives evidence of their equilibrium nature. The interfero�
gram of the mutual diffusion zone formed upon cooling to
temperature below Ti is exemplified in Fig. 1, e. One can
see that the formation of the ordered regions of the liquid�
crystal phase occurs in the phase enriched with PDES.

The state diagrams for the systems under study in
the wide temperature�concentration field are shown in
Figs. 2—4. The plots for the Ti depression vs. concentra�
tion obtained by the DSC method are presented in Fig. 4
(curve 3)7,14 for comparison. As can be seen, all the sys�
tems studied are characterized by the upper critical tem�
perature of phase separation (UCTS). The diagrams are
asymmetrical as for the majority of polymeric systems
with considerable differences in MW,15 and the critical
concentrations are shifted to the component with the
lower MW. The data obtained are in good agreement with
the phase diagram obtained previously.7

The effect of the MW of one of components on the
compatibility of the systems under study is most pro�
nounced in the isothermal sections of the phase state dia�
grams (Fig. 5). As can be seen, the experimental points
typical of the PDES systems with MW = 3.3•105 and of
the PDMS systems with variable MW (see Fig. 5, a) are
described by the straight lines in the ϕ´(ϕ″)—1/MW coor�
dinates, where ϕ´, ϕ″ are the compositions of the coexist�
ing phases. Under this representation of the binodal
curves, the region of heterogeneous state is positioned
between the straight lines and their intersection point is
equivalent to the critical point at this temperature. Its
position determines the maximal MW value below which
the systems are completely compatible at given tempera�
ture. Similarly, suggesting analogous behavior of the blends

Table 1. Characteristics of studied polymers

Linear Мn Mw ν20* nD
20**

polysiloxanes /mm2 s–1

PDMS�1 — 5.0•105 — 1.4071
PDMS�2 8100 — 500 1.4052
PDMS�3 5100—6400 — 200 1.4050
PDMS�4 2000—3000 — 50 1.4033
PDMS�5 950—1500 — 10 1.4013
PDES�1 3.27•105 7.27•105 >106 1.4536
PDES�2 7024 20588 — 1.4485
PDES�3 2593 4022 — 1.4478
PDES�4 — 900 44.3 1.4459

* Kinematic viscosity at 20 °C.
** Refruction index at 20 °C.
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Fig. 1. Typical interferograms of PDES—PDMS systems: completely compatible (48 °C, 52 min) (а); amorphous phase separation at
62 °C, 161 min (b); combination of amorphous and liquid�crystal equilibria (33 °C, 77 min) (c); amorphous phase separation at
68 °C, 251 min (d); liquid�crystal equilibrium reached upon cooling (28 °C, 326 min) (e).

of high�molecular PDES with low�molecular PDMS and,
conversely, the blends of high�molecular PDMS with the
low�molecular PDES, the linear plot for the binodal con�
centrations vs. the MW of the low�molecular component
for PDMS with MW = 5.0•105 and PDES with variable
MW are presented in Fig. 5, b. As can be seen in Fig. 5,

the critical MW of low�molecular PDMS in a blend with
high�molecular PDES is 1100 at 58 °C and 1500 at 150 °C.
Note that the solubility depends on the ratio of MW and
is independent of the nature of the high�molecular
component within the limits of an experimental error.
The findings obtained are in good agreement with the
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data of work7 in which the upper critical temperature
of mixing (UCTM) for the system PDES (MW =

5.1•105)—PDMS�1000 (MW = 1000) was found to
be –4 °C.

The depression Ti depends on the MW of PDMS (see
Fig. 4), and the higher the MW of the amorphous compo�
nent, the lower the depression. Similar data on the effect
of the MW on depression Ti have been reported earlier.16

The swelling curves for the mesomorphic phase were
measured for the PDES�1—PDMS�4 system, i.e., the
PDMS solutions in mesomorphic PDES were found. As
can be seen in Fig. 6, b, the degree of swelling decreases to
zero with a decrease in temperature.

The thermodynamic analysis of the obtained experi�
mental data on the phase equilibria of various types was
performed with the use of the Flory—Haggins theory of
polymeric solutions.

Remember that the condition for phase coexisting
is the equality of the chemical potentials of compo�
nents (∆µi)

∆µ´i = ∆µ″i. (1)

Here ∆µ´i, ∆µ″i are the chemical potentials of the i com�
ponent in the first and second phases, respectively. It is
valid for both amorphous and liquid�crystal equilibria.
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Fig. 2. Phase state diagrams of systems PDES�1—PDMS�5 (1),
PDES�1—PDMS�4 (2), PDES�1—PDMS�3 (3),
PDES�1—PDMS�2 (4), and PDES—PDMS�1000 (5)7, ϕ is the
PDES volume fraction. Dashed line designates Ti for PDES�1.

Fig. 3. Phase state diagrams of systems PDMS�1—PDES�3 (1)
and PDMS�1—PDES�2 (2); ϕ is the PDES volume fraction.
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Fig. 4. Fragments of phase state diagrams (depression curves of
isotropization temperature) of systems PDES�1—PDMS�4 (1),
PDES�1—PDMS�5 (2) and PDES—PDMS�1000 (3)7; ϕ is the
PDES volume fraction.
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Fig. 5. Solubility of PDES�1 in PDMS with various MW (a) and
of PDMS�1 in PDES with various MW (b) at 58 (1) and
150 °C (2).
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The expressions for the chemical potentials of the com�
ponents upon the amorphous phase separation of the sys�
tem are the following17:

∆µ1 = , (2)

∆µ2 = . (3)

Here ϕ1 and ϕ2 are the concentrations of the first and
second components, respectively; r1 and r2 are the degrees
of polymerization of the first and second components,
respectively, and χ is the pair interaction parameter.

As applied to the amorphous phase separation, one can
write

, (4)

. (5)

The joint solution of Eqs. (4) and (5) under the sug�
gestion that χ is independent of the concentration results
in the expression

. (6)

For temperatures below Ti, Eq. (1) acquires the form

∆µ2
meso = ∆µ2

am, (7)

∆µ1
sw = ∆µ1

am, (8)

where ∆µ2
meso and ∆µ2

am are the chemical potentials of
PDES in the mesophase and in the coexisting amorphous
phase, respectively; ∆µ1

am and ∆µ1
sw are the chemical po�

tential of PDMS in the amorphous phase and in the coex�
isting swollen PDES phase.

The chemical potential14 of the mesomorphic compo�
nent in the liquid�crystal state is

∆µmeso = –∆Hmeso(1 – Ti/T°i), (9)

where T°i is the equilibrium isotropization temperature for
the pure mesomorphic component, Ti is the equilibrium
isotropization temperature for the mesomorphic compo�
nent in the presence of the second isotropic or isomorphic
component, ∆Hmeso is the enthalpy of isotropization. By
substituting Eq. (9) and the expression for the chemical
potential of PDES in the amorphous phase (3) into for�
mula (7), we get

. (10)

The solution of this equation with respect to χ leads to
the expression

. (11)

Under this approach, a change in Ti as a function of
the composition of the solution is described as

. (12)

We used expressions (6) and (11) for the analysis of the
phase state diagrams for the amorphous and liquid�crystal
equilibria.

The estimates of the pair interaction parameters from
the binodal curves are presented in Figs. 7 and 8. As can
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Fig. 6. Phase state diagrams of systems PDES�1—PDMS�5 (a)
and PDES�1—PDMS�4 (b): binodal curve (1); depression of
izotropization temperature (2); curves of swelling of the PDES
amorphous phase (3). Solid lines designate the calculation data.
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be seen, the linear dependence of the Haggins parameters
on the inverse absolute temperature is observed for all the
systems studied. With increasing the MW of the oligo�
meric component, χ naturally decreases (Fig. 9), asymp�
totically reaching the limiting value χ ≈ 0.02 at 60 °C,
which characterizes the interaction of two high�molecular
PDMS and PDES. The interaction parameters for the
solutions of high�molecular PDES in oligomeric PDMS
and for the solutions of high�molecular PDMS in oligo�
meric PDES fall on the same curve and change by the
same law.

Note that all the χ vs. 1/T plots are characterized by
the similar slope ratios. In the framework of the updated
Flory—Haggins theory,18 the slope of this dependence is
connected with the enthalpy component of the pair inter�
action parameter (χH), i.e., it is proportional to the inter�
action energy for the segments of mixing polymers. The
absolute term of the dependence χ(1/T ) characterizes the
entropy component (χS).

Hence, the constancy of the temperature coefficient
of the enthalpy component, which varies in the limited
range 6.8±2.0, confirms the suggestion that the segment
interaction energy is independent of the MW (Fig. 10).

Unlike the temperature coefficient of the enthalpy
component, the entropy component of the Haggins pa�
rameter (Fig. 11) is inversely proportional to the MW and
the χS value tends to zero at MW → ∞. This means that the
formation of nonideal solution upon mixing of two high�
molecular components is due only to the enthalpy com�
ponent.
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Fig. 8. The Haggins parameter (χ) vs. inverse temperature for
systems PDMS�1—PDES�3 (1), PDMS�1—PDES�2 (2).
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Fig. 7. The Haggins parameter (χ) vs. inverse temperature
for systems PDES�1—PDMS�5 (1), PDES�1—PDMS�4 (2),
PDES�1—PDMS�3 (3), and PDES�1—PDMS�2 (4).

Fig. 10. Temperature coefficient of the enthalpy component of
the Haggins parameter (a) vs. degree of polymerization (r) of
low�molecular component for systems PDES�1 with PDMS of
various MW (1) andPDMS�1 with PDES of various MW (2).
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Fig. 9. The Haggins parameter (χ) vs. the degree of polymeriza�
tion (r) of low�molecular component for systems PDES�1 with
PDMS of various MW (1) and PDMS�1 with PDES of various
MW (2) at 60 °C.

Fig. 11. Entropy component of the Haggins parameter (χS) vs.
inverse degree of polymerization (r–1) of low�molecular compo�
nent for systems PDES�1 with PDMS of various MW (1) and
PDMS�1 with PDES of various MW (2).
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On the basis of the data on the pair interaction param�
eters in the wide ranges of temperatures, compositions,
and MW of the components, we attempted to construct
the generalized phase state diagrams including both the
amorphous and liquid�crystal equilibria. The calculations
were carried out according to Eqs. (4), (5), and (12) by
the extrapolation of the temperature dependence of the
pair interaction parameter to the temperature region be�
low Ti. The results of calculations are shown in Fig. 6. For
comparison, the experimental compositions of the coex�
isting phases and the depressions Ti are listed in this fig�
ure. As can be seen, a satisfactory qualitative and quanti�
tative agreement between the calculated and experimental
data is observed. Note that in some systems, the experi�
mental liquidus line is deviated from the calculated line to
a greater extent. As we mentioned above,16 this effect is
due to the finite sizes of ordered regions and, as a conse�
quence, the nonequilibrium experimental Ti values. More
detailed analysis of the reasons for the discrepancy of the
calculated and experimental values of both melting tem�
peratures and Ti requires special investigation.
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