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Abstract The key physicochemical problems of the formation and properties of interpen-
etrating polymer networks (IPNs) are considered. The main feature that determines the
structure and properties of IPNs consists of the thermodynamic incompatibility of two
constituents that arises in the course of the chemical reactions leading to the formation of
IPNs. The peculiarities of the chemical reactions of IPN formation are the dependence of
the reaction rate of the formation of each network on the presence of another. The chem-
ical reactions are accompanied by the processes of phase separation. The conditions of
the phase separation (its rate and degree) are dependent on the chemical kinetics. The
heterogeneous structure (two evolved phases and the interfacial region between them)
and the thermophysical, viscoelastic, and other physical properties of phase-separated
IPNs are governed by the degree of segregation of the system into two phases. The forma-
tion of IPNs proceeds under conditions of superposition of the chemical kinetics of two
reactions and the physical kinetics of phase separation, both proceeding in nonequilib-
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rium conditions. The result is incomplete phase separation and a lack of interpenetration
over the entire volume of the system.

Keywords Interpenetrating polymer networks · Phase separation · Interfacial region ·
Segregation · Heterogeneous structure

Abbreviations
AA Acrylic anhydride
AIBN 2,2-Azobisisobutyronitrile
AIPN Apparent interpenetrating polymer network
ATR Adiabatic temperature rise; attenuated total reflection
BA Butyl acrylate
BACY Bisphenol A based cyanate ester
BAG Butylene adipate glycol
BMA Butyl methacrylate
BMP Bisphenol A based bismaleimide
CER Cyanate ester resin
CF Carbon filler
CPU Crystallizable polyurethane
CRS Creep rate spectroscopy
DAA Diallyl adipate
DAP Diallyl phthalate
DBTDL Dibutyl tin dilaurate
DDM Diaminodiphenylmethane
DEGAC Diethylene glycol bis(allyl carbonate)
DGEBA Diglycidyl ether of bisphenol A
DMA Dynamic mechanical analysis
DMS Dynamic mechanical spectroscopy
DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry
DVB Divinylbenzene
EGDMA Ethylene glycol dimethacrylate
EPCN Epoxypolycyanurate
FTIR Fourier-transform infrared spectroscopy
HEMA 2-Hydroxyethyl methacrylate
HMDI Hexamethylene diisocyanate
HTPB Hydroxy-terminated polybutadiene
IGC Inverse gel-permeation chromatography
IPN Interpenetrating polymer network
IR Infrared
LCST Lower critical solution temperature
LPU Linear segmented polyurethane
m-TMXDI 1,1,3,3-Tetramethylxylene diisocyanate
MADGEBA Methacrylated diglycidyl ether of bisphenol A
MDI Macrodiisocyanate
MEE Monomethyl ester of ethylene glycol
Mg-HBA Magnesium salt of p-hydroxybenzoic acid
MGP α,ω-Dimethacryl-bis(triethylene glycol phthalate)
MM Molecular mass
MMA Methyl methacrylate
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MMD Molecular mass distribution
Mn Number-average molecular mass
Mw Weight-average molecular mass
MWS Maxwell–Wagner–Sillars
NMDA N-Methyldiethanolamine
NMR Nuclear magnetic resonance
OEA Oligoesteracrylate
OIG Oligoisoprene hydrazide
OTMG Oligotetramethylene glycol
OUA Oligourethane acrylate
OUDM Oligourethane dimethacrylate
PA Polyacrylate
PBMA Poly(butyl methacrylate)
PCU Poly(carbonate urethane)
PDS Polydeuterostyrene
PDMS Poly(dimethylsiloxane)
PE Polyester
PEA Poly(ester acrylate)
PEI Polyetherimide
PEO Poly(ethylene oxide)
PES Polyethersulfone
PHEMA Poly(2-hydroxyethyl methacrylate)
PMA Poly(methyl acrylate)
PMMA Poly(methyl methacrylate)
PnBA Phenyl butyl acetate
POPG Poly(oxypropylene glycol)
PS Polystyrene
PSn Polysulfone
PU Polyurethane
PUA Poly(urethane acrylate)
Pur Polyurea
PVA Poly(vinyl acetate)
PVC Poly(vinyl chloride)
PVME Poly(vinyl methyl ether)
RIM Reaction injection molding
SANS Small-angle neutron scattering
SAXS Small-angle X-ray scattering
SEM Scanning electron microscopy
TBU Triblock urethane
TDI Toluene diisocyanate
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TMA Trioxyethylene α,ω-dimethacrylate
TMDSC Temperature-modulated differential scanning calorimetry
TMI Benzene-1-(1-isocyanato-1-methyl ethyl)-3-(1-methylethenyl)
TMP Trimethylolpropane
TPU Thermoplastic polyurethane
TSC Thermally stimulated conductivity
TSDC Thermal stimulated depolarization current
UCST Upper critical solution temperature
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UP Unsaturated polyester
UV Ultraviolet
VER Vinyl ester resin
WAXS Wide-angle X-ray scattering
WLF Williams–Landell–Ferry

Symbols
α Conversion degree; segregation degree
β Wave number
Γ Gamma function
γ Shear rate, interfacial tension
δ Mechanical loss angle
∆η Electron density fluctuation
η Viscosity
θ Scattering angle
λ Wavelength; Takayanagi model parameter
λm Optimal wavelength of spinodal decomposition
µ Chemical potential
ν Poisson coefficient; effective concentration of cross-links
ρ Density; electron density
τ Relaxation time; shear stress
ϕ Volume fraction
χ Flory–Huggins interaction parameter
ω Circular frequency
ψ Interaction parameter
B11 Second virial coefficient
C Concentration
D Diffusion coefficient; domain size
D(g) Debye function
E Elastic modulus
E∗ Complex elastic modulus
E′ Real part of complex modulus
E′′ Imaginary part of complex modulus
Ea Activation energy
F Helmholtz free energy
f Initiator efficiency; fractional
fc Cross-link functionality
G Gibbs free energy; shear modulus
g Free energy
G′ Storage modulus
G′′ Loss modulus
H Enthalpy; function of relaxation times distribution; heat
< h > Mean square end-to-end distance
∆H NMR second moment
I Scattering intensity
[I] Initiator concentration
K Reaction rate constant
Kg Propagation constant
Kt Termination constant
[kt] Catalyst concentration
lC Heterogeneity length
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lρ Average size of heterogeneity region
LA Loss area
M Molecular mass; diffusion mobility
Mc Molecular mass between two cross-links
n Reaction order
Ne Number of repeating units between cross-links
P Any property of a system
Q Scattering vector
q Wave vector
R Amplification factor; gas constant
< R >2 Mean square end-to-end distance
r Domain radius
Rg Gyration radius
Rp Porod radius
S Entropy; structural factor
Sν Specific interface surface
Tg Glass transition temperature
T2 Transverse relaxation time
t Time
tmps Time of the onset of microphase separation
v Molecular volume of repeating unit
V Reaction rate
Vi Initiation rate
VG Retention time
w Weight fraction
Wred Reduced reaction rate
Z Coordination number

1
The Nature of IPNs

1.1
Introduction

The first monograph dedicated to interpenetrating polymer networks (IPNs)
was published in 1979 in Russian; it was written by Y.S. Lipatov and
L.M. Sergeeva. Within 2 years, the well-known monograph by L. Sperling,
“Interpenetrating Polymer Networks and Related Materials”, was published
by Plenum Press [1]. Since that time more than 25 years has gone by. Dur-
ing this period of time, a great many works were published on IPNs and
new concepts were developed; in addition, many aspects of IPN formation
were studied and regularities established. This predetermined the necessity
of a new analysis of the state of the problem, which is the aim of the present
review. However, the field of IPNs is developed so extensively, that presently
it is almost impossible in one review to consider all aspects of the synthe-
sis, properties, and especially, application of new systems and new materials
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for their production. The main task here is to discuss the physicochemical
features of IPN formation, including the reaction kinetics, kinetics of phase
separation, and molecular properties, connected with processes that occur in
IPNs during their synthesis etc.

In this review we deal only with phase-separated IPNs. There are some
data about compatible IPNs, but a more typical and much more interest-
ing situation arises when we consider superposition of chemical and physical
processes, both having a mutual influence on one another.

After analyzing over many years the development of science, we have come
to the conclusion that many up-to-date results often repeat what was already
known, although accounting for the modernized or new concepts. We think we
have no right to forget our predecessors, and hence in this review we give ref-
erences to some rather old works, where the main principles were formulated.

First on the IPN ring, Dr. Jonas W. Aylsworth appeared in 1914, who, as
we think now, was the first to have invented IPNs, not having been think-
ing about what the next generation of people would call what he invented.
After long time, Millar (1960) [2] appeared, who proposed the definition of
IPNs and supposed that two networks are really interpenetrating. It was nice
but did not agree with thermodynamics. Then, almost simultaneously, came
K. Frisch, H. Frisch, L. Sperling, and D. Klempner [3, 4] and works were
published where all said (maybe in different words): no, these IPNs are phase-
separated. What was left then from interpenetrating? No morphological data
could give an answer but that in these systems, dual-phase morphology ap-
pears. Is this morphology the interpenetrating structure we search for? Again,
generally, the answer was “no”, as this morphology occurs only at a definite
network ratio. The new development allowed us to say: yes, IPNs are two-
phase systems (all were already sure it was true), only each phase evolved by
phase separation may be considered as a true interpenetrating network, being
in the state of forced compatibility, namely, in a quasi-equilibrium state.

Historical review of the development of IPNs was given by Sperling [1, 3, 4].
The first IPNs that attractd everybody’s attention were synthesized by Millar
in 1960 [2]. According to initial hypothesis, IPNs represent a very complex
system consisting of two or more polymers, where different polymers are
not chemically bonded but cannot be separated due to mechanical entangle-
ments of chains created during the synthesis. So, it was assumed that in IPNs
there exists molecular mixing of various polymers, which is the main factor
determining their properties.

Since the concept of chemical topology was introduced [5], a number
of investigators have prepared molecules exhibiting topological isomerism.
Most of these molecules were catenanes, consisting of interlocking rings
with no chemical bonds between them. Since 1970, attention has turned to
IPNs [6–10]. If we consider a cross-linked polymer to be a linear molecule
with macrocycles of various sizes along the chain, we can envision how cross-
linking of the initially linear polymer in the presence of another cross-linked
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polymer can give rise to “polymeric catenanes” or IPNs. The definition of
IPNs as catenanes was rather widespread in the literature after the work of
H. Frisch. Since that time, IPNs whose synthesis was of a different nature were
considered to be polycatenanes.

In reality, the situation with polycatenanes is much more complicated. The
problem is that a catenane-like structure of IPN is hard to identify by any
single method. The difficulty is that neither catenanes nor other topological
compounds (knots, rotaxanes) differ from the mixture of their individual
components [11, 12]. If IPNs were true polycatenanes, they would exhibit no
phase separation. Therefore, catenane-like IPNs may be formed only in the
case when the network components are miscible for the whole range of com-
position and temperature values [13], and when the IPNs have a one-phase
homogeneous structure.

Presently, a great deal is known about several of various IPNs. The process-
ing of IPNs was recently considered again by Frisch [14]. According to our
opinion, there is no direct evidence that the IPNs under investigation were
really polycatenanes.

Sperling [15] defines IPNs as a “combination of two polymers in network
form, at least one of which is synthesized and/or cross-linked in the imme-
diate presence of the other”. This definition has nothing in common with
catenanes or interpenetration between two components on a molecular level.
Sperling relates IPNs to the new class of polymer blends, where network
polymers are mixed. Really, the synthesis of IPNs is a new way of blending
polymers, which cannot be mixed by traditional or thermoplastic methods
due the lack of ability of cross-linked polymer to melt or to be dissolved in
any solvent. Obtaining IPNs requires polymers of varying chemical nature.
Combining them with known monomers and oligomers allows one to ob-
tain very different materials on the basis of a relatively narrow set of initial
components.

What is really interpenetrating in IPNs is the penetration of the prob-
lem connected with their formation. It is difficult to discuss kinetics without
thermodynamics and vice versa. The thermodynamics of interaction between
two network components and the reaction kinetics determine the onset of
phase separation, the structure, and the viscoelasticity of IPNs. This is why
we begin our consideration with thermodynamic analysis and the elucidation
of the reaction kinetics and its interconnection with phase separation. Only
after considering these problems does the possibility arise to analyze both the
structure and the viscoelasticity of IPNs.

1.2
Definitions

The differences in the methods of synthesis, in morphology, and in ther-
modynamics etc. may be used as a basis for IPN classification. Following
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Sperling [16], IPNs produced by different methods may be distinguished as
follows:

(i) Sequential IPNs, where polymer network I is prepared first. Network I
swells in monomer II and cross-linking agent and is then polymerized in
situ. Thus, in sequential IPNs the synthesis of one network follows the
synthesis of the other.

(ii) Simultaneous IPNs, where the monomers or prepolymers and cross-
linking agents for synthesis of both networks are mixed together. The
reactions are carried out simultaneously. It is important that the cross-
linking reaction should proceed according to different mechanisms to
avoid chemical interaction between macromolecules of two networks.
Usually these mechanisms are polyaddition and radical polymerization
(a very rare case is anionic polymerization) [17].

In the example described [18], both networks are formed through the mech-
anism of radical polymerization under conditions when different monomers
and initiators of various activities are used to separate the processes of net-
work formation.

In cases (i) and (ii), chain transfer via polymerization may take place and
grafted IPNs may be formed [19]. These two IPN types are the principal ones
since they characterize the very principle of the IPN synthesis. Other kinds
of IPNs, considered by Sperling, are gradient IPNs, latex IPNs, and thermo-
plastic IPNs. Latex IPNs are formed from a mixture of two lattices, frequently
exhibiting a “core” and “shell” structure. Cross-linking proceeds on the level
of two latex particles, and although the mixture of two networks is really
present, in this case it is very difficult to say anything about interpenetration
because of the existence of shells, adsorption layers of surfactants, usually
used to produce latexes, etc. Gradient IPNs are characterized by the existence
of a composition gradient, which is a result of nonequilibrium swelling of
a previously prepared network in monomers for another. Gradient IPNs are
a particular case of sequential IPNs.

Another very important class of IPNs are semi-IPNs, namely, systems in
which one of the components is a linear polymer. Semi-IPNs may be charac-
terized as sequential or simultaneous IPNs depending on the way the linear
polymer is introduced. It may play the role of the “host” polymer for the
synthesis of sequential IPNs, or that of the “guest” polymer for the same se-
quential IPNs when introduced into the system by the swelling of a network
in monomers forming a linear polymer. Semi-IPNs may also be obtained by
a simultaneous method via mixing the initial components of the network with
linear polymer and then curing the system. Semi-IPNs may be of two types
depending on what polymer is formed first: linear or cross-linked.

It is worth noting that in spite of the principal difference between sequen-
tial and simultaneous methods of IPN formation, in many cases the true
simultaneous IPNs are practically never formed because of the difference in
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the reaction rates of formation of the two networks. One network is usu-
ally formed earlier and serves as some kind of “host” for the second, “guest”
network.

Various types of IPNs may also be classified by the mechanism of phase
separation proceeding during IPN formation. These mechanisms are nucle-
ation and growth, and spinodal decomposition. Differences in the conditions
of phase separation predetermine the physical and morphological features
of IPNs. As a rule, simultaneous IPNs are phase-separated by a spinodal
mechanism, and sequential ones via a mechanism of nucleation and growth.
Another approach to IPN nomenclature was proposed by Sperling [1], who
used the differences in morphological features of IPNs.

From a morphological point of view, all IPNs may be conveniently divided
into ideal, partly interpenetrating, and phase-separated. An ideal IPN is a sys-
tem with a molecular level of mixing of constituent networks. Practically, as
will be discussed below, it is impossible to obtain such a network due to the
thermodynamic incompatibility of the constituent components. Partial IPNs
are the result of incomplete mixing of components; however, they are char-
acterized by one major relaxation maximum, often considered as a sign of
compatibility. IPNs based on incompatible polymers are the most widespread
and most studied. However, due to the thermodynamic reasons considered
below, such IPNs may have very different properties and because of this their
classification is very vague. It should also be noted that morphological classi-
fication does not allow one to distinguish the real level of mixing due to the
different scale of electron microscopy measurements (not molecular scale).
Besides, morphology gives no answer as to the phase composition of the
structures revealed through electron microscopy.

Sperling has applied group theory to classify both polymer blends and
IPNs [1]. The initial phases of IPN research had an irrational basis in the
words of Lewis Carroll. Indeed, the first sentence for such systems was that
they are interpenetrating. Only after many years of investigation was the use
of the very term IPN finally justified. The term IPN was beautiful, interest-
ing, and prosperous; it was an idea to yearn for. The real verdict was the
result of an understanding of the structure and properties of the systems. In
this review we shall try to show the development of various concepts and ap-
proaches relating to IPNs, both experimental and theoretical. IPNs represent
one of the most rapidly growing areas in polymeric materials science.

1.3
Formation and Structure of Amorphous Polymer Networks

The development of concepts concerning the formation and structure of
three-dimensional network polymers was for a long time exclusively based on
chemical considerations. It was assumed that these systems are formed from
monomers or oligomers containing two or more reactive groups capable of
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chemical interaction, or from macromolecules containing in the main chain
some groups capable of chemical interaction with curing agents. According
to such concepts, the network polymer should represent a gigantic macro-
molecule, in which all constituent chains are cross-linked by chemical bonds.
These concepts had their origin in the network theory of rubber elasticity.
However, theoretical calculations of the ultimate properties of cross-linked
polymers (which should be determined by the strength of chemical bonds)
did not confirm such a concept [20], as no essential difference was discov-
ered in the strength between amorphous cross-linked and linear polymers.
The network defects (cyclic formation and inactive chains situated between
cross-links) [21] did not explain this either. Practically, no networks were
found where the number of active chains could be determined from the func-
tionality of the cross-links. For example, if the unit volume of a hypothetical
network contains ν tetrafunctional knots, the number of active chains is
Na = 2ν.

On the other hand, a chemical network alone cannot explain the variety
of network properties. Physical intermolecular polar interactions, donor–
acceptor interactions, etc. play a very important role in network formation. In
network systems capable of forming physical cross-links, the contribution of
such links to the effective network density may be very significant [22]. It is
known that the whole group of modern polymer materials, thermoelastoplas-
tics, contain only physical cross-links.

The statistical theory of network formation was developed by Flory, Stock-
mayer, and others [23–26]. The formation of IPNs obeys the general rules
of polymer network formation, but is also much more complicated because
the reaction is accompanied by phase separation. Thus, it is important to
briefly review the concepts developed by Dušek [27–31]. According to Dušek,
the network formation may be accompanied by phase separation of the reac-
tion mixture (especially near the gel point), even if the initial reaction system
was homogeneous. Dušek has formulated the conditions at which phase sep-
aration is possible in the course of three-dimensional polymerization, and
derived equations describing phase equilibrium in such systems. The condi-
tion for phase separation is the equality between maximum network swelling
in equilibrium with a solvent or the solvent–monomer mixture (1 – VC) and
current swelling degree (1 – V0

C), i.e., VC = V0
C, where VC and V0

C are volume
fractions of the three-dimensional polymer. By increasing the cross-linking
density, the equilibrium becomes distorted (it is evident that V0

C cannot be
higher than VC) and microseparation proceeds because of the immiscibility
of the solvent with the formed polymer. The system instability may be the re-
sult of both the changes in interaction between the system components and
the increasing cross-linking degree. The separation of the new phase in the
network is observed as a macro- and microsyneresis when the evolution of
the new phase leads to the formation of a dispersion. According to Dušek, the
interaction may not necessarily lead to full instability. It is enough if some
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fluctuations of both the network segment and knot of the network arise in the
system. From a thermodynamic point of view, the aggregation of coils is reg-
ulated by the effect of excluded volume and because of this the cross-linking
may proceed nonuniformly.

Phase separation may also occur in curing systems without any sol-
vent [32]. During curing of alkyd resins it was observed that starting from
some conversion degree, the rate of viscosity increase in the system dimin-
ished whereas the polymerization degree increased. The authors conjectured
that when a definite conversion degree in the curing system is reached, micro-
gel particles of colloidal dimensions appear. In such microheterogeneous sys-
tems, low molecular products of reaction play the role of dispersion medium.
The concentration of microparticles is low and their interaction is negligi-
ble. Because the reaction rate in heterogeneous medium is lower, the number
of microparticles increases with their size remaining unchanged. After some
degree of conversion, these particles flocculate and then interact chemically.
Unfortunately, this interesting hypothesis was not experimentally confirmed.

A structural approach to polymer network formation was developed and
proved experimentally by Lipatova [23, 33–35]. It is based on taking into
consideration the strong intermolecular interaction between oligomeric com-
ponents of the reaction system, which lead to the appearance of local ordered
regions. In systems consisting of low molecular mass chains and branched
molecules (before gel point), molecular aggregates with a definite degree
of ordering may be formed (and were observed experimentally). Lipatova
reached the conclusion that the reaction of cross-linking is not a reaction
between isolated molecules, but between such ordered regions. The reaction
of three-dimensional polymerization, or polyaddition and polycondensation,
proceeds under microheterogeneous conditions. The preliminary ordering
of reaction components makes it possible to cure the system under hetero-
geneous conditions as a result of micro- and macrophase separation in the
course of the reaction.

The structural approach to network formation assumes that the physical
characteristics of the reaction medium and the level of intermolecular in-
teractions in the system are the determining factors in network formation.
Strong intermolecular interactions and increasing viscosity on approaching
the gel point lead to nonuniform distribution of cross-links in the system. It
is interesting that after the gel point the reaction may be described by the
Avrami–Erofeev equation [23, 33]. Parameters of the equation found experi-
mentally show that after the gel point, the reaction is described by the first-
order equation. The change of the reaction order and simultaneous liquid–
solid transition and appearance of the interface (microheterogeneity) show
that the reaction rate is determined by the structure formation rate, i.e., by the
total area of microgel particles. Thus, cross-linking is the process of transition
of the system from one state to another (liquid–solid) and is accompanied
by increasing intermolecular interaction and formation of supramolecular
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structures. Because of this, in the course of the three-dimensional poly-
merization or polycondensation, and due to formation of highly branched
macromolecules, microgel particles appear, which are nuclei of the network
structure and whose formation leads to subsequent microphase separation
of the system. The increase in the size of cross-linked microgel particles oc-
curs either as a result of their direct interaction or through tying branched
macromolecules [33].

The structural mechanism of network formation was developed further by
Korolev [36]. According to Korolev, the heterogeneity of the curing system
may arise not only as a result of phase separation, but also as a conse-
quence of higher reaction rates in molecular aggregates, which lead, in turn,
to acceleration of microsyneresis inside the aggregate. This effect enhances
the aggregate localization in the reaction volume and, as a result, instead
of a uniformly distributed macromolecular network, a polymer consisting
of highly cross-linked grains of microscopic and submicroscopic dimensions
with loose cross-linked interlayers between them is formed. It is worth noting
that the concepts of the microheterogeneous structure of polymer networks
were developed simultaneously with the network theory of rubber elasticity.
In particular, Berlin [37] proposed the scheme of structural elements of the
three-dimensional polymer, according to which such a polymer is comprised
of network aggregates of limited size. In these aggregates the macromolecules
are linked by chemical bonds, whereas the aggregates themselves are linked
by both chemical and Van der Waals bonds.

The heterogeneity of amorphous polymer networks may be observed di-
rectly from small-angle X-ray scattering. The concepts discussed above play
a very important role in the analysis of the structure and properties of
IPNs. In the development of concepts describing the behavior of amorphous
networks, a great role belongs also to various models of topological entan-
glements. The simplest case of an amorphous structure is a system where
molecular chains are mutually nonintersecting. Many deviations from the
kinetic theory of rubber elasticity may be explained by the existence of en-
tanglements, which are formed in the reaction system before the gel point.
In such systems the entanglements serve as additional cross-links. Mark and
Tobolsky [38] have described a model of a cross-linked elastomer, in which
the network knots are, at first, destroyed under the action of thermal fluctu-
ations, and are restored later. In this case the typical viscoelastic behavior of
an elastomer is observed: elastic response to fast loading and viscous flow and
stress relaxation during loading. The problems connected with the networks
of entanglements are considered in several reviews [39–41].

Frisch determines IPNs as topologically interpenetrating systems. Accord-
ing to Irzhak [25] the topological structure of a polymer is determined by
the connectivity of the structural elements, and may be described as a graph
independent of the real chemical and spatial structure and disposition of its
elements in space. Topological knots are labile formations that reveal them-
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selves at short-time tests or through equilibrium deformation in densely
cross-linked networks.

As is noted in [24], in spite of the great importance of entanglements they
were never observed experimentally. Deviations of the real elastic properties
of the elastomer from those predicted by classical theory of rubber elastic-
ity usually serve as evidence of the presence of entanglements. The molecular
mass of the chain between entanglements is usually estimated from the value
of the quasi-equilibrium modulus on the elasticity plateau [24, 42, 43]. There
were several attempts to estimate the probability of entanglement formation
from the geometric parameters of chains [41]. It was suggested that entangle-
ment is intermolecular contact where one chain forms a loop around another.
Calculations were done for the polymethylene chain under the condition that
the loops are formed by four to six methylene groups, and by accounting for
the geometry of the chains. In [44] the number of bonds between entangle-
ments was found to be 175, which agrees with experimental data. However, in
another case [45] it was found that a chain consisting of 700 links may form
a loop only from the sequence consisting of at least 30 links. The calculation
of the entanglement network density was performed by taking account of the
Van der Waals molecular volumes and of the molecular packing coefficient.
It was shown that the effective distance between loops should be such that
the mass of this part of the chain exceeds the average molecular mass of the
usual polymer [46]. It was also established that the formation of the loops
is unfavorable from a thermodynamic point of view. The estimation of the
probability of forming loops and cycles of more complicated configurations
was also done [46]. The molecular entanglements may also be modeled as the
chains in the entanglement tube (so-called reptation mechanism of the chain
diffusion in highly concentrated systems) [47].

Unlike linear polymers, topological entanglements in cross-linked poly-
mers affect not only dynamic, but also equilibrium mechanical properties.
The equilibrium shear modulus at the temperature above glass transition
consists of two components: σx estimated from the classical theory and σy
connected with the network topology [29]. The share of topological compon-
ent depends on the chemical cross-linking degree [48].

It may be suggested that, because it is not yet known whether IPNs follow
either the lower (LCST) or upper critical solution temperature (UCST) phase
diagram, the effect of temperature on miscibility cannot be established, since
curing usually proceeds at elevated temperatures and estimation of miscibil-
ity is carried out at room temperature.

IPNs can be considered as a new class of polymer composite materials
made of two different components. IPNs may also serve as hybrid binders for
traditional composite materials. As distinct from traditional binders, hybrid
binders [49] are the systems where segregation of microvolumes of con-
stituent components has occurred due to incomplete microphase separation.
The hybrid binders can be considered as self-reinforced (filled) or disperse-
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reinforced systems, where the size, distribution, and properties of the regions
of microphase separation (quasi-particles of filler) are determined by the
phase diagram of a binary or multicomponent system, conditions of system
transition through the binodal and spinodal, and by the mechanism of phase
separation. An essential feature of hybrid matrices is the fact that the mi-
crophase structure develops directly in the course of the chemical reaction of
cross-linking and the formation of a network structure.

Now we would like to go back to the beginning to determine the rela-
tion between the “sentence” and the “verdict”. From what has been said
above, it follows that most IPNs are heterogeneous phase-separated mate-
rials where one can observe the interpenetration only on a submolecular
level (dual-phase continuity [1]). The main factors controlling the extent of
phase separation are [50, 51]: compatibility, or thermodynamic interaction
between components, kinetics of reaction, composition, mobility of the poly-
mer chain, and polymerization degree at the time of gelation. In such a way,
it seems that a more correct sentence is either interpenetration on the sub-
molecular level, or a microheterogeneous matrix with inclusions of one of the
phases. What is left then of interpenetration? Quite a bit. As will be shown
later, IPNs are not true thermodynamically equilibrated systems. However,
each evolved phase may be considered as a quasi-equilibrium one, corres-
ponding to the frozen state of miscibility (forced compatibility), which is
characteristic of the preceding stages of IPN formation.

Thus, it is most probable that IPNs are two-phase microheterogeneous sys-
tems with some interpenetration between two constituent phases and with
a molecular level of mixing in each phase, due to the impossibility for these
phases to be separated under conditions of IPN formation.

2
Thermodynamics and Phase Separation in IPNs

2.1
Thermodynamics of IPN Mixing

The thermodynamics of mixing of two networks in IPNs is a determining fac-
tor affecting IPN formation and properties which, in turn, are determined by
the processes of phase separation proceeding during IPN formation. These
processes lead to the appearance of thermodynamic immiscibility of net-
work components and to the development of a heterogeneous structure. This
structure depends on the mechanism of phase separation during IPN for-
mation. The present state of the problem of polymer mixing was recently
reviewed [52]. Here we consider the main characteristics of mixing of two
linear polymers or two networks, based on the general thermodynamic prin-
ciples not considering the fundamentals.
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2.1.1
Phase Diagrams of Reacting Systems

The microheterogeneous structure of IPNs arises as a result of the thermody-
namic immiscibility (corresponding to the positive value of thermodynamic
interaction parameter χ) that appears in the course of IPN formation and
leads to the microphase separation of the system.

It is known that the thermodynamic stability of multicomponent systems
is determined by the dependence of the Gibbs free energy on concentration.
If ∂2G/∂ϕ2 < 0, the composition fluctuations in the system increase, and the
system separates into two phases with equilibrium composition (G is the free
energy, ϕ is the volume fraction of one of the components of the binary sys-
tem). The best way to characterize the binary system is via its phase diagram.
However, for IPNs this task is practically impossible because phase separation
proceeds simultaneously with IPN formation, so that the composition and
the molecular mass of network fragments changes constantly, thus creating
thermodynamic immiscibility.

In spite of this, an attempt has been made to construct a phase dia-
gram for the curing semi-IPN based on poly(butyl methacrylate) (PBMA) and
styrene–divinylbenzene (DVB) copolymer (Fig. 1) [53]. The system polystyr-
ene (PS)/PBMA shows limited compatibility at low concentrations and low
molecular mass of components, and full incompatibility at higher concentra-
tions and molecular weights. With increasing conversion, the quality of the
“solvent” (mixture of styrene and DVB) becomes poorer in relation to PBMA.
As a result, after reaching a certain degree of conversion, the system can no

Fig. 1 Phase diagram of semi-IPN composed of styrene–DVB–PBMA at (1) 333 K,
(2) 343 K, (3) 353 K, (4) 363 K [53]
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longer preserve phase uniformity. It begins to separate into two phases. Ther-
modynamic incompatibility appears at a very low conversion degree. This fact
is in good accord with the phase diagram of the semi-IPN obtained at various
temperatures (Fig. 1). The region corresponding to the two-phase semi-IPN
state (hatched region) is much larger than the regions of the one-phase state.
In the phase diagram, heterogeneous regions are separated from the homo-
geneous ones by the binodal curve. In the course of semi-IPN formation,
the polymerizing system passes from point A to point A1, corresponding to
the initial mixture and to the IPN, respectively. After the border of the two-
phase system (point 0) is reached, phase separation can occur. Increasing
the reaction temperature does not change the shape of the diagram. How-
ever, the area of the one-phase state slightly increases. Usually, for the ternary
systems with UCST, the increase in temperature broadens the region of the
one-phase state. If one analyzes the region of IPN compositions situated in-
side the B′′ B′′

1 C triangle, one can see that in this region the one-phase state
cannot be realized at all. The B′′–B′′

1 line corresponds to a PBMA content of
70 mass %. Therefore, polymerization of the mixture in which the PBMA con-
tent exceeds these values (at the corresponding temperature) is accompanied
by phase separation from the very beginning, i.e., when the content of copoly-
mer is still insignificant. From the phase diagram one can also see that the
copolymer/PBMA system in the absence of “solvent” is incompatible for the
whole range of PBMA concentrations (C-D line) due to the high molecular
mass (MM) of PBMA (500 000).

Recently, phase diagrams of ternary IPNs have been obtained [54]. The
semi-IPNs based on cross-linked polyurethane (PU) and linear poly(vinyl ac-
etate) (PVA) have been investigated by adding the third component, PBMA.
The phase diagram was constructed using the Flory–Huggins theory for

Fig. 2 Phase diagram of the ternary system PVA–PBMA–PU at (1) 384 K, (2) 400 K,
(3) 476 K [54]
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ternary systems, which accounts for interaction parameters between each
pair of components present in the system. The phase diagram is presented in
Fig. 2. It can be seen that introduction of the third component (PBMA) leads
to the appearance of a region of component compatibility. With increasing
temperature, this region broadens. These results are connected to the role of
asymmetry of interaction in compatibility. In this case, the interaction pa-
rameter is expressed according to Eq. 1 [55]:

χ = χ12ϕ1ϕ2 + χ13ϕ1ϕ3 + χ23ϕ2ϕ3 , (1)

where χ are the interaction parameters between two species and ϕ are the re-
spective volume fractions. If components 2 and 3 are incompatible (χ23 > 0)
(PVA–PU), then by introducing PBMA, which is compatible with both PVA
and PU (χ12 and χ13 < 0), the total interaction parameter χ may become
negative and the region of compatibility is created (Fig. 2, curve 1). With in-
creasing temperature, the values of χ12 and χ13 become more negative and
their contribution into χ increases. As a result, χ becomes more negative and
thermodynamic compatibility increases (Fig. 2, curves 2, 3). It is worth noting
that, in this case, the third component was introduced into the curing system
and may have influenced the kinetics of the reaction.

Fig. 3 Phase diagram of a semi-IPN composed of PU–PVC, showing the LCST [4]



Thermodynamics and Phase Separation in IPNs 19

The composition–temperature diagram for the semi-IPN net-polyurethane–
inter-poly(vinyl chloride) (PU–PVC) has been obtained (Fig. 3) [4]. For this
system, the LCST was found at approximately 393 K. Below this temperature
the system is one-phase and above this temperature is two-phase. Very in-
teresting results have been obtained by Sperling for the simultaneous IPNs
based on PU–poly(methyl methacrylate) (PMMA) (Fig. 4) [4]. The metastable
phase diagram has the form of a tetrahedron. Four vertices represent four
pure components: two polymers, PMMA and PU, and two monomers, methyl
methacrylate (MMA) and “U”. The MMA–PMMA reaction line is fundamen-
tally different from the “U”–PU one. Four triangular faces of the tetrahedron
represent ternary systems. In the majority of the reaction, the PMMA is gelled
after about 0.8% conversion, indicated by the plane G1-U-PU. The phase sep-
aration curve for the ternary system MMA–PMMA–“U”, the front left of the
triangle, is represented by points C-D-A-E. Similarly, the phase separation
curve for the MMA–PMMA–PU system, the rear triangle, is indicated by
points J-B-K-L. The entire tetrahedron volume is divided into two regions:
one phase-separated and one single-phased, represented by points C-D-A-E-
L-K-B-J. The author notes the “sail-like” shape of this surface. Consider the
curve A-B, which is the intersection of the PMMA gelation plane with that
of the phase separation sail-like surface. This is a critical curve represent-

Fig. 4 Tetrahedron for the simultaneous IPN from PU and PMMA, showing the gelation
plane of the PMMA and the curvilinear plane of phase separation. Inset: experimental
data for the phase separating part of the front left triangle, showing the appearance of
turbidity during MMA polymerization as an indication of phase separation [4]
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ing simultaneous PMMA gelation and phase separation of the PU from the
PMMA. Reactions moving to the left of this curve (as shown) will have the
PMMA gel before phase separation, while reactions to the right of A-B will
phase separate before gelation. The author emphasizes that for such a sys-
tem the reaction may proceed in many possible directions. The key is the
order in which the reacting system meets the three eventual surfaces inside
the tetrahedron. This work by Sperling is of great importance for understand-
ing the formation of simultaneous IPNs with various properties and is, in our
opinion, the most detailed phase diagram of polymerizing IPNs.

In other work [55–59] a partly complete phase triangle diagram of the
polymerization of styrene plus cross-linker in the presence of cross-linked
polybutadiene has been constructed based on the data of transmission elec-
tron microscopy (TEM). This diagram shows the intercept with the binodal
and spinodal curves at constant temperature.

The polymerization kinetics of simultaneous IPNs based on poly(n-butyl
acrylate) and epoxy resins in situ have been studied by Fourier-transform in-
frared (FTIR) spectroscopy [60]. Three critical events occurred during the
polymerization, namely, gelation of polymer network I, gelation of polymer
network II, and phase separation of one polymer from the other. For these
systems metastable phase diagrams describing the relation between the three
events were constructed. Three-dimensional tetrahedrons characterizing the
four-component system (two monomers and two polymers) allowed the vi-
sualization of these three events and also defined some critical points, for
example, the loci of the points where simultaneous gelation of the two net-
works occurs. A triple critical point was identified, where both polymer gel
and phase separate from each other simultaneously. The inside of the tetra-
hedrons was investigated using partially reacted model compounds.

Phase diagrams for semi-IPNs on poly(ethylene oxide) (PEO)/PMMA were
also found [61]. The PEO network was produced by acid-catalyzed self-
condensation of α,ω-bis(triethoxysilane)-terminated PEO in the presence of
a small amount of water. The PMMA was formed by radical polymerization in
the presence of DVB as cross-linker. The reaction conditions were adjusted to
obtain similar cross-linking kinetics for both reactions. The phase diagrams
were constructed by measuring the composition of the IPN at the moment
of the appearance of phase separation, as indicated by the turbidity appear-
ance. This composition could be determined because the siloxane cross-links
of the PEO network could be hydrolyzed in aqueous NaOH with the forma-
tion of linear, soluble PEO chains. These phase diagrams were compared with
phase diagrams of blends of linear polymers and semi-IPNs (cross-linked
PMMA and linear PEO) obtained under similar conditions, i.e., polymeriza-
tion of MMA in the presence of varying amounts of PEO. It was observed
that the form of the phase diagrams of the linear polymers is similar to that
of the IPNs, but is quite different from that of the semi-IPNs. The authors
presented the ternary phase diagrams of MMA/linear PMMA/linear PEO
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and MMA/cross-linked PMMA/linear PEO systems at different temperatures.
It was found that these systems have smaller miscibilities compared with
blends, since the heterogeneous regions of the phase diagrams are larger than
the one-phase regions. The area of the homogeneous region increases slightly
with temperature. The decreasing thermodynamic miscibility in semi-IPNs
could be ascribed to the unfavorable contribution of elastic stretching of the
initially formed PMMA to the Gibbs free energy [62]. The authors do not be-
lieve that the degree of phase separation should depend on the cross-linking
density. Really, at high density no phase separation becomes possible and the
system is “chemically quenched”, being in the state of forced compatibility.
The latter term was introduced [63] to describe the role of mutual entangle-
ments in preventing phase separation.

The comparison of the phase behavior of semi-IPNs based on almost mis-
cible polymers—linear PS and poly-α-methylstyrene cross-linked by DVB
and mixtures of the corresponding homopolymers—has shown that for ho-
mopolymer blends only one glass transition is observed, its position obeying
the Fox equation. Simultaneously, for semi-IPNs there were two glass transi-
tions, far from the glass transition temperatures of the components, for the
same compositions where linear blends are miscible. A difference in phase be-
havior between blends and semi-IPNs seems to be evident. However, no phase
diagrams allow one to determine the mechanism of phase separation.

2.2
Miscibility and Immiscibility of IPNs

When considering the formation of IPNs the first question to ask is whether
both networks are compatible. The thermodynamic criterion of miscibility
is the negative value of the Gibbs free energy ∆G (or of the enthalpy, ∆H).
For the first time the enthalpy of two networks mixing was measured [64, 65]
using inverse gas chromatography [66]. In the following expression, ∆Hi is
the excess enthalpy of mixing the sorbate with the i-th networks, ∆Hmix is
the excess enthalpy of mixing the sorbate with IPNs, ∆H1,2 is the enthalpy of
mixing of the two networks, and wi is the fraction of one of the networks:

∆Hmix =
∑

wi∆Hi – ∆H1,2 . (2)

The calculations were done for IPNs based on PU and styrene–DVB copoly-
mer.

Calculations have shown that in almost all cases the values of ∆H1,2 are
positive. It is known that positive values of the enthalpy of mixing show that
such a pair is thermodynamically incompatible. Thus, in spite of forming
the monolithic system, two constituent networks are not compatible, and for-
mation of IPNs as a whole is the result of synthesis in the regime of forced
compatibility. Only in the regions where the amount of one of the network
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components is small may the system be compatible. To study the nonequilib-
rium state one needs to estimate the free energy of mixing of the constituent
networks. For this purpose the method of vapor sorption was employed [67].

From experimental data on benzene vapor sorption by all polymer sys-
tems, the changes in partial free energy of benzene by sorption (dissolution)
may be found as

∆µ1 =
1
M

RT ln
P
P0

, (3)

where M is the molecular mass of benzene and P/P0 is the relative vapor pres-
sure. The value of ∆µ1 changes with solution concentration from 0 to ∞. To
calculate the free energy of mixing of the polymer components with solvent
we need to know the changes in partial free energies of the polymers (indi-
vidual networks, traditional IPNs, and layers of gradient IPNs). ∆µ2 is the
difference between the polymer chemical potential in a solution of a given
concentration and in pure polymer under the same conditions.

∆µ2 for the polymer components has been calculated according to the
Gibbs–Duhem equation,

u1
d

(
∆µ1

)

du1
+ u2

d
(
∆µ2

)

du2
= 0 , (4)

where u1 and u2 are the mass fractions of solvent and polymer. Hence,
∫

d
(
∆µ2

)
=

∫
u1

u2
d

(
∆µ1

)
, (5)

and by integrating over definite limits the values of ∆µ2 may be found from
the experimental data.

The average free energy of mixing of solvent with the individual compo-
nents, with IPNs of various compositions, and with gradient IPN layer for
solutions of different concentrations was estimated according to the equation:

∆gm = u1∆µ1 + u2∆µ2 . (6)

Figure 5 shows the change of the free energy of mixing of benzene with
individual networks and with IPNs. All the systems studied (PU–benzene,
copolymer–benzene, gradient IPN–benzene) are thermodynamically stable
systems, as for them the following condition is valid:

∂2∆gm

∂u2 > 0 . (7)

From the concentration dependence of the free energy of mixing of the sol-
vent and the system components, using the Hess law and thermodynamic
cycles [68], we have calculated the changes in free energy between two con-
stituent networks.

The change in Gibbs free energy ∂g∗ was found for an IPN based on PU
and poly(urethane acrylate) (PUA) [69] from the data on the free energy of
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mixing of IPNs and initial networks with the solvent by measuring vapor
sorption:

∂g∗ = – w1∆G1 – w2∆G2 + ∆G3 , (8)

where ∆G1, ∆G2, and ∆G3 are respectively the free energies of mixing of the
first and second networks and IPNs with vapor, and w1 and w2 are the mass
fractions of networks. The results are given in Fig. 5. It can be seen that the
free energy of mixing of two networks is positive in the whole composition
range, showing incompatibility of components. When performing such cal-
culations, one has to bear in mind that the separate network and the same
network in the IPN are not the same, and the results may be different due to
this circumstance. As one can see, the phase diagram has a bimodal shape.
The minimum may be connected to the formation of the transition zone (see
below).

The initial stage of IPN formation may be considered as a thermodynamic
equilibrium process (mixing monomers with oligomers or swelling of the
matrix network in components of the second one). However, the process of
separation proceeds very slowly due to the high viscosity of the system, as
well as due to entanglements between chains. From what was said above it fol-
lows that the concept of topological networks mixed on the molecular level is
only an abstraction, as well as the concept about ideal networks in general.

The data on the sorption isotherm allow us to calculate the affinity pa-
rameters in the IPN–solvent system (namely, chemical potentials of IPN and
solvent, ∆µ2 and ∆µ1, and enthalpies and entropies of swelling). It was
shown that introduction of the second network increases the thermodynamic

Fig. 5 Change in the free energy of the network mixing as a function of composition for
an IPN based on PU and PUA [69]
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stability of the IPN–solvent system, i.e., the IPN has a greater affinity to the
solvent as compared to each network separately. From chemical potentials de-
termined at various temperatures, one can compute the change in the partial
specific enthalpy and entropy during sorption [69]:

∆H2 =
T1∂µ2

(
T2

)
– T2∂µ2

(
T1

)

T1 – T2
. (9)

It was observed that the enthalpy of mixing of IPN and pure network with
the solvent is positive. From the data on the concentration dependence of the
partial specific entropy of the IPN and of constituent networks, a conclusion
about the change in chain flexibility can be drawn: the higher is the value of
T∆S2, the higher is the flexibility. The entropy of IPNs is higher than that
of a pure network and increases with the increasing fraction of the second
network. This effect is the result of heterogeneity of the IPN structure and is
connected with the formation of a transition zone with lower density pack-
ing and with directivity of the IPN as compared with initial networks. Similar
results were obtained for semi-IPNs based on PU and poly(vinyl pyrroli-
done) [70]. From the data on vapor sorption the free energy of mixing ∆gm of
components with the solvent has been calculated, and using thermodynamic
cycles the change in the free energy of mixing between two components was
calculated as a function of IPN composition. In all cases the free energy of
mixing was positive and the components could be considered as immiscible.

Therefore, all the IPNs are thermodynamically unstable. The peculiarity of
IPN formation determines their morphology, which is formed in the course
of phase separation by curing. Below we discuss two possible mechanisms of
phase separation in IPNs.

2.3
Mechanisms of Phase Separation in IPNs

Two mechanisms of phase separation are nucleation and growth and spin-
odal decomposition. The theory of spinodal decomposition was developed
by Cahn and Hilliard [71]. In the region of the phase diagram inside the
spinodal, phase separation leads to the formation of microregions with com-
positions that deviate from the system composition by a very small amount.

2.3.1
Nucleation and Growth

Morphological data showing that IPNs are highly heterogeneous structures
allowed Sperling et al. [72–74] to propose the mechanism of IPN formation
called nucleation and growth. A thermodynamic theory of IPN morphology
has been developed in [74]. Its main assumption is that there are two separate
states of polymer I and polymer II separated one from another. In state 2, the
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network I is positioned in a uniformly swollen network in polymer II, if both
polymers form regular solutions. At the end of reaction, phase separation
proceeds with the appearance of spherical domains of polymer II in matrix I
without any volume changes. It is assumed that each state corresponds to the
state of thermodynamic equilibrium. This theory is rather complicated and it
may only be applied to sequential IPNs. However, it is possible that the mech-
anism of phase separation really depends on the type of IPN (simultaneous or
sequential).

Sperling has studied theoretical conditions for the formation of domains
in sequential IPNs using cross-linking degree for each network, as well as
thermodynamics of mixing and interfacial tension for sequential IPNs, where
separation occurs by the nucleation mechanism. The derivation of the basic
equation for IPN domain diameters is based on a physical model of sequential
IPNs, according to which polymer II, which is formed in a swollen network I,
constitutes a spherical core and is in a contracted (deformed) state, while
polymer I surrounds the core and is in an expanded (deformed) state.

Several assumptions were made for this derivation: (1) a thermodynamic
equilibrium process exists throughout the development of the domain forma-
tion; (2) the domains are spheres with identical diameters; (3) the polymer
networks obey Gaussian statistics; and (4) a sharp interfacial boundary exists
between the two phases (we have to note that the validity of these assump-
tions is rather questionable). The authors present the process of domain
formation in the following way (Fig. 6) [75].

Initially, in state 1, network I is completely separated from monomer II. In
state 2, the polymer network is swollen with the monomer mixture II. The
path from state 1 to state 2 is accompanied by the mixing of polymer I and

Fig. 6 Simplified path of domain formation [75]
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monomer II, and by mutual concomitant expansion of polymer I caused by
swelling with the monomer II mixture. The free energy of polymerization
during the transfer from state 2 to state 3 is ignored. Also, the enthalpy 1, 2
contact energies between monomer II and polymer I are assumed to be the
same as the polymer II–polymer I enthalpy contact energies. State 3 is the hy-
pothetical, mutually mixed state, where polymers I, II are mixed and mutually
diluted. Demixing (phase separation) between polymer I and polymer II with
concomitant deformation of polymer II and further deformation of polymer I
into a shell leads to state 4. State 4 is a phase-separated state with a spheri-
cal domain of polymer II surrounded by polymer I deformed into a spherical
shell.

Referring to Fig. 6, the molecular rearrangements taking place during the
transformation between state 3 and state 4 require amplification. As the
authors remark, no covalent bond is broken during the process, as would be
required in the case of literal interpretation of the model. Instead, phase sep-
aration ensues at an early stage of polymerization of monomer II, when the
free energy of mixing becomes positive and the second derivative of the free
energy of mixing with respect to composition is negative. This probably hap-
pens at or before the gel point. Thus, the molecular migration begins earlier
(which is illustrated by the model), and hence stage 3 is unlikely.

Early research on the thermodynamics of the domain formation was per-
formed by Donatelli, Sperling, and Thomas [74], who considered the free
energy changes connected with surface effects and elastic free energy changes
due to swelling.

Consider, following Yeo, Sperling, and Thomas [73], the thermodynamics
of the process. For a closed system at constant pressure and temperature, the
Gibbs free energy is given by

∆G =
∑

∆Hi,i+1 – T
∑

∆Si,i+1 (i = 1, 2, 3) , (10)

where ∆Hi,i+1, ∆Si,i+1 represent the enthalpy and entropy changes involved
in the process of transition from state i to state i + 1, respectively. Extending
Eq. 10 to the domain formation process, the free energy change for polymer II
domain formation, ∆Gd, can be expressed as

∆Gd =
3∑

i=1

∆Hi,i+1 – T
3∑

i=1

∆Si,i+j + ∆Gi , (11)

where ∆Gi represents the interfacial free energy change for domain forma-
tion and corresponds to transition from state 3 to state 4. From Fig. 6, we see
that the path from state 1 to state 3 via state 2 can be replaced by the direct
path from state 1 to state 3. In this case the following equation is valid:

∆Gd = ∆H13 + ∆H34 – T
(
∆S13 + ∆S34

)
+ ∆Gi . (12)



Thermodynamics and Phase Separation in IPNs 27

In fact, ∆H13 and ∆H34 are the heat of mixing and the heat of demixing be-
tween polymers I and II, so that the sum of these two terms can be assumed
to be zero. The quantity ∆S13 is equal to the sum of the entropy of mixing
∆Sm and the entropy change for the elastic deformation of polymer I be-
ing swollen with polymer II, ∆SI

sw. The quantity ∆S34 is equal to the sum of
demixing entropy change ∆Sdm, the rearrangement entropy change for elastic
deformation of polymer II network upon deswelling ∆SII

dsw, and the entropy
change for elastic deformation of polymer I network ∆SI

df. Here, ∆Sm and
∆Sdm cancel each other. The interfacial free energy change ∆Gi consists of the
interfacial free energy change for domain formation, ∆G0

i . A term for the en-
tropy change on placing polymer I, II molecules in each domain, ∆Sp, must
also be added. In summary, the free energy change for polymer II domain
formation is expressed in the following way:

∆Gd = T
(
∆SI

sw + ∆SI
p + ∆SII

dsw + ∆SI
df

)
+ ∆G0

i . (13)

On the basis of the proposed model, the authors derived expressions for all
terms in Eq. 13. Equations 14–17 give these expressions.

∆SI
sw =

π

12

(
ϕ1

ϕ2

)
v1R

(
3ϕ–2/3

1 – 3 + ln ϕ1

)
D3

2 , (14)

∆Sp = –
π

6
R

(
ϕ1ρ1

ϕ2M1
ln ϕ1 +

ρ2

M2
ln ϕ2

)
D3

2 , (15)

∆SII
dsw = –

π

12
v2R

(
3ϕ2/3

2 – 3 – ln ϕ2

)
D3

2 , (16)

∆SI
df =

π

4
v1R

(
1/ϕ2

) (
2ϕ1/3

1

)
(1/ϕ2)

(
2ϕ1/3

1 – ϕ
4/3
1 – ϕ1

)
D3

2 . (17)

The interfacial free energy is proportional to the intrinsic interfacial tension
between the two polymers, γ 0, and is equal to ∆G0

i = πγ 0D2
2 for spherical

domains. Inserting all these quantities in Eq. 12 and taking the first partial
derivative with respect to domain size D2, ∂(∆Gd)/∂D2, the following expres-
sion for D2 was derived:

D2 = 4γ 0 [
RT

(
Av1 + Bv2C

)]–1 , (18)

where the values A, B, and C are given by

A = (1/2)(1/ϕ2)
(

3ϕ1/3
1 – 3ϕ4/3

1 – ϕ1 ln ϕ1

)
, (19)

B = (1/2)
(

ln ϕ2 – 3ϕ1/2
2 + 3

)
, (20)

C =
ϕ1

ϕ2

ρ1

M1
ln ϕ2 +

ρ2 ln ϕ2

M2
. (21)

In these equations, ϕ are the volume fractions of polymers, ρ are polymer
densities, ν is the number of moles of effective network chains, and M are
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molecular masses (which go to infinity for full IPNs). In the same work [73]
the authors compared theoretical predictions with experimental data for IPNs
based on cross-linked phenyl butyl acetate (PnBA) and PS. In spite of many
arbitrary assumptions (including the one stating that a spinodal decom-
position process rather than binodal phase separation actually takes place),
rather good agreement between calculated and experimental domain diam-
eters for various compositions of IPN and various cross-linking levels was
found. It was pointed out that the domain size is very sensitive to the value
of interfacial tension [74].

To describe the formation of the system in the course of reaction another
model was proposed [76], which allowed prediction of the fraction, the com-
position, and the average radius of the disperse phase (domains) evolved
during reaction. The model is based on the application of the Flory–Huggins
equation, in which the entropy term is a decreasing function of the conver-
sion degree due to an increase in the polymerization degree. As a result, phase
separation occurs at a definite stage of reaction. On the basis of this model,
equations describing nucleation and growth rate (coalescence) have been de-
rived. The model predicts the possibility of phase inversion, of slowing down
of the separation at the gel point, and of the increase of the fraction of do-
mains and their size as functions of the curing temperature. Later [77] an
expanded version of the model was proposed allowing the domain dimension
distribution to be calculated and the factors determining this distribution
to be established. The model was developed for the epoxy resin–rubber sys-
tem (statistical copolymer of butadiene with acrylonitrile with end carboxylic
groups–cycloaliphatic epoxy resin with amine hardener). Such a system is
characterized by the evolution of an elastomeric phase with bimodal distri-
bution of particles. Suppose that rubber component 2 is dissolved in epoxy
solvent 1. Then the Flory–Huggins equation will have the following form:

∆Sν =
(

RT

V10

)[(
ϕ1

z1

)
ln ϕ1 +

(
ϕ2

z2

)
ln ϕ2 + χϕ1ϕ2

]
, (22)

where ϕ1 and ϕ2 are volume fractions of components, V10 is the initial volume
of the network defined as

V10 = Mn,10/ρ1 , (23)

where Mn,10 is the initial number-average molecular weight and ρ1 is the
density. Let ς = (epoxy equivalents)/(amine equivalents) = 2B2/4A4, where B2
and A4 are numbers of moles of each monomer component. Then

Mn,10 =
(
MA4ζMB2

)
/
(
1 + 2ζ

)
. (24)

For the stoichiometric mixture of components ς = 1. If z1 and z2 are ratios of
molar volumes of both components over V10, then we have

z1 = V1/V10 ; z2 = V2/V10 . (25)
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It is assumed that z1 does not change in the course of the reaction, whereas z2
increases. The conversions of amine and epoxy equivalents, defined as pA and
pB, are related: pA = ζpB. Then

z1 = V1V10 = Mn,1/Mn,10 =
(
A4 + B2

)
/
(
A4 + B2 – 4pAA4

)
. (26)

From the definition of ζ it follows that

z1 =
1 + 2ζ

1 + 2ζ – 4pA
. (27)

For stoichiometry system ζ = 1, pA = pB = ρ and z1 = 1/(1 – 4ρ/3).
The next step consists of determining the parameter χ. It can be found

from the cloud points and from the equation for excess chemical potentials.
We can express the free energy as

∆GV =
(

RT

V10

)(
∆µ1ϕ1 + ∆µ2ϕ2

)
, (28)

where

∆µ1 =
1
z1

ln ϕ1 +
(

1
z1

–
1
z2

)
ϕ2 + χϕ2

2 , (29)

∆µ2 =
1
z2

ln ϕ2 +
(

1
z2

–
1
z1

)
ϕ1 + χϕ2

1 . (30)

In equilibrium at the cloud point the following relations are valid:

∆µα
1 = ∆µ

β
1 , (31)

∆µα
2 = ∆µ

β
2 , (32)

where superscript α relates to the continuous phase (usually epoxy polymer)
and β to the disperse phase (rubber). For low rubber concentration ϕ20 the
amount of phase β at the cloud point is small, and ϕα

2 = ϕ20, ϕα
1 = 1 – ϕα

2 , and
ϕ

β
1 = 1 – ϕ20.

Equations 29–32 contain two unknown values: ϕ
β
2 (ϕβ

1 = 1 – ϕ
β
2 ) and χ. By

solving these equations one can find the value of χ for any ϕ20. Now, the pa-
rameters found can be put into Eq. 22, from which the binodal and spinodal
may be found in the usual way. The authors [77] have computed conversion
degree–composition curves.

To describe phase separation the dependence of free energy density on the
composition (at any conversion degree) is considered. To derive the driving
potential of phase separation, it is necessary to concentrate on the metastable
region of the phase diagram. Let ϕ2C be the true concentration of rubber in the
continuous phase at some conversion degree, and ϕα

2 and ϕ
β
2 be the conjugated

points of the binodal (equilibrium phase compositions). The sign of being in
the metastable region is ϕ2C > ϕα

2 . The tangential line at ϕ2C gives the free en-
ergy density of a solution, separated from a matrix of composition ϕ2C. The



30 Y.S. Lipatov · T.T. Alekseeva

Fig. 7 a Free energy of mixing per unit volume as a function of rubber volume fraction,
for a reaction where phase separation is taking place. ϕα

2 and ϕ
β
2 are the conjugated points

of the bimodal curve, ϕ2C is the actual rubber concentration in the continuous phase,
ϕ2N represents the actual rubber concentration of the segregated phase, and ∆GN is the
free energy change per unit volume, associated with the phase separation process [77].
b Particle size distribution of dispersed domains for different conversions of the ther-
mosetting matrix: curve A, p = 0.255; curve B, p = 0.295; curve C, p = 0.395; curve D,
p = 0.495; curve E, p = 0.533 [77]

vertical distance between the tangential line at ϕ2C and the free energy curves
(Fig. 7b) represents the change in free energy during the creation of a new
phase of any composition [77]. For a particular composition, for example, ϕ2N,
the maximum value of free energy ∆GN is obtained. Thus, the value of ϕ2N
really represents the composition of a segregated phase, whereas ∆GN corres-
ponds to changes of free energy. As one can see, ϕ2N is always greater than ϕ

β
2 .

The experimental data testify that the systems under consideration are char-
acterized by separation according to the nucleation and growth mechanism.
With the exception of incompatible systems, which may separate even at a very
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small conversion degree, the possibility of coalescence of dispersed domains is
restricted by the strong increase in the system viscosity.

During nucleation the change in free energy when a spherical particle with
composition ϕ2N is formed is given by

∆G =
(
4/3

)
πr3∆GN + 4πr2γ , (33)

where r is the radius of a particle (domain) and γ is the interfacial tension.
The maximum value of ∆Gcrit is reached at the critical domain radius rcrit.
From Eq. 33 we have:

rcrit = 2γ |∆GN| , (34)

∆Gcrit =
16πγ 3

3
∣∣∆G2

N

∣∣ . (35)

The growth of dispersed domains with r = rcrit diminishes free energy, as is
shown in Fig. 8.

The rate of homogeneous nucleation from condensed phases is written as:

dP
(
rcrit

)

dt
= N0D exp

(
∆Gcrit

kBT

)
, (36)

where P(rcrit) is the volumetric concentration of particles with critical radius
rcrit, D is the diffusion coefficient for rubber in an epoxy network, N0 is the
pre-exponential factor, and kB is the Boltzmann constant.

To calculate the nucleation rate, one has to evaluate γ and D (N0 is found
from experimental data on particle concentration). The value of γ was evalu-
ated [77] as the difference between the surface tension of epoxy resin and that
of rubber, i.e., by modeling the epoxy-enriched phase as a pure epoxy resin
and the rubber-enriched phase as a pure rubber. Such simplification has no

Fig. 8 Different contributions to the free energy change associated with the formation of
spherical domains [77]



32 Y.S. Lipatov · T.T. Alekseeva

effect on the final results. The diffusion coefficient is determined using the
Stocks–Einstein equation:

D =
D0T

η
(
p, T

) , (37)

where η is the viscosity of the continuous phase, which depends on both
temperature and conversion degree. At p = p (gel), η(p, T) → ∞, D → 0, and
nucleation is stopped. Really, near the gel point the strong increase in viscos-
ity leads to very small nucleation rates.

When the system passes through a metastable region, the particle growth
onsets, whose magnitude is determined by the value of the driving force
(ϕ2C – ϕ

β
2 ). This force should transfer the system to the equilibrium state. Let

dP(r′) correspond to the change in the number of particles per unit volume
the when conversion degree changes from p′ to p′ + ∆p. At p = p′ we have a set
of particles with radius r′ = rcrit(p′). For p > p′ this radius will growth up to
some value r′ > rcrit (p′). The value of dP(r′) does not depend on time. The
growth rate is defined as an increase in the volume fraction of particles per
unit time and should be proportional to the interfacial area per unit volume
and to the driving force:

(
4π/3

)
dP

(
r′) (

dr′)3
/dt = Kν4π

(
r′)2 dP

(
r′) (

ϕ2C – ϕα
2

)
, (38)

where Kν is the mass transfer coefficient for the sphere in a stationary
medium (Kν = D/r′). When D → 0 for p → p (gel), the rate of growth is re-
stricted by gelation.

Based on this, the structure of the system can also be described in the fol-
lowing way. The volume fraction of evolved dispersed phase, dVD(p), in the
region of conversion degrees from p to p + ∆p, includes new particles which
appear at P∗ plus an additional fraction of particles, which are formed at
p < p′:

dVD
(
p
)

=
(
4π/3

) [
rcrit

(
p
)]

dP
(
rcrit

)
+ 4π

∫

p′<p

(
r′)2 dP

(
r′) dr′ . (39)

All the material segregated in the region of conversion degrees from p to p +
∆p has the composition ϕ2N. The total concentration of particles of dispersed
phase per unit volume at any conversion degree is given by

P =
∫

p′≤p

dP
(
r′) . (40)

In this case, the function describing the distribution of particle size in the dis-
persed phase may be written as dP(r)/d r. The volume fraction of dispersed
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phase at any conversion P is

VD =
(
4π/3

) ∫

p′≤p

(
r′)3 dP

(
r′) . (41)

A volumetric average diameter of dispersed phase particles is calculated as

D =
(
6VD/πP

)1/3 . (42)

The average rubber concentration in the dispersed phase is

ϕ̄2D =
(
1/VD

) ∫

p′≤p

ϕ2N
(
p′) dVD

(
p′) . (43)

If ϕ20 is the initial volume fraction of rubber in the system, then its concen-
tration in the continuous phase may be found from the equation

ϕ2C =
ϕ20 – VDϕ̄2D

1 – VD
. (44)

The applicability of the model discussed above to the processes of phase sep-
aration was proved for the thermocuring system consisting of epoxy resin
based on the bisphenol A diglycidyl ester of diaminodiphenyl sulfone, in
which the statistical copolymer was dissolved. For this system, the binodal
and spinodal have been constructed and the dependencies of nucleation and
growth rates were calculated (Fig. 7b). The amount of rubber in the contin-
uous phase ϕ2C does not change significantly up to the conversion degree
p = 0.5 due to a rapid increase in viscosity in this region. When the compati-
bility of the resin and the rubber diminishes (as in the case of the same rubber
with a smaller amount of acrylonitrile), the phase separation proceeds in the
medium with lower viscosity and the trajectory of ϕ2C in the metastable re-
gion fast approaches binodal due to the high diffusion coefficient. A small
driving force (ϕ2C – ϕα

2 ) results in a small rate of growth whereas the nu-
cleation rate remains high. As a result, the bimodal distribution of particle
size onsets. At the early stage of phase separation a very sharp distribution
of particles is observed (curve A). In the course of the reaction the particles
grow fast, with small particles appearing in the front tail of the distribution
(curve B). As the gel point approaches, the growth of particles of large size
slows down and the concentration of small particles increases (curves C–E).
The reason for this is the fact that the growth rate is inversely proportional
to the dimension of dispersed domains. Generally, it is established that the
decreasing compatibility, i.e., increasing parameter χ < 0, leads to (1) increas-
ing concentration of the dispersed phase, (2) diminished amount of rubber
in the continuous phase, and (3) diminished average concentration of small
particles in the total distribution. All these effects result from the process far
from the gel point in low-viscosity medium.
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The analysis of the interfacial tension effect on the distribution has shown
that change from 2γ to γ/2 had no significant effect on the final distribu-
tion. This is explained by the fact that in the metastable region, the ∆Gcrit/RT
factor (Eq. 36) is very small and has no influence on the nucleation rate. On
the other hand, although rcrit is directly proportional to γ (Eq. 34), the mass
transfer coefficient is inversely proportional to the particle size. As a result,
the final size is almost independent of the critical radius rcrit.

Rosenberg et al. [78–80] have thoroughly investigated the processes of mi-
crophase separation induced by the reaction of curing polymeric–oligomeric
systems. The processes of structure formation in these systems proceed ac-
cording to the mechanism of nucleation and growth. The main attention was
paid to the role of the chemical kinetics of reaction and the physical kinetics
of phase separation in the formation of the cured system. The thermody-
namic analysis [81] takes into account that the process of curing is not at
equilibrium and the nonuniformity in the component distribution. It was
shown that the phase diagram of curing a two-component system may be well
described by the Flory–Huggins theory, being constructed in coordinates of
conversion degree at the onset of phase separation (cloud-point conversion)
and composition. However, in the real case the forming system is polydisperse
and for thermodynamic analysis it is necessary to account for the molecular
mass distribution, differences in the thermodynamic interaction parameters
χij, and volume changes in the course of the reaction. For curing systems,
the author proposes to use the generalized Flory–Huggins equation in the
following form:

∆gm

RT
=

∑

i

1
Vi

ϕi ln ϕi +
1

Vr

∑

i�=j

χijϕiϕj , (45)

where ϕi and ϕj are volume fractions of components, and Vi and Vr are the
molar volumes of the i-th and smallest components. This equation includes
a set of interaction parameters, which may be calculated from the solubility
parameters. The construction of the phase diagram of the curing system by
using this equation for a multicomponent system is a nontrivial task. To solve
the problem the author introduces the concept of the free energy of phase
separation by the formation of the stable two-phase system, ∆gps from one-
phase solution. This value may be calculated from the free energies of mixing
of heterophase G2

m and homophase G1
m systems that are formed by mixing

n components and reduced to the volume unit.
If the phase separation is possible, the free energy of phase separation

is negative and characterized by a deep minimum. Because of this the un-
known variables of the equation, which are necessary for constructing phase
diagrams, may be found by minimization of the function ∆gps. This term,
as distinct from the free energy of mixing, allows in the closed form the
condition of the phase equilibrium (bimodal equation) to be recorded for
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multicomponent polymer systems. The bimodal is found by a search of the
global minimum of ∆gps.

As Rosenberg emphasizes the application of the approach developed is
based on the assumption that phase separation proceeds at equilibrium con-
ditions. For curing systems this condition is unrealistic because of the sim-
ultaneous proceeding of both the chemical and physical processes. The crite-
rion of the equilibrium of the process is determined by the ratio of the rate of
the chemical reaction rate and mutual diffusion coefficient at which the pro-
cess may be considered as equilibrium. In his work Rosenberg also proposes
models which describe the nucleation and growth of particles of the dispersed
phase. These models account for the effects of the reaction rate and nonuni-
form space distribution of components in the course of phase separation. The
models allow the final morphology of the system to be described.

2.3.2
Spinodal Decomposition

The possibility of another mechanism of phase separation in IPNs, spinodal
decomposition, was discovered in 1984–1985 [5, 53, 82–88]. Studying various
semi- and full IPNs we have discovered that the microheterogeneous struc-
ture of IPNs arises as a result of microphase separation proceeding according
to the spinodal mechanism of phase separation. Spinodal decomposition of
phase separation arises in the region of the unstable state on the phase di-
agram. The main problem consists of the study of microphase separation
proceeding simultaneously with the chemical cross-linking reaction. In this
case curing occurs simultaneously with the growth of conversion degree of
the components and growth of the molecular mass of the chain fragments,
which become incompatible at a certain conversion degree.

It was already mentioned that the thermodynamic stability of the multi-
component systems is determined by the concentration dependence of the
Gibbs free energy. If ∂2G/∂ϕ2 > 0 (as in the region between spinodal and bin-
odal), the system is unstable only to large concentration fluctuations. The
system represents the supersaturated solution, which decomposes with the
formation of nuclei, rich in the dissolved component, surrounded by the
dispersion medium. If ∂2G/∂ϕ2 < 0 (inside the spinodal region), the system
is unstable to small fluctuations, and the supersaturated solution begins to
separate into two phases simultaneously in the whole volume of the system
without forming the nuclei. Spinodal decomposition is the kinetic process of
spontaneous formation and continuous growth of one phase in the instable
“mother” phase. This process is determined by the appearance of fluctua-
tions of small amplitude, which leads to statistically continuous growth of the
second phase, characterized by sinusoidal changes of the composition. The
decomposing system is characterized by the high degree of interpenetration
of evolving phases. If during nucleation the diffusion flows are diminishing
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the composition fluctuations, during spinodal decomposition the directions
of diffusion flows reverse. The intensity of composition fluctuations increases,
and the instability of the system also increases. The spinodal decomposition
occurs inside the spinodal region of the phase diagram. In this region phase
separation leads to the formation of microregions with compositions which
deviate from the system composition by a very small amount. The thermo-
dynamic interaction parameter and the thickness of the transition layers are
important quantities to enter in theoretical equations. In spite of the fact that
in the literature there were many theoretical and experimental works on spin-
odal decomposition in polymer blends, the first work on decomposition in
IPNs appeared only in 1984 [84].

The difficulty of studying this process is connected to the simultaneously
proceeding chemical reaction. Because of this, for our investigations we have
chosen systems where the chemical reaction proceeds slowly in order to al-
low the maximum time for phase separation. Consider the process involving
a semi-IPN based on cross-linked PS and PBMA, which show limited com-
patibility at low concentrations of components at low MM, but are totally
incompatible at higher MM of components [88]. The transition from com-
patibility to incompatibility proceeds in the course of this reaction as the
MM grows. The experimental data show that the incompatibility appears at
the very early stages of reaction (for conversion values of 1–8%). Increase in
the fraction of PBMA in the system leads to lowering of the conversion de-
gree, at which phase separation begins. Low miscibility of both components
follows from their phase diagrams. When analyzing the results from investi-
gation of phase separation one has to keep in mind the great complexity of
the system under study. The process proceeds in a system where continuous
changes of composition take place. As a result, the thermodynamic com-
patibility also changes continuously. How can we prove which mechanism
controls the phase separation in the system under study? For both mechan-
isms, the intensity of light scattering (the main method of investigation), I,
changes with time. For nucleation and growth the following relation is valid:

I∞t2 . (46)

For spinodal decomposition another relation works:

I∞et (47)

or

ln I
(
β, t

)
= ln I

(
β, 0

)
+ 2R

(
β
)

t , (48)

where R(β) is the amplification factor, which is related to the wave number β:

R
(
β
)

= M
(

∂2f
∂ϕ2

)
β2 – 2Mβ4 = Dappβ

2 – 2Mβ4 , (49)
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where Dapp is the apparent diffusion coefficient, Dapp = Dc
(
T
) (

χ–χs
χs

)
, Dc is

the translation diffusion constant, χs is the interaction parameter at spinodal
temperature; M is the diffusion mobility and

β =
4π
λ

sin
(

θ

2

)
. (50)

For high molecular mass systems with restricted mobility, the region of the
metastable state (between binodal and spinodal) is very wide. To reach the re-
gion inside spinodal and to initiate the spinodal decomposition, it is necessary
to rapidly force the system through the metastable region. Next, Figs. 9 and 10
show the time dependence of the intensity of scattered light (ln I = f (t)) for
the semi-IPN (styrene–DVB copolymer/PBMA with 10% by mass) undergoing
phase separation for incident angles 10◦ (curve 1) and 20◦ (curve 2) at 333 K (a),
343 K (b), and 363 K (c) [88]. As one can see, the time dependence of ln I is lin-
ear and it remains at elevated temperatures even for the systems with higher
PBMA content, where the duration of phase separation does not last longer
than 200–300 s. At lower temperatures and for lower content of PBMA (with
phase separation duration of 700–2000 s), this dependence becomes nonlinear.
However, in these curves two branches can be distinguished. The first branch
corresponds to the initial stage of phase separation. Then, there is an inflection
point, after which the second, more prolonged branch, can be seen.

Fig. 9 Dependence of the logarithm of the scattered light intensity (I, in arbitrary units)
on time (t) for the styrene–DVB–PBMA IPN with 10 mass % of PBMA undergoing phase
separation for incident angles 10◦ (curve 1) and 20◦ (curve 2) at a 333 K, b 343 K,
c 363 K [88]
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Fig. 10 Dependence of the logarithm of the scattered light intensity on time for the
styrene–PBMA IPN with 20% of PBMA undergoing phase separation for incident angles
10◦ (curve 1) and 20◦ (curve 2) at a 333 K b 343 K [88]

Cahn’s theory was developed for the initial stages of phase separation (re-
member that the final result of the equilibrium phase separation does not
depend on the mechanism and is determined only by the phase diagram of
the system).

We can apply this theory to our case provided phase separation takes no
more than 200–300 s (the first linear branch). In our case, during the reac-
tion time when phase separation was observed, the composition of the system
changes only slightly and can be considered as constant. This fact gives us the
right to apply Cahn’s theory for describing the phase separation in our sys-
tem. However, we believe that Cahn’s theory can also be formally applied to
the second linear branches in Fig. 9.

Figure 11 shows the dependence of R(β)/β2 on β2 for both branches of the
system with 10 mass % PBMA. It can be seen that the linearity of these depen-
dencies is improved as the temperature increases. If that dependence can be
approximated by a straight line, some important theoretical parameters can
be calculated. From the dependence of the slope of the ln I vs t plot, the am-
plification factor can be calculated, and from the dependence of R(β)/β2 on
β2 the interdiffusion coefficient can be found, as well as the most important
characteristics—the optimum wavelength of spinodal decomposition λm:

λm = 2π/βm . (51)

Thus, the value of λm characterizes the size of the microheterogeneity re-
gions. The value of λm is calculated from the dependence mentioned above.
The interdiffusion coefficients and the sizes of the microheterogeneity regions
for the systems with 10, 15, and 20 mass % of PBMA are given in Table 1 [88].
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Fig. 11 Dependence of R(β) on β2 according to Eq. 49 for the semi-IPN with 10 mass % of
PBMA as calculated for the first (a) and second (b) linear branches in Fig. 9 at 363 K (1),
343 K (2), and 333 K (3) [88]

One can see that the size of the microheterogeneity regions is nearly the
same for all temperatures. The calculations of the interdiffusion coefficient
have shown that it is negative, which corresponds to the spinodal mechanism.
With growing temperature D increases, i.e., interdiffusion becomes easier due
to the lower viscosity of the system. The absolute values of D for the second
stage are higher. This means that the effective diffusion is different for vari-
ous stages of the decomposition. In the second stage the diffusion proceeds
faster. The activation energies of diffusion for the second stage (calculated
from the temperature dependence of the interdiffusion coefficient) for the
system with 10 mass % PBMA are two times less than the activation energy
for the first stage (EA = 26.96 kJ mol–1). At the same time, for the system with
20 mass % of PBMA the activation energy is nearly the same for both stages
(EA = 16.62 kJ mol–1). This fact proves the equivalence of the effective dif-
fusion for both stages.

The data on the microphase structure of the semi-IPN show that the phase
separation proceeds according to the spinodal mechanism in spite of the
simultaneously proceeding chemical reaction. Thus, the process is a nonequi-
librium one. The peculiarity of this process is in its two-stage nature. It
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Table 1 Interdiffusion coefficients D and microheterogeneity region sizes (λm) as func-
tions of temperature and composition for semi-IPNs (PS–PU) with different contents of
PBMA [88]

Temperature, D·1013 (cm2·s–1) λm (µm)
K Stage 1 Stage 2 Stage 1 Stage 2

10 mass % PBMA
333 13 50 1.2 1.1
343 22.5 56 1.2 1.0
363 61.5 113 1.0 1.4

20 mass % PBMA
333 35 46 1.6 1.4
343 42 54 1.5 1.1

may be assumed that the initially “pure spinodal mechanism” becomes more
complicated in time due to the simultaneously proceeding process of phase
separation according to the nucleation mechanism. However, this process
does not lead to full separation into two independent phases due to chem-
ical cross-linking and network formation. As a result, the system with diffuse
microregions is formed. It is worth noting that the superposition of chemical
reaction and phase separation in many cases makes it difficult to determine
the mechanism of phase separation; in some cases it is possible for one mech-
anism to be replaced by another. As a result, thermodynamically unstable
diffusion microregions of incomplete phase separation are created, so that the
segregation degree in such systems is not an equilibrium value.

As will be shown later, the phase separation begins at very low degrees of
conversion and is enhanced by increasing MM and volume fraction of copoly-
mer. The kinetics of IPN formation determines the onset of phase separation
and influences strongly this process as a whole, whereas phase separation
does not influence the kinetic curves. This fact may serve as an additional
confirmation of the assumption that the phase separation proceeds accord-
ing to a spinodal mechanism, because in this case the compositions of two
evolving phases are very close.

The phase separation during synthesis of poly(ether imide)/epoxy semi-
IPNs was studied [89] using the morphological data for various compositions
of the systems and turbidity experiments (determination of cloud points).
The phase separation behavior during curing was followed by observing the
morphology changes and the light scattering. Experimental data suggest that
the phase separation proceeds in two stages, leading to the formation of so-
called dual-phase morphology. The authors observed spinodal structures and
believe that the process is governed by the spinodal mechanism, although the
typical experiments allowing us to establish the mechanism have not been
performed. They conclude that because of the spinodal mechanism and the
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low viscosity of the system, macro-scale phase separation of domains of vari-
ous compositions will occur. As the reaction proceeds, there occurs an abrupt
change in the equilibrium composition of phases in a very short time. This
abrupt change is similar to the effect of the two-step temperature quench-
ing in polymers with UCST behavior. This in turn results in the dual-phase
morphology. The first phase-separated composition has higher viscosity and
demonstrates the jump on the UCST curve, which induces a secondary phase
separation within both the domain and the matrix. We see, however, that no
attempt has been made to describe the spinodal decomposition within the
framework of current theories and to determine the typical values character-
izing this process, as was done in earlier works.

For simultaneous semi-IPNs made from PU and PS, the kinetics of phase
separation was studied using optical microscopy completed by image analy-
sis [90]. The development of a nodular structure was observed. A thermody-
namic approach has allowed us to establish that the diameter of the phase-
separated species was the result of the competition between the kinetics of
network formation and the kinetics of phase separation. The mechanism of
phase separation was not discussed.

In connection with the above discussion, an important question arises
concerning the thermodynamic state of systems with various degrees of
phase separation (segregation degree) [90]. Numerous experimental data
show that segregation during microphase separation depends on the cross-
linking degree, the reaction kinetics, the composition, the entanglements
between growing chains before phase separation, etc. It is evident that after
the transition of the system from the one-phase state into the metastable and
unstable regions, the stable chain entanglements (physical or chemical) do
not allow the full separation of network fragments and the system stays in the
state of “forced” miscibility (compatibility). This state makes an additional
contribution to the free energy of the system.

It is evident that the contribution of the elastic energy in multicomponent
polymer systems is small at the onset of phase separation. It increases with
growth in the composition difference of phase-separated microregions. As
a result, the system is stabilized when the thermodynamic force of phase sep-
aration is balanced by the elastic forces from entanglements of the network
fragment. The system remains in a state of incomplete phase separation. The
stability limit of such a polymer system will be characterized by the curve
below the chemical spinodal. For the system with UCST the real spinodal is
located below the chemical spinodal. It is important to note that for some sys-
tems, including IPNs, the real spinodal is so removed from the chemical one
that the unstable state cannot be reached.

Analysis of the behavior of some IPNs shows that such a system may not
only be in a state of “forced” compatibility, but also in a state of “forced”
microphase separation [86]. If such systems have an UCST, the end of the
transition to the one-phase system corresponds to the curve located above
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the chemical spinodal (upper real spinodal). Its position is determined by the
values of the elastic forces which are needed for the system to transform from
a state with microphase separation to the one-phase state. Such a picture was
observed experimentally [91]. In this way, the transition of the system from
a one-phase to a two-phase state is hindered at a particular stage of IPN for-
mation (lower chemical spinodal), whereas the transition from the two-phase
state to the one-phase state is hindered as well (upper real spinodal). Thus,
the state of the system is determined by its synthesis. This synthesis means
that IPNs have some regions near the chemical spinodal where a state with
incomplete phase separation may exist.

The spinodal as a curve, which restricts the unstable region, becomes “dif-
fuse” over a wide temperature range. In this range the states, which can be
related neither to one-phase nor to two-phase systems, appear. This question
was qualitatively discussed in detail from the point of view of equilibrium and
nonequilibrium fluctuations arising in the system [90]. The phase separation
is incomplete due to kinetic stability in the region between the chemical and
the real spinodals. There are no analogues to such a system in the traditional
concept of one- and two-phase systems.

The effect of cross-linking density on phase separation was studied for
semi-IPNs made from deuterated PS (PSD) and poly(vinyl methyl ether)
(PVME) by polymerizing a styrene–DVB mixture that contains dissolved
PVME, and those made from PS and PSD [92]. In the latter case it was pos-
sible simultaneously to estimate both the cross-linking degree effect and the
chain length of the linear polymer. To measure the concentration fluctuations
in the systems, small-angle neutron scattering (SANS) was used. The initial
linear polymers were miscible and because of this, the effect of cross-linking
on phase separation could be seen very clearly. The interaction parameter
χ was changed by increasing the temperature during the measurements of
zero-angle scattering and correlation length. It was found that when the tem-
perature increases, the scattering intensity increases as well, indicating that
the spinodal temperature is being approached. Samples with the lowest cross-
linking density have scattering similar to that of a compatible polymer blend.
As the temperature is increased, the scattering also increases, showing LCST
behavior. The systems with the highest cross-linking degree remain a single
phase upon polymerization. During polymerization, the cross-links seem to
push the system toward phase separation.

Theoretically, the cross-linking degree is taken into consideration in the
following way, based on the Flory–Rehner theory [92]. The coexistence curve
may be calculated from the chemical potentials of the linear chain inside and
outside of the network. The chemical potential of the linear chain is given by:

µb =
Aϕ

2/3
s ϕ2/3

vaNc
–

Bϕ

vaNc
+

ϕ

vbNb
+

ln
(
1 – ϕ

)

nbNb
+

χϕ2

v0
. (52)
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The spinodal condition ∂2(∆F/kT)/∂ϕ2 = 0 is described by the following
equation:

∂2
(
∆F/kT

)

∂ϕ2 =
B

va Ncϕ
+

Aϕ
2/3
s

νaNcϕ5/3 +
1

vbNb
(
1 – ϕ

) –
2χ
v0

=
kn

S(0)
. (53)

In these equations νa, νb, and ν0 are the molar volumes of the network re-
peating unit, Nc is the number of repeating units in the network between
cross-links, χ is the Flory–Huggins parameter, ϕ is the volume fraction of the
network, ϕs is the network volume fraction in relaxed state, usually taken to
be the value at which the network was formed and Nb is the number of repeat
units in the linear chain. Constants A and B follow from the rubber elasticity
theory, usually A = 1 and B = 2/fc, where fc is the functionality of the cross-
links, kn is the constant that determines the amount of contrast between the
two components and the radiation type, and S(0) is the zero-angle scattering
intensity.

These equations allow one to calculate the phase diagrams (Fig. 12). Equa-
tion 53 predicts that cross-links should inhibit concentration fluctuations.
The experimental data on scattering intensity were compared with theoretical
predictions.

Generally, the level of investigation of the spinodal decomposition in IPNs
does not correspond to the present state of the theories, developed for de-
scribing spinodal decomposition in blends of linear polymers [52]. Unfortu-
nately, up to now there are no quantitative theories of spinodal decompos-
ition in IPNs. The only work was done by Binder and Frisch [93].

Fig. 12 Cloud point (lower line) and spinodal (upper line) curves for a polymer net-
work (concentration ϕ) polymerized in the presence of a linear polymer B (concentration
(1 – ϕ)), Nc = Nb = N, Φs = Φ [92]
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2.3.3
Binder–Frisch Approach

A phenomenological theory for chemically quenched binary IPNs of both sim-
ultaneous and sequential type and for semi-IPNs was formulated by Binder and
Frisch [93]. Phase separation proceeding during reaction is hindered by simul-
taneous cross-linking termed “chemical quenching”. The authors analyze the
case of deep quenching when the reaction rate essentially exceeds the rate of
relaxation of the system into the equilibrium state. The free energy functional
for these systems strongly depends on the method of IPN formation (sequen-
tial or simultaneous). Starting from the Flory theory of rubber elasticity and
the Flory–Huggins interaction parameter χ, the case of weakly cross-linked
networks was considered, in which the effective chain length between cross-
links is very large. Individual networks are assumed to be described by the
mean field statistical theory of rubber elasticity. The authors treat as chemically
quenched IPNs those systems whose characteristic times, θA and θB for curing
the networks A and B, are short compared to the characteristic time of growth
of the initial phase instability τAB. The theory for the case when θI > τAB is only
possible to construct within the framework of the time-dependent, molecular
statistical mechanical theory.

To find the expression for the free energy functional, the authors assume
that the free energy of IPNs consists of several parts: (1) elastic free energy
and entropy connected to the cross-links of two networks A and B, which can
be found from several theories; (2) interaction energy between two kinds of
monomers; (3) entropy of mixing if one of the two species consists of linear
polymer (semi-IPN); and (4) free energy of mutual entanglement between two
networks. Analyzing the corresponding expression for each part of the free en-
ergy, the authors have derived expressions for all four values. In the process they
have taken account of the values characterizing the deformation ratios with re-
spect to a reference state, chain dimensions, the number of elastically effective
chains ν(ϕ0), where ϕ0 is the volume fraction of the monomers of species A in
the mixed system, the number of sites in the Flory–Huggins lattice, etc.

On the basis of the equations obtained, Binder and Frisch found the ex-
pressions for spinodal curves and critical points. For simultaneous IPNs the
equation for the stability limit of the homogeneous phase (i.e., for spinodal
curve, χ = χS) was found to be:

0 =
(

∂µ

∂ϕ

)

ϕ0

(54)
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)

3NAC
(
ϕ0

)ϕ
–5/3
0 +

BA

NAC
(
ϕ0

)ϕ1
0 –

(
1 – ϕB∗

)2/3

e
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(
1 – ϕ0

)–1 ,

where ϕA and ϕB are a function of ϕ0, NAC and NAB are the functions con-
nected with the number of sites in the lattice for A and B species, B = 2/f ,
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where f is the functionality of cross-links, and ϕ∗ denotes hypothetical vol-
ume fractions that have to be chosen after the cross-linking to eliminate the
elastic force of cross-links. This equation allows one to construct the spinodal
curve χ = χS(ϕ0), in terms of the functions NAC(ϕ0), φA∗(ϕ0), ϕB∗(1 – ϕ0), and
NBC(1 – ϕ0).

For various elasticity theories, the qualitative “phase diagrams” have
been constructed as functions of the Flory–Huggins interaction parameter
(Fig. 13) [93]. Case a describes simultaneously cross-linked IPNs from the
point of view of James–Guth theory, case b from the point of view of Flory the-
ory, while case c relates to sequentially cross-linked IPNs using Flory theory.

Broken and dash-dotted curves show two possible cases for χ(ϕ). Each
case is realized depending on the function NAC(ϕ). In all the cases only the
stability limits of the homogeneous phases are shown and no attempt has
been made to construct the coexistence curves, where the free energies of the
homogeneous phase and the spatially modulated phase (or unmixed phase)
are equal.

The dynamic response and the spinodal decomposition of IPNs have also
been considered (dynamics of the volume fraction fluctuation in the net-
works) based on the application of the equation for the relaxation of volume
fraction fluctuations. According to the theory, in the long-wave limit, the fol-

Fig. 13 Qualitative phase diagrams of the IPNs shown as a function of χ [93]
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lowing expression is valid:

σ2
Aq2 � N–1

AC , σ2
Bq2 	 N–1

BC , (55)

where σA and σB are the dimensions of statistical segments in chains A and
B, and q is the wave vector characterizing the rate of fluctuation growth. It
was found that the composition fluctuations begin to grow when the values
of wave vectors are less than qc:

qc = σ–1

[
–

(
∂2f

∂ϕ2
2

)

ϕ0

ϕ0
(
1 – ϕ0

)

K
(
ϕ
)

]1/2

, (56)

where ϕ is the volume fraction of one of the networks, ϕ0 is the fraction of
monomers of network A, and K is a coefficient depending on ϕ0. It is assumed
that σA = σB = σ . In this case the phase separation stops at the initial stages by
forming the modulated structures whose spatial period is much larger than
the dimension of the network cell.

For q ≤ qc, the fluctuations grow and their maximum growth occurs at

qm =
1√
2

qc . (57)

The fluctuation growth rate is
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, (58)

where f (ϕ0) is the free energy density.
For deep quenching the following expression is valid:

qc =

[
6χ1/2

σ2
A/ϕ0 + σ2

B/
(
1 – ϕ0

)
]1/2

. (59)

In this case the local degree of separation of phases may be very high, whereas
the distance between microregions is comparable with the dimensions of the
network cell (distance between cross-links).

The authors themselves emphasize the two main limitations of this theory.
The first limitation concerns the assumption of “chemical quenching”, i.e.,
that the polymerization kinetics and cross-linking are so rapid that any phase
separation during the time needed for these processes is negligible. Their esti-
mate of a typical time constant for the development of instability in the linear
regime of spinodal decomposition, 103 s–1, shows that this limit may not be
applicable to all cases of experimental interest. We cannot help accepting this
statement. The second limitation is that their treatment does not allow us to
describe the periodically modulated structures.

Generally, the following conclusion can be drawn from the analysis of the
mechanisms of phase separation in IPNs. The structures arising at different
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stages of spinodal decomposition are different, and the final structure of the
IPN will be determined by the time at which the system loses its mobility
due to cross-linking and becomes “frozen” or “chemically quenched”. The
reaction kinetics (Sect. 5), the composition, and the diffusion are the most
essential parameters, which control IPN structure and phase separation. Be-
cause these processes are very complicated and interconnected, it is logical to
assume that in such systems mechanisms of nucleation and growth or spin-
odal decomposition can hardly occur in their pure form.

The effects of forced compatibility in IPNs are of great importance for un-
derstanding the phase state. Forced compatibility should lead to an additional
contribution to the free energy of the system. The contribution of elastic en-
ergy is small at the onset of phase separation and increases with the increase
in composition difference between phase-separated regions. As a result, the
system is stabilized when the thermodynamic driving force for phase separa-
tion is balanced by elastic forces from entanglements of network fragments.
The system stays in a state of incomplete phase separation. The stability limit
of such a polymer system is characterized by a curve below the chemical
spinodal. For the systems with UCST, the real spinodal is located below the
chemical spinodal. For some IPNs, the real spinodal is so remote from the
chemical spinodal that the unstable states cannot be reached.

The analysis of the thermodynamic behavior of some IPNs shows [88, 90]
that two states may exist: a state of forced compatibility and a state of forced
microphase separation. It should also be noted that the most probable mech-
anism of phase separation is nucleation and growth for sequential IPNs and
spinodal decomposition for simultaneous formation.

2.3.4
Interfacial Region in IPNs

The incomplete phase separation or phase separation due to the spinodal
mechanism leads to the formation of a transition zone or an interphase be-
tween two evolved phases. The first attempt to estimate the volume fraction
of this zone was done in [65, 94].

Nuclear magnetic resonance (NMR) spectroscopy and inverse gas chro-
matography have been used to study the intermediate glass transition and the
activation energy of Tg. This was done using a sequential IPN based on PU as
polymer I and PS as polymer II. NMR signals were measured as a function
of temperature. The spectrum shape changes from a simple one-component
line to a more complicated line as the temperature is increased, indicating
the existence of regions of various mobility. Figure 14 shows the temperature
dependence of the second moment ∆H2

2 for IPNs [94]. Three glass transi-
tion temperatures can be seen. The transitions near 203 and 333 K coincide
with transition points of the individual networks (although this is not typi-
cal). However, the appearance of a third, intermediate transition in the range
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Fig. 14 Temperature dependence of ∆H2
2 for PU (1); styrene–DVB copolymer (2); IPN at

w1/w2 = 0.174 (3) [94]

288–333 K indicates the presence of an interphase region. The same results
were obtained for IPNs based on epoxy resin and allyl derivatives [95].

It is known that for two-component systems, additivity of lines takes place
in NMR spectra. Assuming that the same additivity should be observed for
the second moment, ∆H2

2 may be presented in the following way:
[
∆H2

2

]
1,2 = W1

[
∆H2

2

]
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[
∆H2

2

]
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[
∆H2

2

]
, (60)

where W is the weight fraction of the one component and [∆H2
2]i is a term re-

sponsible for interaction, if any. When interaction is absent on the molecular
level, this term is equal to zero, a fact which was experimentally confirmed.

Using gas chromatography the excess enthalpy of mixing at the point of
equilibrium adsorption may be found from Eq. 2. In this case the excess en-
thalpy of mixing of sorbate with i-th network and excess enthalpy of mixing
of two networks were determined by:

∆H = R
∂

[
– ln VGP0

1 – P0
1

RT

(
B11 – V1

)]

∂
(
1/T

) , (61)

where P0
1 is the saturated vapor pressure of the sorbate, B11 is the second virial

coefficient, and V1 is the molar volume of the sorbate.
The fraction of the material in the transition zone may be calculated, in

analogy with determining the crystallinity from inverse gel-permeation chro-
matography (IGC) data, according to the equation:

q =
VG(E) – VG(B)

VG(E)
, (62)
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where VG(E) is the total value of the specific retention volume of sorbate by
the first network and by the intermediate region, and VG(B) is the specific
retention volume of sorbate by the first network only.

The enthalpy of mixing found from Eq. 61 and the fraction of the inter-
phase region found from Eq. 62 are given in Fig. 15 [65]. It can be seen that
at low concentrations of the second network ∆H12 is negative. This means
that in this composition range there may be true miscibility. However, the en-
thalpy of mixing increases with concentration of the second network, and the
free energy of mixing becomes positive at w2 = 0.3.

The increase in ∆H above zero in Fig. 15 is accompanied by an increase
in q, that is, by an increase in the size of the boundary region where ther-
modynamic incompatibility is observed between two evolved phases. Thus,
a strictly thermodynamic quantity indicates the emergence of the phase
boundary regions. The quantity of interfacial boundary materials may be in-
creased partially at the expense of the amount of polymer II present. It should
be noted that the interphase region arises as a result of the incomplete phase
separation. Thus, its volume fraction should also depend on the conditions
of phase separation that are determined by the kinetics of chemical reaction.
The faster is the reaction of the network formation, the smaller should be the
fraction and the thickness of the interphase.

The activation energies EA of the IPN and of the homopolymer transitions
were also calculated [94]. Analysis of the data indicates that the introduction
of the second network (PS into the first PU) leads to a decrease in EA in com-
parison with individual networks. This effect seems to be connected with the
fact that the intermediate region has a loosely packed structure.

Another way to establish the existence of an interfacial region in micro-
phase-separated IPNs is based on the application of differential scanning

Fig. 15 Dependence on the fraction of transition layer α (1) and mixing enthalpy (2) on
the content of the second network in the IPN [65]
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calorimetry (DSC) [67, 96, 97]. It was found that the temperature dependence
of heat capacity Cp is characterized by a broad curvature between two glass
transition temperatures corresponding to separated phases. This is a con-
sequence of the presence of an interfacial region which possesses a locally
varying composition. The shape of the DSC trace contains substantial in-
formation about the character of an interphase. Hourston et al. [98–100]
proposed a quantitative method for the determination of the weight fraction
of an interphase and the extent of phase separation using a modulated DSC
method. It is supposed that for fully immiscible blends where an interface
exists between two phases, the value of the increment of heat capacity ∆Cp
of any component diminishes in the blend owing to the transition of some
part of material into the interfacial region. For this case the ∆Cp value of one
component in the blend must be exactly the product of that in its pure state
multiplied by its weight fraction, i.e., ∆Cp = ∆C0

pϕ, where ∆C0
p is an incre-

ment for a pure component. For immiscible polymers the total ∆Cp is just the
algebraic sum of the values of increments of two polymers. The calculations
use the values of the increments of heat capacity ∆Cp at the corresponding
glass transition temperatures, Tg, which decrease in the blend as compared
with the pure component. The amount of a material in the interfacial region
could be related to the value of F as defined below (Freed equation [101]):

F =

(
ϕ10∆Cp1 + ϕ20∆Cp2

)
(
ϕ10∆Cp10 + ϕ20∆Cp20

) . (63)

Here, ∆Cpi0 values are the increments of heat capacity at Tg of components
before mixing, ∆Cpi are increments in the blend, and ϕi are the weight frac-
tions of components. These increments decrease when the proportion of two
components is changed. Such behavior is attributed to the presence of a large
amount of material in the interfacial region. The total increment of the heat
capacity is equal to

∆Cp = ∆Cp1 + ∆Cp,interphase , (64)

where ∆Cp1 = ϕ1∆Cp10 and ∆Cp2 = ϕ2∆Cp20 .
When no interface exists, the value of F is equal to 1.0. The weight fractions

of polymers I and II in the interphase can be calculated from the following
equations:

δ1 = ϕ10 –
∆Cp1

∆Cp10
, δ2 = ϕ20 –

∆Cp2

∆Cp20
. (65)

Authors have also shown that values of dCp/d T change with temperature at
different phase separation times and, correspondingly, the fraction of inter-
phase changes in the course of phase separation. The approach considered
above may be applied, as follows, only to those systems that are separating in
two pure phases. The application of the Freed equation to IPNs may be done if
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one has in mind its approximate character. The reason is that in IPNs the sep-
arated phases consist simultaneously of both components and each separated
phase cannot be considered as an individual component. At the same time in
evolved phases enriched with ions of one or other component, the content of
the second polymer usually is very low and we believe that for comparative es-
timations the Freed equation may be used. Unfortunately, there are no more
available physical methods to estimate the fraction of an interfacial region.

The interphase dimension may be estimated using both DSC and small-
angle X-ray scattering (SAXS) [102, 103]. For sequential IPNs based on PU
and poly(2-hydroxyethyl methacrylate) (PHEMA) it was observed that the
interfacial thickness was zero, and there were sharp domain boundaries if
they were estimated by SAXS. At the same time, according to DSC, a dif-
fuse interphase region was observed. Thus, the results of the two methods
are conflicting. For the IPNs based on PU and PS grafted via 2-hydroxyethyl
methacrylate (HEMA) residues (1, 2, 5, 10 mass %), it was discovered that on
increasing the cross-linking density of the first network, the weight fraction of
the interphase increases [104]. The existence of an interfacial region follows
from the calorimetric data. It was found by dividing the dCp/d T signal into
three parts related to PU-rich and PHEMA-rich phases and the interphase.
The content of the latter was about 42% by mass.

Authors have made an attempt to estimate the interphase thickness. The
method was based on SAXS data. The idea was the following. The specific in-
terfacial area S/V was defined as the ratio the interfacial area S to the volume
V of an interphase. Then

S/V = 4ϕ
(
1 – ϕ

)
/ac , (66)

where ac is the characteristic distance (the size of heterogeneity), which may
be easily found from SAXS data. Let δ be the average interfacial thickness.
Consider the case δ 	 V1/3; δS is equal to the volume of an interphase. The
volume fraction of an interphase is w = δS/V. Then the thickness δ may be
calculated as

δ = wac/
[
4ϕ(1 – ϕ)

]
. (67)

This relation between the interfacial thickness of an interphase and correla-
tion length could allow calculation of δ if the density of an interphase were
known. However, the density of an interphase is not known.

2.3.5
Composition and Ratio of Phases Evolved During Phase Separation

From the discussion above it follows that in order to characterize the struc-
ture of IPNs with incomplete phase separation, it is very important to know
the composition of each evolved phase and the composition of the interphase
region. Up to now such data are not available because of experimental and
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theoretical difficulties. In principle, such estimation may be done in the fol-
lowing way. If we know the position of the glass transition points for each
phase and there is no distinct maximum for an interphase, the composi-
tion of each phase may be calculated. For this purpose, one of the equations
connecting the glass temperatures of components and glass transition tem-
perature of the miscible polymer systems may be used. Such estimation was
performed [67] using the well-known and the most simple Fox equation [96]:

1/Tg = ϕ1/Tg1 + ϕ2/Tg2 . (68)

Here, ϕ1 and ϕ2 are the volume fractions of components, Tg1 and Tg2 are
their glass transition temperatures, and Tg is the glass transition temperature
of the miscible blend. Considering each phase as an independent quasi-
equilibrium IPN and apparently one-phase system with forced miscibility
(because it is characterized by its own glass transition), the composition and
the ratio of phases may be found:

ϕ1 =
Tg1 Tg2 – Tg1 T′

g

T′
g
(
Tg2 – Tg1

) (69)

and

ϕ2 =
Tg1 Tg2 – Tg2 T′′

g

T′′
g

(
Tg1 – Tg2

) , (70)

where T′
g and T′′

g are glass temperatures of evolved phases, and ϕ1 and ϕ2 are the
volume fraction of each component in the phase enriched in this component.

It is clear, however, that if we prepare IPNs separately by taking as ini-
tial concentrations of components those that correspond to evolved phases,
then as a result of curing such a system will again separate into two phases
of different composition, because the conditions of phase separation for this
system will be different from those for the initial IPN. This conclusion, in
particular, follows from the nonequilibrium state of phase-separated IPNs.

A similar approach to estimating the composition of phase-separated re-
gions and their content, based on the above-mentioned Fox equation, was
later used for IPNs based on PU and maleimide-terminated PU [97], PU–
epoxide–episulfide resin [102], and other systems. The results were not satis-
factory, which can be explained by the approximate nature of the Fox equa-
tion (presently, there are a great number of equations connecting the glass
transition temperature in compatible blends with transition temperatures of
components).

2.4
Nonequilibrium States of IPNs

The microphase structure of IPNs may be described using the concept of the
formation of various clusters: “physical clusters” that are formed due to phase
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separation of constituent networks under conditions of nonequilibrium phase
transitions and “chemical clusters” due to cross-linking [51, 103]. As will be
shown in Chap. 5, this volume, the most distinguished feature of simultan-
eous IPN formation consists of simultaneous proceeding of the formation
reaction and the microphase separation. Both processes are superimposed.
This leads to the close relation between the reaction kinetics, and the kinetics
of phase separation.

Both the chemical reactions and the phase separation proceed under
nonequilibrium conditions simply because they proceed simultaneously.
After some degree of chemical conversion and cross-linking is reached, mi-
crophase separation is impeded and the system freezes in a nonequilibrium
structure characterized by incomplete phase separation. Thus, by the com-
pletion of IPN formation, reactions proceed in two evolved phases. The real
structure of an IPN is a multiphase one, which is determined by the coex-
istence of at least three “phases” (not in a true thermodynamic sense). Two
phases are formed by networks due to phase separation. Each phase may be
considered as an independent IPN in which phase separation did not take
place (the state of “forced” compatibility), and in which mixing on the mo-
lecular level is preserved. The composition of these two phases is determined
by the reaction rate and the temperature. Each phase has an average compo-
sition that does not correspond to the network ratio in the entire IPN. The
third “phase” is the nonequilibrium transition zone from one phase to an-
other; its size depends on the conditions of phase separation. This zone may
be called mesophase and may be considered as a nonequilibrium IPN of some
transition composition, since the molecular level of mixing should also be
preserved. For spinodal decomposition there is no sharp border between co-
existing phases. The transition zone may be arbitrarily chosen in such a way
that its composition corresponds to the average composition of the IPN.

In general, the microphase structure of IPNs may be described as
a nonequilibrium one. Indeed, if the phase separation were realized under
equilibrium, then, in accordance with the most general thermodynamic rules,
the composition and the ratio of phases would be determined only by the
phase diagram of the system, and not by the conditions of the separation or
chemical kinetics. The situation typical of IPNs and of linear polymer blends
may never be realized in polymer solutions or in alloys of low molecular
mass substances. Thus, the first reason for the nonequilibrium consists in the
specific conditions of IPN formation.

However, in such nonequilibrium IPNs one can still discern various mi-
croregions that can be described as in quasi-equilibrium, that is, microre-
gions with a near molecular level of mixing. Two thermodynamic states in
the IPN can be distinguished. The IPN as a whole is a nonequilibrium sys-
tem due to incomplete phase separation and thermodynamic immiscibility of
the constituent networks. However, the two phases evolved may be consid-
ered as quasi-equilibrium phases because they are the result of microphase



54 Y.S. Lipatov · T.T. Alekseeva

separation, and each phase preserves the composition that is almost the same
as that of the one-phase state. This implies that the evolved phases are char-
acterized by a molecular level of mixing, and, because the mixing level that
was inherent to the state of mixing at earlier reaction stages is essentially
preserved, which corresponds to the onset of phase separation, these phases
are called quasi-equilibrium. Thus, the nonequilibrium microphase structure
of IPNs may be presented as a microheterogeneous two-phase system that
lacks molecular mixing of two constituent networks throughout the bulk, and
which has a near molecular level of mixing in each phase and transition zone
(interphase region).

All the ideas connected with the nonequilibrium multiphase structure of
IPNs are in good agreement with a comparatively low segregation degree in
IPNs (see Chap. 4, this volume). In such a way the whole structure of IPNs
may be presented as a mesophase matrix with embedded microphase regions,
which represent two evolved phases. Such a structural model coincides with
the spinodal mechanism of decomposition.

Depending on the kinetic conditions of curing, various degrees of phase
separation and various nonequilibrium states may be realized. To compare
different systems, it is important to characterize these states by one param-
eter, χAB:

χAB = Z
∆wAB

kT
, (71)

where ∆wAB is the exchange energy and Z is the coordination number of
the lattice. For various nonequilibrium states of IPNs, the level of molecular
interaction between different chains may be different. Formally, the differ-
ence may be ascribed to various values of Z. The system is in a state of true
thermodynamic equilibrium only if the free energy of mixing or χAB is nega-
tive. However, for immiscible systems like IPNs the free energy of mixing and
χAB are positive, as was discussed above. To compare various nonequilibrium
states of IPNs, the interaction parameter may be found experimentally by var-
ious methods [52]. Now let us consider an IPN separated into two phases.
Each quasi-equilibrium phase may be thought of as a solution of network A in
network B and vice versa, that is, as a miscible system. If phase separation is
complete, we deal with an equilibrium system that consists of two equilibrium
phases with negative interaction parameters for each phase. In this case,

(
χAB

)
exp =

(
χAB

)
I ϕI +

(
χAB

)
II ϕII , (72)

where indices I and II relate to phases I and II and ϕ are their volume fraction,
ϕI + ϕII = 1. If phase separation is not complete, (χAB)exp can be written as

(
χAB

)
exp =

(
χAB

)
I ϕI +

(
χAB

)
II ϕII +

(
χAB

)
m ϕm . (73)

In this equation, (χAB)m is the interaction parameter for the transition zone
(interphase region) between the two phases, which determines the free en-



Heterogeneous Structure and Morphology of IPNs 55

ergy of interphase formation; ϕm is the volume fraction of the interphase
region. For immiscible systems, (χAB)exp is positive. Generally, the two re-
gions of microphase separation are not in a state of true equilibrium and the
system as a whole is also in a nonequilibrium state. Parameters (χAB)I and
(ϕAB)II may be either positive or negative, whereas (χAB)m should always be
positive. According to Helfand [104], (χAB)m characterizes the interaction at
the interface between two phases (in the interphase region). If the transition
region is formed as a result of incomplete phase separation (see below), then
this nonequilibrium region of uncompleted separation may preserve the one-
phase structure of initial (before phase separation) mixture. In this case the
forced compatibility is realized and parameter (χAB)m may be negative.

As is seen from the last equation, the value of χAB consists of three parts,
each being determined by the conditions of phase separation and by the de-
viation of the system from equilibrium. The experimentally found interaction
parameter is determined by the system history. It has the physical meaning of
characteristics of the system nonequilibrium degree. It also allows us to com-
pare systems under identical conditions, but with different paths leading to
these conditions.

In conclusion, one has to say that the general state of the investigation of
the thermodynamics of IPN mixing and phase separation is far from the one
we have for blends of linear polymers [52]. In particular, one very import-
ant factor is not accounted for by studying the miscibility of two networks,
namely, the changes of volume by mixing. The last parameter is important not
only for thermodynamics, but also for the structure and viscoelastic behavior
of IPNs and is considered below.

3
Heterogeneous Structure and Morphology of IPNs

Phase-separated IPNs are heterogeneous systems characterized by the pres-
ence of two phases of various compositions, with the transition layer between
them arising as a result of the incomplete separation. It is well established [23]
that the usual cross-linked polymers also possess heterogeneous structure
due to the mechanism of gel formation. In IPNs this heterogeneity of each
constituent network should superimpose on the microheterogeneity due to
phase separation in the course of IPN formation. It is very important to
characterize the chemical and molecular and supermolecular structure of
IPNs as well as their heterogeneity, which is tightly connected with the de-
gree of phase separation (segregation degree). It is these characteristics that
determine the viscoelastic and mechanical properties of IPNs. The chem-
ical structure of IPNs, being determined by the chemical composition of
the constituent networks, can be characterized by the cross-linking degree,
whereas the molecular structure is characterized by the free volume. The
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physical structure of IPNs may be found either by X-ray scattering methods,
or by electron microscopy. The difficulties connected with applying SAXS and
SANS structural methods for investigation of amorphous polymers, includ-
ing networks, are very well known, and because of this there exists not so
much data on the IPN structure, based on these methods. At the same time,
there are a large number of published papers dedicated to the morphology of
IPNs as studied via electron microscopy. However, while the reliability of the
scattering methods is evident, electron microscopy cannot give any quantita-
tive evaluations of the structure and connect them with physical properties.
Indeed, electron microscopy is more an art than a science, because the inter-
pretation of results for amorphous polymers, as a rule, is rather vague.

3.1
Cross-linking Density in IPNs

In spite of many investigations of the structure and properties of IPNs, the
questions connected to the network density in IPNs still have no answers.
Meanwhile, the effective network density is one of the most important char-
acteristics of any network, including IPNs. To study IPN properties, first of all
it is necessary to compare its density with the densities of the constituent net-
works. To calculate the effective cross-linking density it is necessary to know
the usual physical densities of both networks, which are used in the following
calculations.

Usually two methods of estimating the effective cross-linking density are
used. The first is based on elasticity theory. It computes the concentration of
the cross-links in the network from the value of the elastic modulus and the
polymer density according to the equation:

νe =
E

3ρRT
, (74)

where νe is the effective concentration of the cross-links, E is the elastic mod-
ulus, and ρ is the network density [105, 106]. The equation was derived from
the following assumptions: the chains forming the network have equal full
length, the distribution of the chain ends obeys the Gaussian statistics, the
volume is not changed by deformation, and the deformation is affine. The se-
rious limitations in using this equation, even for rubberlike polymers, can be
easily seen. This equation was derived for vulcanized networks and did not
take into account possible chain entanglements.

Meanwhile, chain entanglements in IPNs play a very important role in the
processes of their microphase separation, by preventing it, which early has
not been taken into account. Nevertheless, this method was used in many
works. One example is the study of the sequential IPNs based on copolymers
of styrene and DVB [107] for various ratios of constituent networks w1 and
w2. The value of νe was compared with the density of the cross-links in net-
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works νr, calculated from the content of corresponding monomers in primary
(w1) and secondary (w2) networks. It was found that the dependence of νe on
νr is linear; however, the values of νe for the IPN were higher as compared
to the primary network. This effect was explained by the contribution of the
mechanical entanglements between networks.

The second method of computing the cross-linking density is based on the
well-known Flory–Huggins theory, and was initially used in some works by
Frisch, Frisch, and Klempner [9, 108, 109].

To determine νe of a homogeneous (swollen) polymer network, the equi-
librium modulus is measured in shear, compression, or extension [31, 111].
The stress in uniaxial extension/compression mode is equal to

σ =
f

Asw
= RTAfνeϕ

1/3
2 ϕ

2/3
0

(
Λ – Λ–2) . (75)

In this equation Asw is the cross section of the swollen specimen, R is the gas
constant, T is temperature in Kelvin, ϕ2 is the volume fraction of polymer in
the swollen sample, ϕ0 is the fraction of polymer-building components dur-
ing network formation, and Λ is the deformation ratio. Af is the front factor
(see [111]). The value of νe refers to unit unswollen volume.

It was suggested that if νe is higher for IPNs compared to the average value
calculated from the ratio of networks, the networks are interpenetrating. The
following important assumption, later confirmed experimentally [112], was
made. The IPN consists of three regions: network 1, network 2, and the in-
termediate region (interphase). In such a way from the very beginning it was
accepted that there is no pure interpenetration of the chains of both networks.
The total effective cross-linking density was considered to be

ve = Φ1
(
ve

)
1 + Φ

(
ve

)
2 + Φ3

[(
ve

)
1 +

(
ve

)
2

]
, (76)

where (νe)1 and (νe)2 are the densities of the individual networks, Φ1 is the
volume fraction of the i-th region, (Φ1 + Φ2 + Φ3) = 1. If Φ1 = Φ2, we have

ve =
(

1
2

)[(
ve

)
1 +

(
ve

)
2

] (
1 + Φ3

)
. (77)

Because of this, the value Φ3 is

Φ3 =
ve –

(
ve

)
0(

ve
)

0

, (78)

where (νe)0 is the cross-linking density of the system with no interpenetra-
tion.

Such consideration supposes that the interpenetration proceeds only in
one part of the system, in accordance with the two-phase structure of IPNs. It
was assumed that two phases interpenetrate only in the intermediate regions
between two phases. However, the concept of interphase was introduced for-
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mally with the sole purpose of describing the deviation of the network density
from additivity, and the value of ϕa does not really give any evidence of the
existence of the transition zone.

In spite of these limitations, the application of this method has produced
some interesting results. For example, for the IPN based on PU and polyacry-
late it was found that there exists a strong dependence of the cross-linking
density on composition, the absolute values being much higher as compared
with those calculated from the stoichiometric composition of the IPN. For se-
quential IPNs based on PU and styrene–DVB copolymer, it was found that
the experimental values of the cross-linking density had intermediate values
between the densities of constituent networks. In some cases the theoretical
values of νe exceed the experimental ones at some composition and are sim-
ultaneously lower at some other composition.

For semi- and full IPNs made of poly(oxyethylene) and poly(acrylic acid),
the effective cross-link densities were determined from the elastic modulus
and were compared with values estimated assuming the additivity of cross-
link densities of components [113]. Discrepancies between estimated and
calculated values are observed.

One of the most widely distributed methods of evaluating the effective
cross-linking density is based on the data on equilibrium swelling. For this
purpose the Flory–Rehner equation is used [105]:

–
[

ln
(
1 – v2

)
– v2 + χ1v2

2

]
= v1

(
ve/V

)
v1/3

2 – 2v2/3 , (79)

where νe/V = ρ/Mc is the effective network density, ρ is the polymer dens-
ity, Mc is the molecular mass of segments between cross-links, ν2 is a volume
fraction of polymers in a swollen gel, ν1 is a molar volume of a solvent, and
χ1 is the interaction parameter.

This parameter is usually calculated from the data on swelling obtained
at various temperatures. The main problem in using this equation for IPNs
is to find such a solvent that has similar values of the interaction parame-
ter for both polymers. Experimental data have shown that in almost all cases
the values νe/V are higher as compared with theoretically found values, this
probably being the result of the entanglements of the chains.

Thiele and Cohen [114] derived an equilibrium swelling equation for
homo-PS/PS IPNs where both networks are chemically identical except for
cross-linking level. This equation was modified by Siegfried, Thomas, and
Sperling [115] and describes the equilibrium swelling of sequential IPNs with
a single Tg, i.e., for a one-phase system. It is evident that this equation cannot
be transferred to phase-separated IPNs without considering the possibility of
applying this theory to each evolved phase. We believe that if the ratio and
composition of two phases were known, it would be possible to estimate the
total cross-linking density due to entanglements using the additivity rule. The
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modified equation for equilibrium swelling has the following form [115]:

ln
(
1 – v1 – v2

)
+ v1 + v2 + χS

(
v1 + v2

)2

= – VSN′
1
(
1/V0

1
)2/3

(
v1/3

1 – v1/2
)

– VSN′
2

[(
V0

2
)2/3

v1/3
2 – V2/2

]
, (80)

where subscripts S refers to solvent, ν1 and ν2 represent the volume fractions
of the two polymers in the equilibrium swollen state, ν0

1 and ν0
2 represent

the volume fractions of the two polymers in the dry state, χS denotes the
polymer–solvent interaction parameter (presumed identical for both poly-
mers), VS represents the solvent molar volume, and N′

1 and N′
2 represent

the cross-links of the corresponding single networks in mol · cm–3 as de-
termined by the Flory–Rehner equation. Experimentally this equation was
used to analyze PS/PS homo-IPNs, which were synthesized by swelling cross-
linked polymer I with monomer II plus cross-linking and activation agents,
and polymerizing II in situ.

In the derivation of Eq. 80 the contribution of mutual physical entan-
glements was not considered. If there are some physical cross-links arising
from internetwork entanglements, the swelling data are expected to be shifted
on the plot of the theoretical (calculated from stoichiometry) and the ex-
perimental values of cross-linking density. The effective cross-link density
N, calculated from the Young’s modulus, usually exceeded theoretical values
calculated from stoichiometry. It is taken as evidence for the new physical
cross-links caused by entanglements formed by IPN formation.

As the cross-links density of network 1 is increased, the shift is more pro-
nounced, indicating the existence of mutual entanglements. As is seen this
calculation allows us only to establish the existence of mutual entanglements,
but gives no possibility to estimate in a quantitative way their contribution to
the total cross-linking density.

In many investigations of cross-linking densities for phase-separated IPNs,
authors accept the additive scheme and calculate the IPN density from corres-
ponding stoichiometry calculations [116]. However, due to special features of
the formation of one network in the presence of another, the additive rule is
generally not valid. At that time, there were no attempts to develop a theory of
cross-linking in IPNs that will take into account the cross-linking densities in
separated phases as well as between them. Using all the equations describing
the swelling of the network, one has to bear in mind the fact that the depen-
dence of the swelling degree on the nature of polymer and solvent cannot
account for entanglements.

Later, by considering the filler influence [117] on the network density it
was shown that filled IPNs have lower network density as compared with
unfilled, due to filler influence on the reaction conditions.

In comparison with traditional cross-linked polymers, in IPNs, due to the
principle of their formation, there should be a strong contribution of chain
entanglements into the effective network density. The effective network dens-
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ity consists of two terms:

νeff = νchem + νent , (81)

where νchem is determined by the stoichiometry of reaction and νent by the
conditions of IPN formation and microphase separation by cross-linking. For
an ideal IPN, νeff should always be higher due to the entanglement contribu-
tion. In real IPNs, νchem can be different from the sum of network densities of
constituent networks. However, values of νeff that are lower than the additive
value show that the network structure is full of defects and the entanglement
contribution does not compensate for the loss in density, since νeff depends on
the reaction conditions and on the mutual influence of both decomposing net-
works on the total cross-linking degree. This effect is described in [118, 119].
It is connected to the influence of the reaction kinetics on the phase separa-
tion. During fast reaction there is enough time for phase separation, and the
entanglement contribution should be the highest one. On the contrary, for low
reaction rates, the microphase separation is ended before the gel point, and the
role of entanglement should be low. Besides, one has to bear in mind that the
final formation of the IPN structure proceeds in two separate phases, in each of
which the reaction continues up to the gel point. The total cross-linking density
should take into account the cross-linking density in each reacting phase, and
for this purpose it is necessary to know the phase ratio. Practically, this task is
too complicated to be solved experimentally with the present methods. Since
IPNs are phase-separated systems, one has to discuss the cross-linking density
in each phase and in the interphase, which is not possible yet.

A conclusion can be drawn that to determine the effective cross-linking
density, the methods based on the modulus measurements should be pre-
ferred. It seems possible in this case to distinguish between two contributions
to the νeff, if νe is determined chemically. An attempt to establish the inter-
connection between effective cross-linking density in semi-IPNs and kinetic
conditions of reaction has been made for IPNs based on cross-linked PU and
linear or partially cross-linked PBMA.

Analyzing the experimental data on swelling in IPNs, as was already men-
tioned, is very difficult. There are no theoretical descriptions of this process
either for sequential or simultaneous IPNs, because in all cases in phase-
separated systems there exist two phases, each being an IPN of different
composition. In our approach we consider the swelling on the basis of the fol-
lowing concept. Semi- and full IPNs are phase-separated systems formed of
two phases enriched in one of the IPN components. These phases may be con-
sidered as nonequilibrium networks with a molecular level of mixing in each
phase [103]. For semi-IPNs that means that such an “ideal” phase is formed
by a network polymer and a linear or branched one distributed in the main
network cell between cross-links. Swelling of such an ideal network depends
only on the cross-linking density of the network, as the linear or branched
polymer in the network cell is restricted in its ability to swell and does not de-
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pend on the swelling ability of the linear component. Such a situation should
exist for both phases evolved during reaction and microphase separation. The
experimentally found swelling degree is the sum of swellings in both phases.
Because these contributions cannot be separated, we shall operate further
with the total swelling effect.

To establish the kinetic influence on the effective cross-linking density in
semi-IPNs, the kinetics of the formation of a pure PU network and of poly-
merization of butyl methacrylate (BMA) have been investigated. It was found
that with decreasing molecular mass of polydiol used for PU formation, the
rate of network formation increases together with conversion degree at the gel
point (from 0.60 to 0.77). Kinetic data show that the reaction kinetics is in-
terconnected. Values of Mc calculated from the swelling data are presented in
Table 2 [119].

It can be seen that for PU based on poly(oxypropylene glycol) (POPG)-500
and POPG-1000, experimental values of Mc are lower as compared with the-
oretical ones calculated from the reaction stoichiometry, whereas for POPG-
1500 and POPG-2000 the experimental data are higher. The higher cross-
linking density for diol, whose molecular mass is low, was explained by the
contribution of strong physical bonds to cross-linking density. The transition
from linear PU to semi-IPN is accompanied by the increasing equilibrium
swelling of the system. For the IPN based on POPG-500, the swelling de-
gree increases four times as compared with pure PU, and for PU based on
POPG-2000 it increases 1.4 times. Therefore, simultaneous formation of both
cross-linked and linear PBMA leads to the formation of a network structure
with a higher number of defects as compared with other systems under in-
vestigation. This is probably connected with the fact that the rate of PBMA
formation in the semi-IPN based on POPG-500 is one order higher as com-
pared with POPG-2000. The formation of the network structure of PU on

Table 2 Experimental values of Mc (exp) and theoretically calculated Mc (theor) for PU
and semi-IPNs a [119]

System M, Mc, (νe/V) exp Mc, (νe/V) theor,
polydiol exp 104 mol·cm–3 theor 104 mol·cm–3

PU 2000 3600 3.00 2380 4.54
PU 1500 2740 3.95 1880 5.77
PU 1000 1200 9.20 1380 8.07
PU 500 450 25.70 880 13.20
semi-IPN 2000 4900 2.10 880 13.20
semi-IPN 1500 3800 2.73 – –
semi-IPN 1000 3050 3.53 – –
semi-IPN 500 1840 5.80 – –

a Theoretical values for PU and semi-IPNs are the same
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POPG-500 proceeds not in a liquid medium, as for PU with POPG-2000, but in
a medium with high viscosity (due to strong intermolecular interactions). As
a result, a less regular structure of the PU network is formed and we observe
weaker effective cross-links as compared with the pure PU network.

The formation of semi-IPNs based on POPG with lower molecular mass
proceeds faster under conditions preventing phase separation. Under such
conditions the contribution of entanglements to the effective cross-linking
density should be more pronounced. However, if we compare the ratio Mc
(semi-IPN)/Mc (PU), we can see that the lower is the molecular mass of
POPG, the higher is this ratio. This means that the cross-linking density is
less, the lower the MM of POPG.

Now, if we apply the model approach proposed above, we shall see that the
main effect on the effective cross-linking density in semi-IPNs is produced by
the kinetic conditions and the nature of the components. Changing reaction
conditions leads to the formation of the more defective structures of networks
as compared with the pure network. Thus, the effective network density is
determined not only by the theoretical topology of the network but also by
the reaction conditions. It is worth noting that the formation of IPNs under
phase-separated conditions enhances the formation of the defective network
because phase separation leads to the formation of two phases and of a tran-
sitional region, which may be considered as an independent IPN with its own
composition and cross-linking density.

In such a way we see that the problem of determining the cross-linking
density in IPNs is far from a solution, in spite of its importance for character-
izing the mechanical properties of advanced materials. At the same time one
has to bear in mind that, due to the conditions of their formation (kinetics,
phase-separation, etc.), one and the same IPN may be characterized by vari-
ous values of cross-linking density; therefore, this parameter cannot serve as
determining their mechanical and other properties. The higher is the phase
separation, the smaller is the contribution of entanglements to the effective
network density. We believe that this uncertainty is the reason for the fact
that in all investigations of IPNs dedicated to their relaxation and viscoelas-
tic properties, the qualitative data on cross-linking degree are absent, and the
only item that characterizes these properties is the reaction stoichiometry.

As often happens in science, instead of making theoretical and experimen-
tal attempts to elucidate the problem of determining the cross-linking density,
this problem was simply forgotten. Even in the famous book by de Gennes [47]
there is no mention about the cross-linking density of networks.

3.2
Free Volume

The appearance of two phases in IPNs during curing and the existence of the
interphase show that the packing density of IPNs is looser as compared with
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pure constituent networks. The transition of polymer chains into the inter-
phase is associated with a gain in entropy due to decreasing packing density
in this region, consequently leading to an increased free volume [120].

For polymer blends it was shown [121] that in the interphase region,
the fraction of free volume increases compared with coexisting phases. The
higher is the fraction of the interphase, the larger is the contribution of the
free volume in the interphase to the total free volume of the system.

The free volume in IPNs has not been investigated extensively. The first
attempt to estimate this value was done [65] using the data on vapor sorp-
tion based on the theory developed by Fujita [122]. The sequential IPNs based
on styrene–DVB copolymer (network I) and cross-linked PU (network II)
were studied. The PU content was up to 0.24 by mass. From the data on the
sorption kinetics the interdiffusion coefficients Dv, solvent self-diffusion co-
efficient D∗, and relative diffusion coefficient D were found. The value of D
was calculated from the relation Dv = D (1 – νs), where νs is the volume frac-
tion of a solvent in the IPN. According to Fujita, the change in self-diffusion
coefficient in isothermal conditions is described by the equation:
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where f (T) is the fraction of free volume of a polymer at T, D(0, T) is the
relative diffusion coefficient at ϕs = 0 and temperature T, B is a constant, and
β(T) = fs(T) – fp(T) is a parameter characterizing the solvent contribution to
an increase in the free volume of a system. Here, fs and fp are the fractions
of free volume of a solvent and polymer, respectively. The experimental data
were plotted as
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The dependence of ϕs[log(D∗/D(0, T)] – 1 on ϕs is linear, which indicates
the applicability of the free volume model to the system under investigation.
From these data the values of fp(T) were found from known values of fs. The
data for various ratios of networks were compared with those calculated ac-
cording to the additivity rule (Fig. 16) [65].

As we see, values of ∆f change in a nonmonotonous way depending on the
network ratio, the fraction of free volume being higher in IPNs at all ratios but
w2/w1 = 0.03–0.07. The complicated dependence of the free volume on com-
position may be attributed to the formation of the intermediate region of the
interphase between two phases in the IPN. A looser interphase contributes to
the increasing free volume of the whole system.

The same Fujita method was used to estimate the dependence of the
fractional free volume on composition for two IPNs based on PU and
on ionomeric PU [123, 124]. The PU network was obtained from propy-
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Fig. 16 Change of the fractional free volume deviation, ∆f , found experimentally from
additivity for various network ratios [122]

lene oxide–tetrahydrofuran copolymer and toluene diisocyanate (TDI)–
trimethylolpropane adduct with the ratio of NCO : OH being equal to 2. PU
ionomer was synthesized from cation-active oligomers, which were the prod-
ucts of the reaction between branched polypropylene glycol containing three
OH side groups per molecule, 2,4-TDI, and 2,2-dimethylethanolamine. The
three-dimensional network was created through the formation of ionic bonds
by adding 1,5-dibromopentene to the oligomeric system. IPNs were obtained
by simultaneous curing. Another system was made from the same PU and
a linear ionomer (B) from polytetramethylene glycol, TDI, and the K salt of
dioxybenzoic acid. The results of calculations are presented in Fig. 17 [124].
As one can see, for a small amount of cation-active ionomer (A) in the IPN,
the value f (T) is less than the additive one, whereas in the region of in-
termediate composition, IPNs are characterized by increased free volume
fraction. For anion-active ionomer (B) the free volume fractions deviate from
the additive ones over the entire concentration range. The extremes on the
f (T) vs composition curve coincide with those on the curve representing
the dependence of the free energy of mixing of the same IPNs. From the
comparison of the corresponding data it follows that higher compatibility is
characterized by the decreased free volume fraction as compared with free
components, whereas for the region of immiscibility the excess free volume
is typical. It may be suggested that the self-association in the cation-active
ionomer and segregation of components of the IPN are smaller than in anion-
active ionomer, which is more capable of self-association. Simultaneously,
ionomer A has three-dimensional structure, while ionomer B is a linear poly-
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Fig. 17 Dependence of the free volume fraction f (T) on the component ratio for IPNs
containing ionomer A (curve 1) and ionomer B (curve 2); dotted lines show additive
values [125]

mer. The segregation in the second case may be more pronounced, leading to
the appearance of loosely packed interphase regions.

The fraction of the interphase and its change depending on the IPN com-
position could be calculated as follows. The free volume f of the system may
be presented as:

f =
(
f1w1 + f2w2

)
(1 – a) + a

(
ϕ1wi1 + ϕ2wi2

)
, (84)

where f1 and f2 are the fractional free volumes of the first and second net-
works, ϕ1 and ϕ2 are the fractional free volumes of the first and second
networks in the interphase, α is the fraction of the interphase, and wi1 and
wi2 are mass fractions of the first and second networks in the interphase. The
deviation of the fractional free volume from additivity is

∆f = a
[(

ϕ1wi1 + ϕ2wi2
)

–
(
f1w1 + f2wi2

)]
. (85)

Because the surface tensions of IPN components are very close, the selective
adsorption at the interface between two components is almost absent. Then
the ratio of the networks in the interphase may be assumed to be the same as
in the bulk of the IPN, i.e., wi1 = w1 and wi2 = w2. In this case, Eq. 85 may be
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written as:

∆f = a
(
ϕ1w1 + ϕ2 – ϕ2w1 – f1w1 – f2 + f2w1

)

= a
[(

ϕ2 – f2
)

+ w1
(
ϕ1 – f1 – ϕ2 + f2

)]
. (86)

This dependence may be transformed into

∆f = a(k1 + k2w1) , (87)

where k1 = φ2 – f2 and k2 = φ1 – f1 – φ2 + f2.

The experimental dependence of ∆f on w1 for IPNs made from PU and
styrene–DVB copolymer (Fig. 16) may be approximated by the equation:

∆f = ebw1
(
k1 + k2w1

)
. (88)

From the calculated parameters of Eq. 88 the fraction of the interphase was
found. This value increases linearly with the content of the second network.
This calculation implies that the deviations of the free volume from additivity
are determined only by the formation of an interphase between two separated
phases in the IPN. This allows the conclusion to be drawn that the shift of the
temperatures of relaxation transitions in IPNs is not the result of some com-
patibility at the interface, but on the contrary, the result of incompatibility.
Unfortunately, in the cited work the range of the network ratios studied was
too small.

One can expect that the distribution of the free volume in IPNs should also
differ from the ones in constituent networks. Based on the lattice model of
free volume [125] the approach to the estimation of the free volume distribu-
tion in semi-IPNs was proposed [126]. It was accepted that free volume was
a set of vacancies in lattices of various unitary dimensions inserted into one
another or densely joined with one another.

To find experimentally the free volume distribution, a variant of gel chro-
matography was used that allowed estimation of the dimensions of molecules
dissolved in eluent from the retention time tR in gel. In [126, 127], inverse
gel-permeation chromatography was used and the dimensions of free space
or vacancies in the network were determined from the retention time of test
molecules in the gel. These molecules were of various sizes up to monomeric
ones. In such a way, the part of space between the cross-links in the network
was found, available for permeation of molecules (macromolecules) with
known mean-square distance between the chain ends, < h >. The larger the
macromolecule dimension, the lower the total fraction of vacancies available
for their penetration. Thus the distribution of vacancy size can be estimated.
The main problem in the application of this method consists in the transition
from the distribution obtained for swollen gel (the necessary condition for gel
chromatography) to distribution for pure network without solvent.
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Using the proposed method, the free volume distribution was determined
for simultaneous semi-IPNs based on cross-linked PU and PBMA (simultan-
eous curing of PU and polymerization of BMA) [126]. The PU/PBMA ratio
was 1 : 1. The gel chromatographic experiments were performed using as
a test molecule the standard polystyrene (Du Pont) with MM from 1 800 000
to 800 at Mw/Mn < 1.05, toluene and styrene being also used as low mo-
lecular mass substances. The transition from the molecular masses to the
mean-square dimensions of the coils for PS were done using the relation
< h > = 0.065 M1/2.

From the dependencies of the retention time on the molecular mass of test
molecules, the integral distributions of vacancies were found for cross-linked
PU and semi-IPNs and the differential distribution of vacancies was calcu-
lated (Figs. 18, 19) [126]. For a pure network the greatest fraction of vacancies
has the dimension of 1.32–1.75 nm. The dimensions below 1.32 nm are not
present in the network. For semi-IPNs the vacancies above 14.5 nm disappear;
the smallest vacancies had a broader distribution with a broad maximum at
1.24–2.00 nm. The average dimension of vacancies was calculated according
to the equation:

〈h〉av =

∑
i

〈h〉i
(

dI/d 〈h〉)i
∑

i

(
dI/d 〈h〉)i

, (89)

where I is the integral distribution and i is the order of the derivative.
The comparison of the data for swollen PU and the semi-IPN shows that

the average dimensions of the vacancies are rather close (1.80 and 1.87 nm,

Fig. 18 Differential distribution of vacancies in PU [127]
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Fig. 19 Differential distribution of vacancies in the semi-IPN [127]

respectively), whereas their distributions differ significantly. The semi-IPN is
more heterogeneous with respect to vacancy distribution and does not con-
tain large vacancies. The fraction of free volume for small and intermediate
dimensions in the IPN is higher as compared with PU, in spite of the presence
in PU of large vacancies. The total fraction of free volume is higher for semi-
IPNs. The total volume of vacancies may be considered as the free volume
of the system. Its value was found for pure PU and semi-IPNs in the swollen
state.

It is possible that the effects observed are connected to the network den-
sities in cross-linked PU and the semi-IPN. To clarify the situation, the
estimation of the effective network density of PU and the semi-IPN was done
using the data on swelling. The interaction parameter χ1 was calculated using
the principle of corresponding states. The values of Mc were found to be 2400
for the PU network (the one calculated from stoichiometry) and 1700 for the
semi-IPN. As we see, both the PU and semi-IPN have approximately the same
network densities. As follows from these data, the higher fraction of free vol-
ume in the semi-IPN cannot be attributed to different degrees of cross-linking.
The only explanation seems to be reasonable, namely, that in semi-IPNs, as in
nonequilibrium systems, the majority of components are formed in an inter-
phase region of incomplete phase separation. The diminishing packing density
in this region may serve as a source of additional free volume in semi-IPN as
compared to the pure PU network. Having found the values characterizing the
network density, one can evaluate its influence on free volume distribution. It
may be assumed that the distribution of free volume should be bimodal be-
cause of the presence of cross-links. Some part of the free volume should be
associated with the network density, whereas the other part is associated with
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the free volume determined by chains between cross-links. The increment of
free volume, ∆f , was calculated as a function of < h > for each kind of test
molecule. Figures 20 and 21 show the corresponding dependencies. It is seen
that bimodality really exists. The hole dimensions in the range 2.5–3.0 nm
(part of the curve before increment begins to grow) correlate with values of Mc
for PU and semi-IPNs. As was said, these data were obtained for the swollen
networks using the gel chromatography principle.

Fig. 20 Dependence of the increment of fractional free volume on cell dimensions for a PU
network [127]

Fig. 21 Dependence of the increment of fractional free volume on cell dimensions for
a semi-IPN [127]
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To realize the transition from the vacancy distribution in swollen gel to
the pure network, the following approach was proposed [126]. The system
under investigation was assumed to be an affine network in accordance with
the lattice model, where all cells are equivalent. Then, the calculation does not
depend on the network type (semi- or full IPNs).

The volume of a nonswollen specimen Vp may be represented as consisting
of two parts: free volume Vf

p and occupied volume V0
p:

Vp = Vf
p + V0

p . (90)

It is assumed that the swelling proceeds due to an increase in free volume. In
such a case, if the free volume of the swollen specimen is Vf

s, we have:

sVp = Vp + Vf
s – Vf

p , (91)

where s is the degree of swelling and Vf
s – Vf

p is an increment of free volume
due to swelling. Solving the last equation for Vf

p, we obtain:

Vf
p = Vp + Vf

s – sVp . (92)

After dividing by Vp, the fractional free volume of the nonswollen specimen
may be found as

fp = (Vp + Vf
s – sVp)/Vp . (93)

Dividing both the numerator and the denominator of the right part of the
equation by sVp, we find fp as a function of the experimentally found free
volume fraction, f , of swollen specimen:

fp = 1 – s(1 – f ) . (94)

This equation satisfies limiting conditions: for an unswollen specimen (s = 1)
we have fp = f and at f = 1 (hypothetical case) fp = 1, confirming the correct-
ness of using Eq. 91 for deriving Eq. 94.

The corresponding values for nonswollen networks were calculated ac-
cording to Eq. 94. The total fractions of the free volume are equal to 0.13
for PU and 0.46 for semi-IPN. Unfortunately, the restricted data do not al-
low us to make general conclusions about the contribution of free volume
changes to the viscoelastic properties of IPNs. Experimentally, free volume in
PU/polyacrylonitrile IPNs has been studied by using the method of positron
annihilation [128].

3.3
Parameters of Heterogeneous Structure of IPNs

To evaluate the heterogeneity of the phase-separated IPN and the degree of
phase separation (segregation degree) various approaches can be used. The
most fundamental one is based on SAXS in the form proposed by Bonart and
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Mueller [129, 130]. The following characteristics are important: the difference
of the local density ρ′(x) from the mean density ρ′ and the value ∆ρ2′

c , which
represents an overall measure of all density variations. For multicomponent
systems it is of great interest to compare the value of ∆ρ2′

with theoretical
values of the mean square of electron density fluctuations, ∆ρ2

c . The latter
value may be calculated from the electron phase densities ρ1 and ρ2 and from
the phase volume fraction ϕ.

In this case:

∆ρ2
c = ϕ

(
1 – ϕ

) (
ρ1 – ρ2

)2 (95)

α =
∆ρ2′

∆ρ2
c

. (96)

This ratio provides an overall measure for the degree of segregation.
It should be noted from the very beginning that segregation degree is

a relative value, which characterizes the hypothetical system where α is the
fraction of fully separated material whereas (1 – α) remains in the unsepa-
rated state. It is evident that the real situation does not correspond to such
a simple picture. In spite of this, the value of segregation degree is a quan-
titative value which allows one to “probe” the most important properties of
phase-separated IPNs.

The SAXS data also allow us to evaluate other very important character-
istics of the heterogeneous structure. From these data the mean square of
electron density fluctuation, ∆ρ2′′

, may be obtained. This value is calculated
using the experimentally determined value of the thickness of the interphase
layer E, which is also a very important quantity characterizing the transition
region between two separated phases. The method of calculating E is rather
complicated and is described in detail [130]. The boundary diffuseness β may
be expressed as

β = 1 – ∆ρ2′′
/∆ρ2′

, (97)

where ∆ρ2′′
is the average square of the electron density fluctuations for the

similar system, but not accounting for the effect of the diffuse interphase
layer. Value of β does not depend on the nature of intermixed segments.

The next step of characterization is the estimation of the value

γ = 1 – ∆ρ2′′
/∆ρ2

C , (98)

which represents a measure of the number of intermixed segments, irrespec-
tive of any boundary diffuseness.

For the model of heterogeneous structure with a definite intermixing of
segments, the parameter ∆ρ2

m may be introduced:

∆ρ2
m = ϕ

(
1 – ϕ

) (
ρ1 – ρ2

)2 , (99)
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where ρ1 and ρ2 are electron densities of various microregions of incom-
plete phase separation, and ϕ is a volume fraction of one of the phases. The
comparison of ∆ρ2′′

and ∆ρ2
m allows the verification of the suggested micro-

heterogeneous structure.
Together with this value, the microheterogeneity is characterized also by

the specific inner surface S/V that can be found from the equation:

S
V

=
8πϕ(1 – ϕ)u3

∞∫

0
J̃(u)u du

J̃(u) , (100)

where J̃(u) is the intensity of scattering, u = 2 sin θ/λ is the scattering vector,
θ is the scattering angle, and λ is the wavelength.

The average length of the heterogeneity regions is given as Eq. 101:

lC =
1
π

∞∫

0
J̃(u)

∞∫

0
uJ̃(u)du

, (101)

where the integral in the denominator is the mean square of the electron
density fluctuation, < ∆η2 >. The parameter characterizing the average size
of the heterogeneous regions, lp, is expressed as

S

4Vϕ
(
1 – ϕ

) =
lim

u→∞ 2π3u4/u

4π
∞∫
0

u2/(u)du
=

1
lp

. (102)

Also, one can estimate the size of microregions with preferential content of
one component l1, the distance between their borders l2, and their centers
l1 + l2 [131].

A different approach for studying the microphase structure of IPNs based
on SAXS and DSC was proposed [132]. This approach uses the mean field
theory combined with random phase approximation [51]. The statistical
structure factor near the microphase separation for ideal IPNs (where during
synthesis no phase separation occurs) is given as

SMST =
Nefff

(
1 – f

)
(
D

(
x/6

)
+ x/(x + 2)–2

)
– 2χNefff

(
1 – f

) , (103)

where x = s2 < R2 >, s is the scattering vector, s = 2 sin θ/λ, and < R2 > is the
mean-square distance between the chain ends connecting two mutual en-
tanglements, Neff is the number of statistical segments per effective chain,
D(y) = 2y–2(e–y + y – 1) is the Debye function, and χ is the thermodynamic
interaction parameter. This structural factor has a maximum at some value
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of x∗ that is independent of χ. This maximum corresponds to the scattering
vector s∗ at scattering maximum. For IPNs the value x∗ = 5.45 and therefore:

s∗ =
2.33√〈

R2
〉 . (104)

The characteristic scattering length lC = 1/s∗ and is approximately equal to
the mean gyration radius. Authors point out that as distinct from the mean
field theories, for real simultaneous IPNs it is necessary to account for phase
separation proceeding during IPN formation. This theory considers the spin-
odal decomposition during IPN formation and introduces the time tC, after
which the decomposition is suppressed. It is assumed that the characteristic
reaction time tC is close to the gelation time tG (the concept of time during
which the separation is possible was developed earlier [133]). The structural
factor S(s), reflecting irreversible frustrated fluctuations appearing as a result
of competition between phase separation and topological restrictions, may be
represented as

S(s) =
[

1 – exp
(

– γ
s2

S0

)]
S0

s2 , (105)

where

S0 =
1

As2 + m + C
s2

, (106)

where A is proportional to the energy gradient, m is the value becoming
a structural factor in the limit s → 0, which is proportional to (T – TG), and C
is the coefficient of local attraction between chains. The value γ depends on
the monomer diffusion coefficient, component ratio, and kinetics of reaction,
characterized by tC; A, m, and C in this expression are average effective values
describing the thermal prehistory of the sample. The correlation length of the
microphase can be calculated as

lC =
(
A/C

)1/4
. (107)

Since S0 near s = s∗ has the same structure as the structural factor SMST, Reff
may be found from Eq. 107.

3.4
Experimental Data on Heterogeneity

Using SAXS, the microphase structure of various IPNs has been investigated.
The following IPNs have been studied.

1. PU–styrene–DVB copolymer [130, 134].
2. IPNs based on oligoester acrylates synthesized using anionic polymeriza-

tion [135].
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3. IPNs based on PU and PU ionomer [136].
4. IPNs based on oligoisoprene dihydrazide and epoxy resin [137].
5. PU–PUA [138].

3.4.1
Sequential IPNs Based on Polyurethane
and Styrene–Divinylbenzene Copolymer

Figure 22 shows the wide-angle diffractograms of individual networks and
IPNs based on them. It can be seen that the characteristic feature of cross-
linked PU is the presence of one intensive maximum at 20.2◦ [130, 134]. The
scattering curve of styrene–DVB copolymer has two diffraction maxima at
10◦ and 19.2◦. The scattering curves of IPNs are close to those for PU, if the
amount of copolymer is small. However, the shape of these curves differs in
the angle range close to 10◦. An increased amount of copolymer enhances
these differences and later the first maximum of copolymer is seen.

The full similarity of the main diffraction maxima on curves 1 and 2
(Fig. 22) shows that introduction of small amounts of copolymer in a PU

Fig. 22 Wide-angle diffractograms of PU–styrene–DVB copolymer IPNs: (1) pure PU,
(6) pure copolymer; IPNs with (2) 3.6, (3) 8.6, (4) 31.4, and (5) 35.4% by mass of copoly-
mer [130]
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matrix does not change typical local ordering. For the IPN with 30% of
copolymer, the clear appearance of the copolymer maximum shows the exis-
tence in the IPN of regions with the copolymer structure.

Figure 23 shows the small-angle scattering intensities (in absolute units)
for IPNs and their components. Both for PU and copolymer, the low level of
scattering is typical. In the same figure the data for a PU network swollen in
monomeric styrene–DVB mixture (53% of this mixture) are presented. For
the swollen network the scattering level as compared to initial components is
very high. The comparison of the scattering curves (Fig. 23) shows that IPNs
fall in between the curves for pure components and those of the swollen net-
work. The increasing amount of the copolymer leads to the growth of the
small-angle scattering intensity and to the stepwise change in the shape of the
curve. The marked increase of intensity is observed both at very small angles
and in the middle part of the curves.

The comparatively small level of scattering for IPNs favors the studies of
the heterogeneous structure of IPNs containing even small amounts of the
second network. The increasing intensity for IPNs as compared with the addi-
tive values for pure components proves the nonhomogeneous distribution of
PU and copolymer throughout the volume of the system. The conclusion can

Fig. 23 Intensity of SAXS (in electronic units) for pure copolymer (1), pure PU (2) and
IPNs: (3) 3.6, (4) 8.6, (5) 31.4, and (6) 35.4% of copolymer; (7) PU swollen in styrene–
DVB mixture (53%) [130]
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be drawn that the formation of an IPN leads to the appearance of microre-
gions with different amounts of PU and copolymer. Increasing copolymer
amount increases the heterogeneity of the IPN structure.

For the same system the change of SAXS pattern was studied at vari-
ous stages of styrene–DVB copolymerization. For these systems the param-
eters of heterogeneous structure calculated from SAXS data are presented in
Table 3 [88]. They were determined on the basis of difference curves that were
obtained by subtracting additive values of intensities of pure components
from the values of small-angle intensities of IPNs.

As we see from Table 3, by transition from small amounts of copolymer
to the middle concentrations, the values of lC sharply decrease at first and
then increase. Simultaneously, in the same series the permanent increase of
l1 and decrease of l2 occurs. The special feature of IPNs with small amounts
of copolymer is the sharp difference between values of l1 and l2. For the
intermediate concentration these values differ only slightly. From Table 3 it
follows that the heterogeneity distance, lC, for IPNs with intermediate com-
position is much higher than for the same PU network in equilibrium with
the monomeric mixture. Increasing the amount of copolymer diminishes the
thickness of the transition layer E. Comparison of the data for IPNs of var-
ious compositions shows that the increasing amount of the second network
(copolymer) results in a significant increase in the degree of segregation, in
the diminishing diffuseness of the phase border, and diminishing mixing de-
gree of components.

The experimental data on the heterogeneous structure of the PU network
allow us to consider the special features of the heterogeneous structure of
IPNs beginning from the stage of their formation. This formation proceeds by
the copolymerization of monomers due to microphase separation of PU and
copolymer chains. At both small and intermediate concentrations of copoly-
mer in the PU matrix there are microregions of copolymer formed due to
the arising immiscibility of network components. As is seen from Table 3, for
IPNs with small amounts of copolymer the low segregation degree and rather

Table 3 Parameters of heterogeneous structure of IPNs based on styrene–DVB [88]

Copo- lC, A l1, A l2, A E, A ∆ρ2′ ·105, ∆ρ2′′ ·105, α β γ

lymer e2·mol2·cm–6 e2·mol2·cm–6

cont.
%

3.6 321 20 270 37 0.307 11.1 0.010 0.972 0.465
8.6 131 26 280 30 5.760 17.9 0.156 0.678 0.515

31.4 170 105 230 23 66.400 73.5 0.657 0.097 0.272
35.4 193 123 225 21 76.700 78.1 0.716 0.018 0.270
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high diffusivity of phase borders and high miscibility are typical. Small mi-
croregions are the nuclei of the heterogeneous structure. Being about 20 Å in
size, they are surrounded by a layer with varying concentration with thick-
ness 30 Å and more. This shows that the main part of the copolymer at small
concentrations is located in the transition layer.

For IPNs with amounts of copolymer exceeding 30%, high segregation de-
gree and low diffusivity of the phase border is typical. The comparison of
small- and wide-angle diffractograms allows us to conclude that in this case
the copolymer forms inclusions in the PU matrix with a size of over a hun-
dred angstroms because of the possibility for copolymer to aggregate into the
large particles. At high copolymer concentrations, the conditions for phase
separation in the PU-polymerizing mixture system are created, and inclu-
sions are uniformly distributed in the PU matrix. The general conclusions
are the following for sequential IPNs at the swelling stage: cross-linked PU is
a system of extremely high heterogeneity because of the nonuniform distri-
bution of glycol segments, rigid segments, and solvent (monomeric mixture).
In the course of polymerization, depending on the copolymer concentration,
various effects are possible. At small copolymer content, the microphase sep-
aration remains incomplete. In the intermediate concentration range, due to
the high degree of microphase separation, the copolymer inclusions play the
role of polymeric filler in the polymer matrix, although the dispersion degree
is very high here as compared to usual fillers. In these systems the structural
features are reflected in the mechanical properties of such systems [139–141].

3.4.2
Simultaneous IPNs Based on Polyurethane and Poly(urethane acrylate)

IPNs based on PU and PUA are characterized by the fact that the wide-angle
diffractograms of both individual networks are very close in the position and
the shape of the main maximum, since both networks are purely amorphous
systems [134, 138]. Because of this the only criterion of the microphase sepa-
ration in this case is the SAXS data. Figure 24 shows the intensity of scattering
curves for IPNs of various compositions. These curves were obtained, as be-
fore, by subtracting the data for pure networks from IPN curves. It is seen that
these curves are characterized by the different levels of intensity and shape,
depending on the composition. These data show the nonuniformity in the dis-
tribution of components in the volume of the system, which is the result of the
microphase separation. In the region with a small concentration of one of the
networks, the scattering curves have the shape typical for the heterogeneous
systems of dilute type. Therefore, at such compositions the correlation in the
disposition of heterogeneity regions is absent.

For IPNs with intermediate compositions (40–75% of PUA), increasing
scattering in the middle part of the curves is observed, which is characteris-
tic of densely packed systems. However, even in this case, on the diffraction
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Fig. 24 Dependence of log of absolute intensity SAXS on the scattering angle for PU–PUA
IPNs: (1) 5% PUA, (2) 10, (3) 40, (4) 50, (5) 75, and (6) 90% by mass [130]

curves the interference maxima are absent, which could be connected to
ordered distribution of microregions of heterogeneous structure. The diffuse
character of these curves testifies in favor of various sizes of heterogeneity
regions being present.

As in the previous case, the parameters of heterogeneous structure have
been calculated (Table 4) [88]. From Table 4 it is seen that the values of lC in
IPNs with concentration of poly(ester acrylate) (PEA) up to 50% are practi-
cally unchanged and are close to 500 Å. Simultaneously, transition to IPNs
with 75 and 90% of PEA shows the drop of lC down to 130 Å. This concen-
tration interval (50–75%) is also characterized by the sharp changes in other
parameters of heterogeneous structure. Segregation degree sharply increases
whereas miscibility of components sharply decreases. Significant changes in
heterogeneity parameters in the given composition interval are connected
with the phase inversion: with PEA concentration being to 50% of PEA, its
inclusions are distributed in the PU matrix, whereas further increase in PEA
content leads to the situation where PU becomes a dispersed phase. As the
mechanism of phase separation in this case is not known, it is difficult to say
if the regions of heterogeneity are almost pure phases or mixed phases that
are formed in the course of phase separation.
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Table 4 Parameters of heterogeneous structure of IPNs based on PU and PUA [88]

PUA, lC, A lp, A l1, A ∆ρ2′′ ·106, α β γ E, A
% e2·mol2·cm–6

5 440 320 350 45.2 0.29 0.08 0.70 33
10 475 140 160 50.8 0.31 0.08 0.68 40
40 454 40 70 58.5 0.33 0.07 0.66 20
50 533 80 160 60.2 0.34 0.06 0.65 20
75 123 17 23 128.4 0.75 0.15 0.06 18
90 134 20 25 96.7 0.65 0.12 0.30 19

From the value of lp and the value of PEA volume fraction, the dimensions
of its microregions can be estimated (l1). The corresponding data are given
in Table 4. It should be noted that values of l1 and lC are average values over
the volume of microregions. However, if in determining l1 usually the contri-
bution of small microregions is overestimated, in determining lC there is an
overestimation of the contribution of large microregions. Thus, these data al-
low one to estimate the polydispersity of the heterogeneous structure. From
Table 4 it is seen that for 5% of PEA, the values of l1 are comparable to those
of lC. Therefore, for inclusions of PEA dispersed phase there is observed only
a small difference in the sizes of inclusions. At the same time, in the regions of
small and intermediate amounts of PU, the values of l1 and of lC differ rather
significantly, this being the confirmation of the polydispersity of sizes of in-
clusions. The highest variation in the microregion sizes should be observed in
the intermediate range of compositions where the inversion of phases occurs.

Therefore, simultaneous IPNs based on PU and PUA are strongly hetero-
geneous systems because of the microphase separation of components. The
latter is connected to the transition in the course of IPN formation from
a miscible mixture of the initial component to a immiscible one, when net-
work fragments begin to appear. It is important that the dimensions of the
microphase regions depend on the system composition. In particular, from
the data of Table 4 it follows that in the concentration range with a prevail-
ing amount of PEA, the miscibility degree and the interphase layer thickness
are smaller, and the segregation degree is higher, as compared to the IPNs
with higher content of PU. When PEA is prevailing, the sizes of microregions
are lower. These features of microphase structure are connected to the kinet-
ics of polymerization, because the rate of PEA network formation is much
higher as compared to PU. Full curing of PEA proceeds in 5 h, whereas for
PU the curing time is over 48 h [134]. Therefore, if in the initial oligomer
mixture the oligourethane acrylate fraction is no higher than 50%, at the
initial polymerization stage the fragments of PEA network are distributed
in the liquid matrix of PU components. The sizes of these microregions are
400–500 Å (Table 4). After full curing of PU, the system arises where inclu-
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sions of PUA are embedded in the PU matrix. However, if in the initial system
the fraction of PUA exceeds 50%, first the complete formation of the PEA
network proceeds, and in the PEA matrix the inclusions of fragments of the
PU network are formed, their sizes being 10–150 Å. The segregation degree
in this case is much higher as compared to IPNs with higher content of PU.
For other systems investigated by the same method, similar results were ob-
tained [88, 138–141].

Of a special interest is the process of developing heterogeneity in se-
quential IPNs where the formation of the second component proceeds in
the network which already has its own heterogeneity. Heterogeneous struc-
tures of sequential semi-IPNs based on cross-linked PU and PHEMA were
studied in [142]. There was established the existence of two hierarchical lev-
els of heterogeneity. The first level relates to the concentration fluctuations
inherent to the first early stages of spinodal decomposition and is character-
ized by evolution of microemulsions of practically pure PU and domains of
PHEMA, the latter including the tie chains of PU. The SAXS data have shown
various degrees of mixing of two components depending on the IPN compo-
sition. The intensive interferential maximum on the scattering curves shows
the quasi-periodical distribution of the microregions of phase separation en-
riched either in hard or soft segments of PU chains.

Authors present the structure of semi-IPNs as consisting of two parts:
microregions that have a lamellar structure of initial PU network and do-
mains enriched in a linear component. The dimensions of PU microregions
are about 200 Å. These regions are distributed in a heterogeneous matrix that
consists of the chains connecting PU microregions and domains enriched in
linear polymer.

3.4.3
Sequential IPNs Obtained Using Anionic Polymerization

Of special interest are the IPNs obtained in the course of anionic polymer-
ization [33, 135, 142, 143]. In this case the formation of IPNs proceeds ac-
cording to the mechanism of “living” polymerization. The following systems
were chosen: α,ω-dimethacryl-bis(triethylene glycol phthalate) (MGP) and
trioxyethylene α,ω-dimethacrylate (TMA). The second network was a copoly-
mer of styrene and DVB. When IPNs are obtained by anionic polymerization,
the second network developing in the matrix of living polymer is formed by
an anionic mechanism. A distinctive feature of such networks is the presence
of charged active centers and phthalate groups in the main chain. For these
systems the structural parameters of heterogeneity have been found using the
SAXS method and the theory presented above. The IPNs were obtained under
various conditions.

Table 5 shows the structural parameters of the systems under investiga-
tion [135]. The data show that the sizes of heterogeneities lC decrease when
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Table 5 Structural parameters of the initial networks and IPNs [135]

System Co- MGP IPN-1- IPN-2- TMA IPN-1- IPN-2-
polymer MGP MGP TMA TMA

lC, A 1300 1700 1300 1650 840 520 810
S/V·105, 6.84 4.7 6.26 32.12 9.1 16.2 11.7
cm–1

∆ρ2·105, 0.148 1.08 2.04 2.56 20.0 16.3 15.6
e2·mol2·cm–6

IPN-1-MGP is formed, while for IPN-2-MGP they remain practically un-
changed. The same dependence was observed for IPNs based on TMA, but
lC values in this case were approximately half as large as those in the for-
mer case. The specific surface of the heterogeneities for IPN-1-MGP increases
a bit, whereas for IPN-2-MGP it increases sharply. For both IPNs based on
TMA, an increase in the specific surface is observed. One must pay attention
to the increase of the average square fluctuations of electron density by one
or two orders of magnitude when passing from copolymer network to MGP
or TMA networks.

The analysis of the scattering data shows that all networks are heteroge-
neous systems of a rather dilute type. The size of the heterogeneous regions in
pure networks corresponds, as approximate calculations showed, to hundreds
of thousands of oligomeric chain sizes. Creation of such regions can be ex-
plained by a microheterogeneous character of polymerization [33]. A twofold
increase in < ∆η2 > in comparison with the network matrix is characteristic
of the IPN based on MGP. The above results of the structural investigation of
the initial networks and IPNs show that the structure of the latter IPNs may
vary considerably, depending on the conditions of preparation.

Next we discuss the interrelation between the structure parameters and
the conditions of IPN formation, determined by the successive addition of
the components forming the second network and the catalyst. During the for-
mation of IPN-1-MGP a living network matrix was obtained at first, after
which styrene and DVB were added. During the initial steps of styrene–DVB
polymerization, fragments of PS chains were formed due to transition of elec-
trons from the phthalate rings of the first network. Then the fragments of
PS chains were cross-linked by DVB. Coulomb interactions in the system de-
crease in this case. The ratio of the network matrix to the second matrix
was 0.6 : 0.4.

IPN-2-MGP was obtained in a different way, namely, by adding DVB (2 : 1)
simultaneously to the living network matrix along with an additional portion
of the catalyst. In this case the total concentration of the catalyst for the IPN-
1 and IPN-2 remained unchanged. The differences in the synthesis conditions
caused the difference in the effective density of the penetrating network, and
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(in the case of IPN-2) polymerization of the second network was mainly due
to introduction of additional quantities of the catalyst, proceeding with sim-
ultaneous participation of styrene and DVB molecules. As a result the second
network was formed in a different way. Thus, in IPN-1 the cross-linking of the
second network had to take place mostly in the regions of the reactive system
that had immediate contact with the first network matrix, whereas in IPN-2
the process could proceed within the entire volume all at once.

It was concluded that, because of the heterogeneity of the first network,
the distribution of the monomer molecules, which form the second network,
is not uniform. Areas with low density of cross-links are places of higher
concentration of monomer, while more dense areas contain less monomer. It
was established [142, 143] that Coulomb interactions in the growing charged
chains play an important role in the formation of anionic networks. For
IPN-2, the second network is formed with much stronger intensive Coulomb
interactions, as the addition of the catalyst promotes the retention of charges
of the phthalate rings of the network matrix. Styrene polymerization pro-
ceeds independently, and Coulomb interactions with the charged groups of
the network matrix increase. The experimental data show that in both cases,
the formation of anionic IPNs raises the inhomogeneity compared to that
of the initial network (increase in < ∆η2 >). For IPN-2 the lC parameter re-
mained unchanged because of strong Coulomb interactions and higher dens-
ity of the second network, while the specific surface increases sharply (about
seven times). This is due to formation in the IPN of smaller areas containing
the material of the initial network. The initial heterogeneities area remains
preserved.

IPN-1-TMA was obtained with a styrene–DVB ratio of 2.5 : 1, whereas IPN-
2-TMA was with a ratio of 7 : 1. The fraction of the second network was about
0.1. In the first case the initial network was first “activated” by the catalyst,
and then monomers of the second network were added. IPN-2-TMA was ob-
tained by adding monomers and catalyst to deactivated network matrix. In
this case an increase in < ∆η2 > was not observed. The size of the heteroge-
neous regions decreases when the relative content of DVB increases (IPN-1).
This fact was explained by an absence of Coulomb interactions between the
polymerizing chains and the charged fragments of the network matrix, as
there are no phthalate rings in the matrix. Therefore, the newly formed net-
work is more likely to be introduced into the network matrix, which results
in the smoothing of the difference in electron densities and in decreasing of
the size of the heterogeneity regions.

These data show again that the special features of the network formation,
even not considering the conditions of phase separation in the system, con-
tribute much to the formation of the second network in sequential IPNs. In
the present case, this contribution is influenced by the presence of a great
number of charges and by different intensities of the Coulomb interactions
between the charged fragments in the network matrix and the growing net-
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work. These effects are coupled with the specific growth conditions of the
second network in the network matrix due to its considerable microhetero-
geneity. As a result, IPNs are characterized by different levels of microhetero-
geneity, by different sizes of heterogeneity regions, and the sizes of their
surfaces.

In [144] the structural heterogeneity and segmental relaxation in a se-
ries of IPNs of various compositions made of poly(propylene oxide)-based
PU and butyl methacrylate–triethylene glycol dimethacrylate copolymer have
been studied and compared to the properties of pure constituent networks.
The segmental relaxation was investigated in the temperature region around
Tg using the laser-interferometric creep rate spectroscopy (CRS) technique.
The spectra obtained over the temperature range from 150 to 360 K al-
low us to characterize in detail the heterogeneity of segmental dynamics
within or near the extraordinarily broad glass transition region in the IPN.
The systems under investigation do not show distinct microphase segrega-
tion and are characterized by a single very broad glass transition. In this
work for the first time a number of relaxations were differentiated. The
discrete responding of a creep rate spectrum to each of these relations, as-
sociated with cooperative, partly cooperative, or noncooperative Kuhn seg-
ment movements, has been observed. Combining the CRS data with some
data on DSC has allowed the molecular assignments of the multiple creep
peaks to be found. The data distinctly show the nanoscale compositional het-
erogeneity associated with relaxation in the neat networks and segmentally
mixed nanodomains. The data also confirm the incomplete compatibility for
all IPN compositions.

A special interest lies in the process of developing heterogeneity in se-
quential IPNs where the formation of the second component proceeds in the
matrix network, which already has its own heterogeneity. The heterogeneous
structure of semi-IPNs based on cross-linked PU and heterogeneous HEMA
was studied in [142] using the SAXS method. The existence of two hierarch-
ical levels of heterogeneity was established. The first is determined by the
concentration fluctuations, which are inherent to the early studies of spinodal
decomposition, and is characterized by evolution of microregions of practi-
cally pure PU and of domains of PHEMA. The latter include some tied chains
of PU. The SAXS data show various degrees of mixing of the two components
depending on the IPN composition. The intensive interference maxima on the
scattering curves show the quasi-periodical distribution of microregions of
phase separation enriched in either hard or soft segments of PU chains. The
structure of IPNs may be presented as consisting of two parts: microregions
that have the lamellar structure of the initial PU network and domains en-
riched in linear polymer. The dimensions of the PU microregions are about
20 nm. These regions are distributed in a heterogeneous matrix that consists
of the chains connecting PU microregions and domains enriched in linear
polymer.
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3.4.4
Microphase Structure of IPNs Based on PU and Ionomeric PU

In monomeric IPNs the specific interactions between constituent networks
contribute strongly to phase separation [145]. However, only limited experi-
mental data exist for such systems. The comparison of wide-angle diffrac-
tograms of the individual networks and those of IPNs containing 50% of PU
ionomer (copolymer A, see [124, 125]) shows that the PU network has one
diffuse peak, whereas ionomers and IPNs do not exhibit such a peak. Small-
angle diffractograms of the initial cross-linked polymers and those of the
IPNs of various compositions are presented in Fig. 25 [136, 146]. The analy-
sis of these curves indicates the considerable difference between the curves
for individual networks and those for IPNs. The scattering curve of the non-
ionic PU is notable for the high intensity of its small-angle diffraction and
for its broad, pronounced peak. At the same time, for the PU ionomer the
scattering level is relatively low and the peak is weak. The angular positions
of the interference peaks of both curves are very different. The interplanar
distances corresponding to the small-angle peak of the individual networks

Fig. 25 SAXS diffractograms of the initial network and of IPNs: (1) IPN with 2% of PU
ionomer; (2) IPN with 10% of ionomer; (3) IPN with 40% of ionomer; (4) IPN with 50%
of ionomer; (5) IPN with 60% of ionomer; (6) IPN with 80% of ionomer; (7) IPN with
98% of ionomer; (8) PU network; (9) PU ionomer network [136]
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are correspondingly 7.1 nm for PU and 27.9 nm for PU ionomer. The inten-
sity curves for all individual networks have a common feature—the existence
of interference maxima. These curves differ in scattering level and peak pos-
itions. Introduction of a small amount of ionomer (2%) into the PU network
leads to the substantial “deformation” of the small-angle scattering curve.
The pronounced intensity peak typical of PU disappears. In general, the in-
tensity curves become more diffuse, and their features shift to smaller angles.
The diffraction curve of IPN shows two weak maxima (Table 6) [136]. Add-
ition of 10% of PU ionomer to PU is accompanied by a general increase of
scattering level over the entire small-angle region, but it does not result in
a qualitative change of the scattering curve. The IPN with 40% ionomer is
distinguished by a very weak diffraction peak at a scattering angle corres-
ponding to an interplanar distance of the order of 10 nm and by an inflection
point corresponding to the interplanar distance of 30 nm. IPNs with 50% of
ionomer show the opposite effect: the first peak is more pronounced than the
second one. Nevertheless, the distribution of interplanar distances remains
unchanged and a similar shape of the scattering curve is observed for the IPN
with 60% of ionomer. For IPNs with 80% of ionomer, the small-angle diffrac-
tion curve drops sharply with increasing angle. The curve for the IPN with
98% of ionomer has only one intensity peak, its position being practically the
same as that for the pure ionomer, and at the same time the scattering curve
lies much higher than that of the pure ionomeric network. Thus, the main
differences in the small-angle scattering curves between IPNs and individ-
ual networks are the following: (1) the curves for IPNs are more diffuse and
show a considerable shift of diffraction intensity to small angles, and (2) all
the curves have two relatively pronounced intensity peaks. The mean-square
electron density fluctuations are more dependent on the IPN composition.
An increase of nonionic PU content leads to increasing of the mean-square
electron density fluctuations (Table 6).

As we see, the wide-angle diffractograms of both the nonionic PU network
and the PU ionomer indicate their amorphous character. The fine struc-

Table 6 Parameters of heterogeneous structure of ionomeric IPNs [136]

% of ionomer d1, nm d2, nm ∆ρ2′ ·105,
e2·mol2·cm–6

2 18.6 9.7 0.946
10 20.3 9.9 0.875
40 30.0 10.1 0.791
50 31.0 – 0.706
60 33.1 – 0.582
80 30.8 11.4 0.306
98 29.7 – 0.036
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ture is determined only by the very short-range ordering of molecular chain
fragments. However, the very high scattering intensity and pronounced small-
angle diffraction maximum indicate the absence of pure one-phase state in
the nonionic and ionic PU, showing that the individual networks may be con-
sidered as systems with relatively pronounced microheterogeneity, which is
characterized by a definite segregation degree that is equal to about 8% for
PU and about 1% for ionomeric PU. Thus, the data obtained show that both
individual networks deviate greatly from an ideal two-phase structure. In
ionomer, this deviation shows only at the initial stages of phase separation.

The wide-angle X-ray data show that IPNs are also amorphous systems,
but at the same time the individual heterogeneous structure of networks is
essentially modified due to IPN formation. There are pronounced qualitative
differences between the diffractograms for IPNs and those for individual net-
works. The IPN diffractograms are more diffuse and often have more than
one maximum. Analysis of the interference peaks appearing on the small-
angle scattering curves for systems containing 2–10% of ionomer allow the
following conclusion to be drawn. The first peak shifts to the large-angle scat-
tering region, as compared to that on the ionomer intensity curve, which
corresponds to the smallest interplanar distance. If this maximum was the
result of the supramolecular ionomer reorganization, its intensity would be
negligibly small. In reality, the first peak is comparable with the peak for pure
ionomeric PU. It seems plausible to suggest that the introduction of compar-
atively small quantities of ionomer leads to the formation of heterogeneous
microregions. The periodicity of microregion distribution is determined by
microphase separation. The first peak corresponds to the heterogeneous
structure periodicity, most probably connected with the appearance of mi-
croregions with different compositions. The systems with predominant (80%
and more) ionomer content show the first maximum near the interference
peak in the ionomer diffractograms. This suggests that in this range of com-
positions, the IPNs tend to show a structural periodicity similar to that of
the ionomeric PU. The second peak, as in the case of small ionomer con-
tent, should be regarded as a manifestation of the periodicity at the level of
nonionic PU blocks of various chemical natures. For intermediate IPN com-
positions, the peaks on the small-angle scattering curves are less pronounced.
This might be the result of considerable periodicity distortions, either at the
level of PU and PU ionomer distribution, or at the distribution level of soft
and hard blocks in the IPNs.

Additional information may be obtained by comparing the experimental
data on ∆ρ2′

and calculated values of ∆ρ2
c for various models of the IPN

structure. The best description of the heterogeneous structure of IPNs may be
achieved on the assumption that the degree of segregation in microregions of
PU network and PU ionomers is the same as the degree of segregation char-
acteristic of individual networks, despite the fact that the microregions in real
IPNs are more diffuse than those given by the model.
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To obtain a more sophisticated model of the heterogeneous structure, it
should be taken into account that no complete separation of PU and PU
ionomer occurs in these systems on the microlevel. It is most probable that
the high degree of nonionic PU and PU ionomer mixing is typical of the IPNs,
when phase separation stops at some intermediate stage. This “freezing” of
phase separation in IPNs, just as in the case of the individual networks, is
determined by a restricted mobility of molecular chains during network for-
mation. This leads to the formation of interconnected structures in the bulk
of the polymer, which is a sign of the initial decomposition stages in the
region of the unstable states. These IPNs, being practically four-component
systems (made of two flexible and two rigid blocks), are much more com-
plex with regard to their phase state than the individual networks. In the
course of IPN formation, both the chemically cross-linked PU network and
the network of PU ionomer, where cross-links are formed by ionic bonds,
undergo phase separation. Since these systems are unstable at this stage,
phase separation occurs through a selective growth of composition fluctua-
tions. As during curing the diffusion coefficient diminishes to zero at a certain
stage of transformation, phase separation is stopping at some stage that is
far from being complete. In such a way the nonequilibrium phase separa-
tion proceeds and the nonequilibrium phase separation microregions appear.
At some later stage of phase separation, the coalescence of the microre-
gions proceeds, which leads to a distortion of the microregion distribution
periodicity typical of the initial stages of phase decomposition. Evidently,
the conditions existing in the range of intermediate compositions are most
favorable for this coalescence. Thus, IPN formation in this case leads to con-
siderable distortions of the inherent heterogeneous structure in nonionic PU
following the addition of the ionomer. The data considered prove once more
that the formation of the nonequilibrium diffuse microregions and the in-
completeness of the phase separation are the fundamental characteristics
of IPNs.

3.4.5
Reaction Conditions and Microphase Structure

The interrelation between the kinetics of IPN formation and the microphase
separation is very important to estimate the effect of reaction conditions
on the microphase structure of IPNs. An attempt to establish such a rela-
tion was done for simultaneous and sequential semi-IPNs based on PU and
PBMA [147]. Simultaneous and sequential IPNs of the same composition have
been compared. The two reactions were carried out under different condi-
tions. The composition and the structural characteristics of these semi-IPNs
are given in Table 7. In the cited work, the SAXS invariant Q, which charac-
terizes the relative degree of the contrast of the heterogeneous structure, the
specific inner surface S/V, which is a measure of the heterogeneity size (the
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Table 7 Composition and structural characteristics of semi-IPNs [147]

Sample PU/ [I]·102, [kt]·104, d, nm Q E, nm S/V,
PBMA mol·l–1 mol·l–1 cm–1

1 75 : 25 0.74 1.4 6.0 39 0.6 0.0045
2 75 : 25 5.40 1.4 6.8 36 0.5 0.0040
3 75 : 25 10.80 1.4 8.7 37 0.8 0.0035
4 85 : 15 5.40 1.4 6.3 41 0.6 0.0040
5 65 : 35 5.40 1.4 8.8 34 0.8 0.0040
6 75 : 25 5.40 7.0 6.3 31 0.5 0.0040
7 75 : 25 5.40 0.7 7.3 47 0.6 0.0050
8 75 : 25 5.40 1.4 6.5 35 0.5 0.0040

greater the size, the larger S/V), and the thickness of the interphase E, were
determined. The conditions of semi-IPN formation can be divided into two
groups: simultaneous polymerization (samples 1–6) and sequential polymer-
ization (samples 7, 8). As an initiator, 2,2-azobisisobutyronitrile (AIBN) was
used, whereas dibutyl tin dilaurate (DBTDL) took the role of catalyst for PU
formation.

When analyzing scattering data, it is necessary to keep in mind that in
PU, formed by flexible and rigid blocks, segregation into two microphase re-
gions also takes place. Therefore, the microphase separation in semi-IPNs
is superimposed on the microphase structure of the PU network. Figure 26
presents SAXS scattering patterns of some semi-IPNs, listed in Table 7. The
comparison of the scattering curves of the initial PU (curve 9) with those for

Fig. 26 SAXS scattering patterns of PU network (curve 9) and semi-IPNs (numbers cor-
respond to numbering in Table 7) [147]
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a sequential IPN (sample 8) shows that scattering intensity is retained, but
the position of the peak is shifted toward the region of smaller angles, cor-
responding to larger macrolattice spacing (see Table 7). At the same time, the
maximum is wider and more diffuse. All these changes are accompanied by
a decrease in contrast of the heterogeneous structure and in the thickness
of the transition layer, as well as by an increase of the specific inner surface.
There is no basic difference between the scattering curve of the pure PU net-
work and that of the semi-IPN. This testifies to the fact that the separation
of components during formation of the semi-IPN occurred on a micrometer
scale beyond the resolution capabilities of the SAXS method (1 to 100 nm).
The swelling by BMA and its subsequent polymerization reduced the peri-
odicity of the PU microphase structure. Some differences in the conditions
of synthesis of sequential IPNs are reflected in their structural parameters
(Table 7). For simultaneous IPNs these parameters are strongly dependent on
the kinetic conditions of reaction governed by different amounts of the ini-
tiator and the catalyst. Figure 27 illustrates the effect of PU/PBMA ratio on
SAXS pattern. In comparison with the PU network (curve 9), the semi-IPNs
have reduced scattering intensity. The period d of the microphase structure
is smaller in samples containing 25 and 15 mass % of PBMA and is larger in
samples with 35 mass % of PBMA. In general, the spacing of PU increases
with PBMA content, but this increase is far from uniform: 0.5 nm for an
increase from 15 to 25% of PBMA against 2.0 nm for a jump from 25 to
35 mass % of PBMA. Here, again, we observe a nonlinear behavior. The data
for both types of IPNs show that the conditions of phase separation and the
microphase structure depend not only on the method of synthesis and reac-
tion kinetics, but also on the PU structure (where microphase separation of
rigid and flexible blocks also takes place). Kinetic parameters are very im-
portant for the formation of the microphase structure.

Fig. 27 SAXS patterns of PU network (curve 9) and semi-IPNs (numbers correspond to
numbering in Table 7) [147]
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Using another approach for estimating the microphase structure, the
simultaneous IPNs based on poly(carbonate urethane) (PCU)/PMMA were
studied [132]. The authors take for granted that the microphase separation
proceeds according to the spinodal mechanism, although they give no evi-
dence. The scattering intensities I(s)s2 were measured. These intensities show
growth for small scattering vectors, indicating the appearance of microphase
structure with characteristic scattering dimension lC that diminishes from
293 to 16 nm when the amount of PCU in the IPN increases from 30 to 80%.
Correspondingly, Reff diminishes from 682 to 37 nm. The value of lC charac-
terizes the dimension of the spinodal structure fixed at the gel point, while
Reff is a measure of the distance between two mutual entanglements pre-
venting phase separation. The size values for the microphase regions and the
Porod analysis of the scattering data reveal the existence of sharp interfaces.
These results are in good agreement with the data obtained by Monte Carlo
simulations for the IPNs of the same class. The main conclusion made by
the authors is that the microphases are the result of microphase separation
(proceeding according to the spinodal mechanism) and of the frustration of
fluctuations due to an increasing number of topological restrictions in the
course of IPN formation. The transition of the microphase separation from
a disordered state to the ordered one is the result of the repulsion between
both components and the elastic attraction force, arising due to microscopic
deformations of entangled chains.

In [148] the SAXS method was applied for the estimation of the struc-
ture of an interphase in PU–PS IPNs, in which interpenetrating grafting via
HEMA residues has been carried out (1, 2.5, 10% by mass). It was found
that with increasing interpenetrating grafting the average size of domains
becomes smaller. The data of temperature-modulated differential scanning
calorimetry (TMDSC) and dynamic mechanical thermal analysis (DMTA)
show that the degree of component mixing increased, and at 10% by mass
of HEMA the tan δ vs temperature plot showed a single peak. The latter im-
plies that the morphology of this grafted IPN is homogeneous. For three IPNs
the correlation function was calculated from Fourier transformation of the
scattering intensity for the undefined morphological structure, and the cor-
relation function is given by the following empirical equation:

y(r) = exp
(

–
r

Ac

)
. (108)

The value of Ac represents the correlation distance defined as the size of the
heterogeneity in the system. From the dependence of the scattered inten-
sity I(s)–1/2 vs s2, where s = 2/λ sin θ (λ is the scattering wavelength and θ

is the scattering angle) values of Ac were determined. It was found that al-
though the internetwork grafting increases, the correlation length changes
very little.
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3.5
Characterization of IPN Structure via Small-Angle Neutron Scattering

Besides SAXS, the small-angle scattering of neutrons may be used for study-
ing the structures of amorphous polymer networks. SANS is a very important
tool for evaluating polymer chain conformation, structure, and morphology.
The first comprehensive literature review on this subject belongs to Sper-
ling [149]. The SANS method permits the examination of bulk materials, es-
pecially when a portion of material is deuterium based, rather than hydrogen
based. In general, the materials analyzed by the SANS technique are based
on hydrogenated polymer matrix, in which a certain amount of isotopically
labeled (deuterated) polymer molecules are dispersed. This method takes ad-
vantage of the contrast between hydrogenated and deuterated molecules due
to the difference in the coherent scattering lengths of deuterium and hydro-
gen. At the same time, this is a disadvantage of the method because it needs
specially synthesized (labeled) polymers. The SANS technique, which may be
used to measure the domain size and the chain dimensions within the do-
main, was successfully applied for studying polymer blends, heterogeneity in
polymer crystals etc.

The way to interpret the experimental data and the details of the method
were reported in [150–153]. It should be noted that the theoretical basis for
SANS is similar to the theory developed for SAXS. All analytical methods de-
veloped for X-ray scattering can be adapted to the case of SANS. Below we
follow the presentation of the SANS method given by McGarey [150] who
used, in his turn, some theoretical approaches from [151–154].

The neutron ray with the wave vector K0 is scattered through an angle of
θ into a solid angle ∆Ω. The scattered ray has a wave vector K1 and the pos-
ition of the scattering center is described by the vector R. In elastic scattering
experiments the absolute values of K0 and K1 are both equal to 2π/λ. The
scattering vector Q can be defined as

Q = 4π sin(θ/2)λ . (109)

The coherent intensity in SANS experiments is described by the cross section
dσ/dQ, which is the probability density dΣ/dΩ = dΣcoh + Σincoh/4π that
a neutron will be scattered in a solid angle ∆Ω:

dσ/dΩ =
(|b2| + |b|2) + |b||Σ exp

(
i Q R)|2 . (110)

This equation may be rewritten in terms of the macroscopic scattering cross
section:

dΣ/dΩ = dΣcoh + Σincoh/4π , (111)

where Σcoh and Σincoh relate to coherent and incoherent values of Σ, which is
the product of the nuclear scattering cross section σ and the nuclear density
of the sample.
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In SANS studies of polymers, monomer segments are considered to be the
basic scattering units and the scattering may be described in terms of the
scattering length of the monomer unit:

b =
N∑

1

nibi , (112)

where bi is the scattering length of center i, ni is the number of atoms of
the i-th center in the monomer, and N is the total number of isotopes in the
monomer unit. An important role is played by the value of ρB, a scattering
length density:

ρB = b/VM , (113)

where VM is the volume of the monomeric unit. Using the concept of scatter-
ing length density, it is possible to define the scattering contrast factor Kf of
a two-component system as

K2
f =

(
ρB1 – ρB2

)2 . (114)

This factor is analogous to the electron density contrast in SAXS theory. For
the two-phase model it consists of discrete particles embedded in a continu-
ous matrix. If there are Np particles in volume Vp, then taking into account
the interparticle interference, characterized by an interference factor S( Q),
the following equation can be obtained:

dσ/dΩ =
(

V2
pNp/N

)
K2

f P( Q)S( Q) . (115)

To solve this equation, some assumptions regarding the geometry and the
physical characteristics of the particles should be made.

Another quantity can be used for the analysis of the SANS data, namely,
the correlation function γ (r) [155], which describes the distribution of fluc-
tuations in the scattering power throughout the sample:

〈
n2〉 γ

(r) = 〈nAnB〉 , (116)

where nA and nB are the local fluctuations in scattering power (scattering
length density) at points A and B, separated by a vector r and < nAnB > is the
average of all possible products as r varies from zero to infinity, < n2 > being
the average square deviation. The scattering intensity in this case is presented
as

dΣ/dσ = 4πC
〈
n2〉

∫
γ

[
r
(

sin Qr/ Qr
)]

r2 dr . (117)

McGarey [150] has used the theoretical SANS approaches for studying se-
quential IPNs based on poly(dimethylsiloxane) (PDMS) (host) and styrene
cross-linked by DVB (guest). PDMS had a certain amount of end vinyl groups
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for cross-linking. PDMS of various MM and with different cross-link densi-
ties were used. A typical normalized SANS curve, obtained from IPNs after
background removal, is shown in Fig. 28. The major feature of the scatter-
ing curves is the smooth attenuation in scattering intensity with increasing
scattering vector. This curve shows the lack of long-range ordering in these
IPNs. The Porod analysis [131] of the curves has been done and Porod radii
Rp were determined. It was established that the Porod law was valid for the
systems under investigation. According to this law, the scattered intensity can
be approximated by:

I( Q) = K2π
(

Ap/V2
p

)
Q–4 , (118)

where K is a constant and Vp and Ap are the volume and the surface area of
the scattering particles, respectively. It was found that the Porod radii Rp of
scattering particles, found from the expression:

Q4I
(
Q
)

=
2πtTKfϕp(
1 – Tw

)
Rp

, (119)

(t, sample thickness; T, sample transmission; Tw, water calibrant transmis-
sion; ϕp, volume fraction of particles) change with IPN composition for
various molecular weights of PDMS. As the PDMS content increases to 30%,
a decrease in the measured radius is apparent. Obviously, this decrease in the
domain size must have been accompanied by an increase in the number of
PDMS zones. After passing through some minimum value, the Porod radius

Fig. 28 Typical SANS profile for PDMS/PDS IPN after normalization and background
removal [150]
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rapidly increases as the PDMS content is increased and at 60% or more of
PDMS, the Porod radii exceed 50 nm. The marked increase in Porod radii be-
tween 50 and 60% PDMS correlates with the onset of distinct yielding and
stress whitening of the IPNs on deformation, both of which can be associated
with the guest polymer connectivity. It is possible that the rapid increase in
PDMS zone size is due to the fact that the PDMS zones become continuous,
invalidating Porod analysis. It was also found that as the host network became
more cross-linked, the measured domain dimensions for the guest polymer
decreased.

Hosemann [156] developed a method of SANS data analysis, which ac-
counts for polydispersity in the sizes of the scattering particles. This analysis
assumes that the distribution of sizes of scattering particles is of a Maxwell
type:

m
(
Rg

)
dRg =

[
2/rn+1

0 Γ
(
n + 1/2

)] [
Rn

0 exp
(
R2

0/r0
)]

, (120)

where m(Rg)dRg is the proportion of particles with radii of gyration of the
scattering particles between Rg and Rg + dRg, Γ is the Gamma function, and
r0 and n are parameters calculated from the scattering profile. The last two
values are determined from the plots I(Q)Q2 vs Q. Substituting r0 and n into
Eq. 120 allows the average radius Rgm to be found:

Rgm = r0Γ (n/2 + 1/2) . (121)

The results of Hosemann analysis do not show a systematic variation in the
average sizes of the PDMS zones as functions of guest polymer content. At
the same time, the higher is the cross-link density of the PDMS, the smaller
is the size of the guest polymer zones. The more cross-linked PDMS gives
rise to domains with greater polydispersity or, alternatively, to domains with
greater deviation from a spherical shape. The results of calculations of the do-
main dimensions are presented in Table 8 [150]. The equivalent sphere radius
is determined from the relation R2

g = 3/5R2
s .

As is seen from Table 8, there is no correlation between Porod radii and the
cross-link density. Over most of the composition range studied, the equiva-
lent sphere radii derived from the Hosemann analysis were significantly
larger than the Porod radii. For high PDMS contents, the average domain
sizes derived from Hosemann analysis are substantially lower than the Porod
radii. The discrepancy between the two methods was ascribed to the invalid-
ity of the models for certain composition ranges.

McGarey has also determined Debye correlation length. He established
that the preceding two methods of analysis required the assumption of dis-
crete, spherical scattering particles. The validity of such morphology is ques-
tioned and the scattering data may be analyzed by the method developed by
Debye and Bueche [155]. This analysis requires the definition of a statistical
function describing the distribution of scattering length density in real space.
The correlation function of a random distribution of two phases separated by
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Table 8 Results of the Porod and the Hosemann analysis of SANS data for PDMS/PDS
IPNs [150]

PDMS, PDMS, volume Porod radius, Hosemann Equivalent
crosslink density, fraction Rp, nm average radius, sphere radius,
mol·m–3 Rg, nm Rs, nm

46.0 0.54 57.1 26.9 34.7
46.0 0.47 19.7 26.1 33.7
46.0 0.37 16.9 27.9 36.0
46.0 0.25 16.3 24.1 31.1
46.0 0.16 20.2 7.4 35.4
66.0 0.64 58.4 15.6 20.1
66.0 0.49 21.7 18.4 23.8
66.0 0.32 15.3 10.9 14.1
66.0 0.16 16.1 19.4 25.0
39.3 0.60 53.5 31.5 40.6
39.3 0.45 33.6 31.8 41.1
39.3 0.38 19.3 24.7 31.9
39.3 0.20 24.3 28.2 36.4

a sharp interface may be approximated by Eq. 108, where Ac is the correlation
length and r is a continuously varying position vector. The value Ac may be
found from the equation:

I
(
Q
)

= 8πC < n2 > A3
c/

(
1 + Q2A2

c

)
. (122)

Correlation length is related to the degree of heterogeneity of the scattering
system via the equation [156]:

Sν = 4ϕ1
(
1 – ϕ1

)
/Ac , (123)

where Sν is the specific interface surface and ϕ is the volume fraction of one
of the components.

The data converted from the Debye analysis to the equivalent radii agree
very well with the results from the Porod analysis over most of the composition
range, although at some compositions a discrepancy is observed, connected,
probably, with the imperfectness of the models used for calculations.

Generally, the size of the guest polymer zones depends on the IPN com-
position and varies between 15 and 50 nm. Low correlation was observed
between the zone sizes and the cross-linking degree, although there was some
evidence for a narrowing of the distribution of the sizes of guest polymer
zones when the host polymer cross-linking density was increased. A very im-
portant result is that the phases in the IPNs studied were separated by a sharp
interface, showing little interaction between phases.

McGarey has also performed a comparison between the experimental
guest polymer domain size and its theoretical values, obtained by Donatelli,
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Sperling, and Thomas [74]. It was found that the theoretical domain dimen-
sions fail to agree with those obtained from SANS analysis. McGarey suggests
that this fact is due to assumptions involved in the derivation of the theory it-
self. One of the reasons for the discrepancy between theory and experiment
is the uncertainty in the interfacial tension, an important parameter of the
theory.

Richards [151] considered two IPNs based on cross-linked PDMS and
deutero-polystyrene and PDMS–poly(methacrylic acid). In the first case the
existence of discrete regions was established, whereas in the second, the forma-
tion of a continuous structure of poly(methacrylic acid) in the matrix network
was found. The existence of transition layers was discovered for both systems,
the thickness of these layers being determined from the scattering data.

In [158, 159] the structures of semi- and full polybutadiene–PS sequen-
tial IPNs were studied and the results of determining the equivalent sphere
diameter were compared to TEM studies. It was found that the dimensional
characteristics obtained by the two methods are in approximate agreement.
Surface areas in the range of 150–200 m2 g–1 indicated true colloidal sizes for
the phase domains. Correlation lengths of 35–60 Å were found for IPNs, 50–
100 and 160–80 Å for various semi-IPNs. It was also established that these
IPNs are characterized by the dual-phase continuity.

Because relatively few experimental SANS data are available for IPNs,
presently it is difficult to draw any definite conclusions about the structure of
IPNs. As is seen from the data considered, the mechanism of phase separa-
tion is not mentioned in any work cited above. Meanwhile, this mechanism
should determine if the application of any theory is possible for a given sys-
tem. One may suggest that the Porod and Hosemann models may be used
only for the nucleation and growth mechanism of phase separation, most
typical for sequential IPNs. For simultaneous IPNs, where spinodal decom-
position, as a rule, is more probable, it seems to be more reliable to determine
only the heterogeneity parameters, not the radii of particles, if any. It is also
necessary to keep in mind the possible changes of the mechanism of phase
separation in the course of reaction.

Unfortunately, there was no attempt to compare the quantitative struc-
ture parameters (except segregation degree) with the viscoelastic properties
of IPNs. It is more difficult to compare qualitative electron microscopy data
with physical properties of the systems.

3.6
Features of IPN Morphology

The morphology of IPNs is determined by the mechanism of phase separ-
ation–nucleation and growth or spinodal decomposition. As was discussed
above, the application of direct structural methods for studying IPNs is rather
restricted due to their amorphous state and low degree of ordering. Because
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of this, the majority of the investigations of IPN structure were done using
electron microscopy. This method, in its turn, has its own restrictions, con-
nected first of all with the difficulties of sample preparation: in many cases
the pictures observed are simply an artifact. Many years ago a method was
proposed [160] which independently controls the morphology, and which
is based on comparison of the morphological picture with the Fraunhoffer
diffraction patterns. However, this method has never been applied to real sys-
tems. Therefore, electron microscopy gives only a qualitative picture of IPN
structure and cannot be used for comparisons of the structure with other
properties of IPNs.

Presently, a great deal of work is published concerning the structure of
IPNs obtained using electron microscopy. From the preceding discussion it is
evident that the morphology of IPNs should be determined by the following
factors: (1) the thermodynamic miscibility of two networks, (2) the kinetic
conditions of the curing reactions, and (3) the mechanism of phase separa-
tion. In principle, three distinct features of IPN structure should be revealed.

The first case is the absence of any structure for miscible and full interpen-
etrating of different chains. The difficulty consists in the practical impossibil-
ity to directly measure the interpenetration degree [161].

The second feature is the structure of the matrix with embedded particles,
which is heterogeneous and which shows phase separation in the system. The
third feature is the structure of interpenetration phase regions formed in the
course of phase separation according to the spinodal mechanism. This struc-
ture should be characterized by the presence of a sharp interface between two
phases or of diffuse interfacial regions. The appearance of any structure is de-
termined by the phase separation mechanism. The structure is dependent on
the concentration ratio of two networks and, depending on this ratio, phase
inversion may occur. A typical example is the data obtained for IPNs based
on PU and styrene–DVB copolymer [162]. On electron microphotographs
there were observed bright and dark regions of irregular shape, which were
interpreted as phases of two components. The sizes of the regions of dis-
persed phase (domains) were found to be in the range 200–500 Å, depending
on the network ratio; inversion of phases was also observed. A sharp het-
erogeneous structure was observed for full and semi-IPNs based on PU and
PMMA. Domains with dimensions of 500–5000 Å were found. Inversion of
phases proceeded at 75% content of PU; however, a clear picture could be ob-
served only if the content of one of the networks was more than 85%. There
was no distinct difference in the pictures for full and semi-IPNs. This allowed
the conclusion to be drawn that the chain entanglements prevent phase sepa-
ration and increase the compatibility.

A very interesting observation was made by studying simultaneous IPNs
formed by epoxy resin and PBMA [163]. The electron microscopy pictures
show distinct two-phase morphology, which allows the dimensions of phases
to be determined. It was found that if IPNs were obtained under conditions
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when epoxy resin was partly cured before the introduction of monomer, the
phase separation onset was observed before reaching a gel point, which de-
termined the appearance of the largest particles of the second network. In the
course of curing that followed, due to secondary phase separation the smallest
particles appeared, leading to bimodal distribution of particles by size. It was
assumed that the dimensions of domains depend on the time of phase sep-
aration. The smallest particles appear if the phase separation occurred near
or after the gel point. Bimodal distribution proved that the reactions really
proceeded simultaneously, as the greatest domains appeared before, and the
smallest after, the gel point, the domain shape being dependent on the phase
separation time. The ratio of the length to the width of domains increased
with the amount of cross-linking agent. The simultaneous formation of two
incompatible networks from the homogeneous mixture of initial components
frustrated phase separation and promoted the seizing of small amounts of
one component by large regions of another. Thus, the heterogeneous struc-
ture of IPNs was established also by the electron microscopy method [164]. It
was also found [165] that the dimensions of domains depend on the amount
of initiator and that the morphology is controlled by the time of the onset
of phase separation. The domain dimensions are a function of the curing
rates and of the time of reaching gel point. The cross-linking density also
influences the domain size. The smallest domain sizes are reached by simul-
taneous curing. The results discussed above have provided a basis for the later
investigations of IPN morphology, in spite of the lack of simultaneous investi-
gation of the phase separation mechanism. The main morphological features
were formulated by Sperling as follows [165, 166]. Primary phase separation
gives the cell structure, which is determined by the onset of incompatibility.
In the course of curing, the secondary phase separation proceeds leading to
formation of small particles due to high viscosity and diminished molecular
mobility. The interpenetration is possible only on the supermolecular level.
The largest part of the second phase is disposed in the cells of the first net-
work. Simultaneously, in the matrix network the secondary structure may
also develop. Unfortunately, all these concepts had not been confirmed by
experiments dealing directly with reaction kinetics and phase separation.

Sperling [16] believes that the results of investigation of many sequential
IPNs lead to the following generalizations:

1. Polymer I tends to be continuous in space for all compositions. Mid-range
and high concentrations of polymer II tend to have dual-phase continuity.

2. Phase separation probably proceeds through a brief period of nucleation
and growth, followed by a region of spinodal decomposition.

3. Domain sizes vary from about 10 nm for highly immiscible systems to
about 110 nm for microheterogeneous systems. The domain size decreases
with increasing cross-linking density. For many compositions, the effect is
about ten times as large for cross-links in network I as for network II.
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These principles were developed in virtually all later works. The morpho-
logical structures were qualitatively compared with other physical properties.
The most important factors are the phase continuity and the phase inversion.
A semiempirical approach for predicting phase continuity and phase inver-
sion was developed and studied experimentally [167, 168]. The dual-phase
continuity was defined as a region of space where each of two phases main-
tains some degree of continuity. The model was developed according to which
phase (not a polymer!) with lower viscosity or higher volume fraction will
form the continuous phase and vice versa. Sperling defines the phase inver-
sion as a transposition of the continuous and the discontinuous phases [16].
The simplest semiempirical rheological relations can be written as:

v1

v2

η2

η1
> 1 – phase 1 is continuous,

ν1

ν2

η2

η1
– dual-phase continuity, either phase inversion,

ν1

ν2

η2

η1
< 1 – phase 2 is continuous,

where the subscripts 1 and 2 represent phases 1 and 2, respectively. Experi-
mental data confirm these general relations.

These relations are valid for low shear rates. When either the viscosity ratio
or the volume fraction ratio is near 1, dual-phase continuity is encouraged.
Both the viscosity and the volume fractions may change with time of curing,
so that the morphology will be dependent on the reaction conditions. This
correlation was proved for IPNs based on castor oil polyester–urethane and
styrene–DVB copolymer. The theoretical phase continuity diagram is shown
in Fig. 29. This diagram assumes that the system is stirred when undergo-
ing phase inversion. Yet, because the shear rate is not a part of the model
proposed, the shear rate is assumed to be small. The dual-phase continuity
was described by Sperling for various IPNs [167–171]. The comparison of
the domain diameters in various systems agrees very well with theoretical
predictions of domain size.

After the fundamental works dedicated to IPN morphology, many inves-
tigations of morphology of various sequential and simultaneous IPNs were
published. For example, the simultaneous IPNs prepared from polybutadiene-
based PU and styrene–DVB copolymer MMA-co-ethylene glycol dimeth-
acrylate (EGDMA, as the second component) were described [172]. The
domain structure was observed, which depends on the ratio of two networks
and the distance between the cross-links. The cellular structure and the dual-
phase continuity appear in the system as a result of phase separation. In this
work the effect of the reaction rates on the morphology was investigated. It was
shown that, in general, low simultaneous reaction rates (which is the most typ-
ical case for all simultaneous IPNs, see Sect. 5) produce bigger domains. The
domain size also depends on the reaction time and the formation rates of each
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Fig. 29 Theoretical phase continuity diagram. The hatched area indicates the approximate
range of dual-phase continuity. A phase I (oil-rich) continuous material can be made into
a phase II (PS-rich) continuous material by crossing this boundary [15]

network. Only when the relative formation rates of both networks become close
to each other are the sizes of the domains moderate and both phases can attain
larger cross-linking density. The authors had not observed a strong influence of
cross-linking density on the morphology, and after the gel point was reached,
no effect was seen.

The review of IPN morphology was carried out by Sperling [16]. He states
that for sequential IPNs the presence of cross-linked network I always guaran-
tees that the gelation happens before the phase separation, because the gela-
tion occurs before monomer II is added. If only polymer II is cross-linked,
then phase separation precedes the gelation of polymer II. For semi-IPNs the
morphology of polymer I may be continuous and of polymer II, discontinu-
ous. For the full sequential IPNs the domains are always finely divided.

Dual-phase continuity, which is defined as the continuity of both polymer I
and polymer II domains throughout the macroscopic sample, seems to be
better described in terms of spinodal decomposition. In [170] an example of
dual-phase continuity was given. PnBA/PS sequential IPNs of various compo-
sitions were prepared by UV photopolymerization. PnBA served as network I
and PS as network II. Acrylic anhydride (AA) and DVB were used as la-
bile and permanent cross-linkers. After IPN formation, the AA-containing
network I was de-cross-linked and solvent extracted. Scanning electron mi-
croscopy (SEM) of network II revealed a porous but continuous structure
formed by aggregates of fused spherical PS domains. It was shown that net-
work I was continuous, since it could be quantitatively and easily extracted.
The major conclusion from this paper relates to the dual-phase continuity of
PnBA/PS in sequential IPNs.
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The analysis of the morphology development during curing and phase sep-
aration was done by Park and Kim [89]. Using SEM, light scattering, DSC,
and optical microscopy, the kinetics of synthesis of the polyetherimide (PEI)–
epoxy semi-IPN was investigated. SEM was used to study the phase separation
mechanism at a given PEI composition. The specimens were taken out at dif-
ferent time intervals during curing, quenched immediately, and then studied.
The electron micrographs showed the development of domains during the
curing process. The final morphology of samples cured at different tem-
peratures and compositions (5–50 mass % of PEI) was also investigated. The
curing of the system with 10 mass % of PEI shows a typical phase separation
pattern of nucleation and growth. The coalescence and ripening processes
were also observed, in which large particles grow in size at the expense of the
smaller ones. When conversion of epoxy reaches 0.4, smaller particles nearly
disappear, while the larger particles still grow continuously via coalescence.
Another picture was observed for the IPN with 25 mass % of PEI. In this case
it was found that the phase separation goes on via a spinodal decomposition
mechanism. The viscosity of this system at low epoxy conversion is suffi-
ciently low, thus the interwoven structures coarsen, and spherical particles
of the epoxy-rich phase are formed. With increasing epoxy conversion, the
particle size increases via coalescence between particles. Finally, the particles
touch each other to yield the interconnected nodular structure. For the IPN
with 15 mass % of PEI it was found that the initial continuous morphology,
which indicates the phase separation via spinodal decomposition, coarsens
into dispersed domains, which rapidly grow until they form a macroscale
phase-separated morphology. Then, as a secondary phase separation pro-
ceeds, epoxy-rich particles and PEI-rich particles are formed in the PEI-rich
dispersed phase and in the epoxy-rich continuous phase, respectively, and
continue to grow. Finally, the dual-phase morphology, showing epoxy nodular
structure, and the “sea-island” morphology are simultaneously formed.

From light-scattering measurements the domain correlation lengths were
calculated with the Bragg equation as a function of curing time for various
temperatures and compositions. The domain size changes, depending on con-
ditions, between 0.6 and 2.9 µm.

The formation of a dual-phase morphology in PEI–epoxy IPNs is ex-
plained in the following way [90, 171]. Two cases were discussed. First, when
phase separation is induced by the curing reaction, PEI-modified epoxy
shows bimodal UCST behavior (Fig. 30). At composition ϕ1 (volume fraction
of component 1) phase separation starts at conversion x1 when the curing
temperature is T1. Because of the spinodal mechanism of decomposition and
due to the lower viscosity of the medium, the system will have macroscale
phase separation and domains with volume fraction ϕ′

1 and ϕ′′
1 . As the re-

action proceeds and the conversion x2 is reached, an abrupt change in the
equilibrium composition of the PEI-rich phase occurs from ϕ′′

1 to ϕ′′′′
1 in

a very short time. This abrupt change is similar to the effect of the two-
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Fig. 30 Schematic illustration of mechanism of dual-phase morphology formation:
a bimodal UCST; b two-step temperature quenching in polymer blend [89]

step temperature quenching in polymer blends having UCST behavior, which
results in the dual-phase morphology (Fig. 30b). This means that the first
phase-separated PEI-rich composition of ϕ′′

1 now has a higher viscosity and
has experienced the jump on the UCST curve, which induces a secondary
phase separation within both the domain and the matrix. The cited work is
very important because it was clearly shown that the phase domains observed
via electron microscopy have the variable composition and are formed by
both components of the semi-IPN.

The application of optical microscopy and SEM for studying the kinetics of
phase separation in simultaneous semi-IPNs from PU and PS [171] has shown
that when phase separation proceeds before the gelation of the medium, PS is
dispersed as both large and small nodules in the PU network, and a PU-rich
interphase separates the nodules from the matrix. By image analysis it was
confirmed that there is a coexistence of two levels of phase separation: a fine
segregation of PS in PU and a strong phase separation (PS plus PS in PU).
The existence of a shell surrounding the PS nodule was established. At early
stages of curing, nodules of PS swollen in styrene coexist with the matrix (PU
with styrene). At the end of synthesis the entire monomer has been converted
into PS nodules consisting of pure PS. In the cited work [171] the formation
of an interphase was observed directly. This interphase consists of a PU-rich
zone around the nodule forming a shell. The thickness of the shell has been
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estimated from micrographs to be around 0.6 µm. The authors analyze the
concentration profile of PS for three cases, when nodules are made of pure PS,
when the shell contains 39% of PS, and when the matrix contains 67% of PS.
The authors believe that the existence of an interphase should involve nearly
molecular mixing. It was also found that when the reaction medium remains
miscible up to the gel point of PU, only a fine structure exists. Once more, the
role of the network formed first in IPNs was confirmed.

The general weakness of all morphological investigations consists of the
lack of true knowledge about the mechanism of phase separation both in the
cases of sequential and simultaneous IPNs. Because of this the correct formu-
lation of the dependence of morphology on the method of synthesis of IPNs
(sequential or simultaneous) and on the phase separation mechanism cannot
be done at present. Up to now, it is not clear what mechanism of phase separa-
tion is prevailing for sequential and simultaneous IPNs. Since typical spinodal
decomposition is observed only in the initial stages of phase separation, it
may be possible that at various stages of IPN formation, one mechanism is
replaced by the other and that the final morphological picture is the result of
more complicated conditions of phase separation, which cannot be described
by a single mechanism for all stages of IPN formation. The short review of
IPN morphology given in this section shows, as we believe, that morphologi-
cal investigations alone give no understanding of IPN formation, and that all
other methods are needed for correct conclusions.

4
Relaxation Transitions and Viscoelasticity of IPNs

When considering the relaxation behavior in phase-separated IPNs, one has
to bear in mind that all the phases should possess their own relaxation char-
acteristics dependent on their composition and structure. This implies the
existence of some relaxation transitions, at least two or three of them, one
for each phase and for the transition zone. It is also evident that the inten-
sity of relaxation should depend on the cross-linking degree, the free volume,
and the segregation degree. Besides, relaxation and viscoelastic properties of
polymer networks are dependent on many factors, determining the chem-
ical and physical structure of materials. In phase-separated materials the
frequency and temperature variations of the dynamic storage modulus G′,
dynamic mechanical losses G′′, and tangent of mechanical losses tan δ are in-
fluenced by the morphology of the material and by the nature of the interfaces
between the domains of the different phases. The viscoelastic properties of
IPNs have been the subject of many investigations. In almost all cases the
main goal of such investigations was purely practical—to establish the in-
terdependence between the composition of IPNs and their properties. The
estimation of the relaxation behavior of IPNs is a very complicated task and
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modern viscoelasticity theory cannot explain and describe the properties of
multicomponent systems with different morphologies.

The of the most powerful methods in the investigation of heterogeneous
polymeric systems is dynamic mechanical spectroscopy (DMS), which enables
the estimation of the elastic moduli, mechanical losses, glass transition tem-
perature, relaxation characteristics, etc., and plays a very important role both
in the theoretical description of the systems and in their practical application.

Temperature dependencies of loss modulus G′′ and tan δ usually show
sharp maxima at the glass transition temperatures that correspond to the
cooperative movement of the segments of polymer chains. Low-temperature
maxima are ascribed to the movements of short fragments of the main chain
or of the side groups. The equilibrium elastic modulus E∞ could be an
important characteristic of the cross-linking density in IPNs and may be pre-
sented as consisting of two parts:

E∞ = Ec + Ee , (124)

where Ec and Ee are contributions to modulus of chemical cross-links and
entanglements, respectively. However, using this equation for estimating the
entanglement contributions meets with some difficulties, because the chem-
ical cross-linking in IPNs does not coincide with that calculated from stoi-
chiometry. For semi-IPNs based on cross-linked PU and linear PBMA, it was
supposed [174] that Ec = E∞ (PU) because at all PBMA concentrations in
semi-IPNs the glass transition of PU does not change. It was found that under
such an assumption, the increasing PBMA content in the IPN increases the
contribution of topological entanglements to the elasticity modulus. From
these data it follows that the interaction between two evolved phases is real-
ized mainly due to topological entanglements.

When polymer blends and alloys are considered, a problem arises for
the application of the principle of temperature–time superposition to the
systems consisting of two and more phases. A variant of this superposi-
tion has been proposed for such materials [175]. The main feature of the
temperature–time reduction in this case is the dependence of the reduction
coefficient on the variables—temperature and time. The expression for the
reduction coefficient may be obtained via the Taylor expansion of the relax-
ation function with respect to variable t and T. Phase-separated IPNs relate to
thermorheologically complicated materials. In principle, in these systems two
different mechanisms of relaxation exist, each of them being characterized
by its own temperature coefficient. Because of this, the application of tradi-
tional temperature–frequency superposition to IPNs is restricted. However,
even in those cases when this approach is not entirely valid, it may be used
for approximate calculations. Thus, the application of the temperature–time
superposition to heterogeneous polymeric materials shows that the method
may be very valuable for prediction of the viscoelastic properties, in spite of
the necessity of further developing the theory.
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4.1
Application of Mechanical Models

To describe the dynamic mechanical properties of two-phase systems, me-
chanical models may be used. The most distributed is the Takayanagi model
developed for two-phase polymer blends [176]. Two mechanical models de-
scribe the elastic properties of the heterogeneous systems, namely, the com-
plex elastic modulus. The corresponding expressions for the moduli are:

E∗
I =

[
ϕ

λE∗
A +

(
1 – λ

)
E∗

B
+

1 – ϕ

E∗
B

]–1

(125)

E∗
II = λ

[
ϕ

E∗
A

+
1 – ϕ

E∗
B

]–1

+
(
1 – λ

)
E∗

B , (126)

where E∗
A and E∗

B are the complex moduli of the two phases, λ and ϕ corres-
pond to the thickness and length of the specimen occupied by phase, while
the product λϕ is equivalent to the volume fraction of phase A. The higher ϕ,
the closer is the model to ordinary parallel coupling of the elements, and the
higher λ, the closer it is to series.

Another so-called isotropic model, proposed by Kraus [177], is character-
ized by another arrangement of elements in sequential–parallel combination;
there are two variants of the isotropic model, which differ in series–parallel
and parallel–series coupling of elements.

For the first time the Takayanagi model was used by Frisch and Klemp-
ner [178, 179]. Equation 126 was applied to describe the properties of PU–PA
IPNs, PA being the matrix the PU is dispersed in. Calculated and experi-
mental data agree rather well for PA/PU ratio 70 : 30. One takes λ = 0.45 and
ϕ = 0.667 and for the ratio of networks 50 : 50, λ = 0.88 and ϕ = 0.785. The
agreement of such a simple model with the experimental data on IPNs may be
considered as evidence of a weak interaction between constituent networks.
The data for this system have also shown the appearance of two distinct tran-
sitions with slight shifting and broadening of the glass transition. Initially,
this fact was considered to be the sign of some level of molecular mixing,
but now we understand that this is the result of the formation of two phases
consisting of both components, each phase being quasi-equilibrium. Many
equations developed for describing the mechanical properties of reinforced
polymers [180] may be applied to IPNs. Indeed, it was established that the
Kerner equation might rather well describe the mechanical properties of IPNs
based on PU and PMMA in the region of a small amount of one of the com-
ponents [181]. In the intermediate range of compositions, the mechanical
properties are better described by the Budiansky equation [182] that has the
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form:
V1

1 + ε
(
G1/G – 1

) +
V2

1 + ε
(
G2/G – 1

) = 1 , (127)

where V1 and V2 are the component volumes, G1 and G2 are the shear moduli
of the composition and its constituent components, and ε = 2(4–5ν)/15(1 –
ν), ν being the Poisson ratio. The applicability of the Budiansky equation re-
veals once more the two-phase structure of IPNs.

The systems with dual-phase continuity may well be described by the
Davies equation [183]:

G1/5 = v1G1/5 + v2G1/5 , (128)

where νi are the volume fractions of phases 1 and 2.
The review of the first results on the application of the mechanical models

to describing IPN properties was done in the well-known monograph by
Sperling [2]. For acrylic–urethane IPNs, the Takayanagi parallel model cor-
responds to the case in which the stiffer component is continuous, while the
series model corresponds to the case in which the softer component is con-
tinuous. For the IPN mentioned, the experimental data agree best with the
parallel model over most of the concentration range.

The Takayanagi model was applied to calculation of the viscoelastic prop-
erties of sequential semi-IPNs based on styrene–DVB copolymer/PBMA [88].
Both variants of the model were investigated. The comparison of experi-
mental and calculated data has been done by calculating curves of log G′ vs
T for various models and by calculating tan δ as a function of temperature
for 40% PBMA. The same curves were obtained for other IPN compositions
(Figs. 31 and 32). It can be seen that calculated dependencies for the first vari-
ant of Takayanagi model agree better with experimental data than those for
the second variant. This fact enables one to assume that at a given PBMA
concentration, the main part of the copolymer forms some inclusions in the
PBMA matrix. Among the possible reasons for the deviation of the calcu-
lated values from the experimental ones is the difference in the mechanical
properties of the pure constituent components and the same components in
the IPN. This is especially true for semi-IPNs with a small amount of PBMA
(5% by mass). The heights of the tan δ peaks, corresponding to the relax-
ation transition of copolymer, depend on the temperature at which the IPNs
were formed, whereas the Tg values themselves do not change significantly.
Thus, the conclusion may be drawn that the viscoelastic properties of the
IPNs depend mainly on the degree of segregation. It was found that the intro-
duction of a small amount of PBMA into the semi-IPN significantly improves
its characteristics, which is connected, probably, with the formation of struc-
tures typical of spinodal decomposition. In the same work both variants of
isotropic models were also used, but the calculated data do not agree with the
experimental ones.
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Fig. 31 Temperature dependence of log G′ for various models: (2), (4) Takayanagi
model; (1), (3) isotropic model. Variant I-1,2; variant II-3,4. Points (curve 5) are experi-
mental values [88]

The Takayanagi model allows calculation of the value of the complex mod-
ulus E∗. In [184] the methods of calculating E′ and E∗ were proposed. For this
purpose, using the parameters of the Takayanagi model, the following set of
equations was derived:

E′ =
(
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)
E′

A + λX/
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Experimentally studied simultaneous IPNs were prepared from PU (based on
POPG MM 2000, TDI, and trimethylolpropane (TMP)) and PUA, based on the
same components (POPG MM 700) and HEMA. For various component ratios
the temperature dependencies of the real and imaginary parts of the complex
moduli were determined for pure networks and IPNs. The dependencies of
viscoelastic functions calculated from Eqs. 129–132 are presented in Figs. 33
and 34 for individual networks (curves 1 and 2) and IPNs of various com-
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Fig. 32 Temperature dependence of tan δ for the models in Fig. 31 [88]

Fig. 33 Dependence of the real part of the complex modulus E′ (MPa) on temperature for
IPNs of various PU/PUA ratios: (1) pure PU network; (2) pure PUA network; (3) ratio 8 :
2; (4) 6 : 4; (5) 5 : 5; (6) 1 : 9 [184]
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Fig. 34 Dependence of E′′ on temperature. Curves as in Fig. 33 [184]

positions (for IPN 4 the volume ratio of PU : PUA is 8 : 2, for IPN 5—6 : 4,
IPN 6—5 : 5, and IPN 7—1 : 9).

The temperature dependence of parameter ϕ (Fig. 35) was determined
from Eqs. 129–132, assuming that the continuous phase is a PU-enriched
phase. The value of ϕ was determined as the average of two ϕ values obtained
from the experimentally found values of E′ and E′′. Applying Eqs. 129–132,
a reasonable value ϕ ≤ 1 could be observed only if one assumes that the PU

Fig. 35 Dependence of parameter N of the Takayanagi model on temperature for PU/PUA
ratios: 1 : 9 (7); 1 : 1 (6); 9 : 1 (5); 8 : 2 (4). Dotted curve calculated by Eqs. 124–127 for
model of homogeneous mixture (E∗ = 0.5 (E∗

PU + E∗
PUA)) with the composition PU/PUA

= 1 : 1 assuming that PU is the continuous phase [184]
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phase forms a continuous medium up to 90 vol % of the PUA network. Such
a conclusion agrees with the data of electron microscopy.

The calculated dependencies of parameter λ on temperature are small and
ϕ → 1, which points to additive contributions of the respective phases. The
theoretical dependencies of E′ and E′′ for IPNs 6 and 7 (calculated assuming
ϕ = 1) are given in detail in Figs. 33 and 34. One can see that good agree-
ments with experiment have been found, particularly for the dependence of
E′ on T. With samples 4 and 5 no constant λ can be found in order to de-
scribe the temperature dependence of the E∗ moduli. Thus, the behavior of
IPNs increasingly deviates from additivity. It can be supposed that difficul-
ties involved in attempts to adequately describe the mechanical behavior of
IPNs by means of a two-phase model may be related to the existence of the
interfacial layers, which render the two-phase model inadequate. The results
obtained with samples 4 and 5 (Fig. 35) may then be interpreted as showing
an increase in the effect of the interphase on the mechanical behavior of IPNs,
this effect being much larger for low concentrations of PUA.

The temperature dependence of the parameter ϕ of the Takayanagi model
was also calculated for a hypothetical homogeneous mixture (1 : 1), which
would have the value of the modulus E∗ = (E∗

PU + E∗
PUA)/2. Figure 35 shows

that the observed dependencies for IPNs 4 and 5 resemble the assumed shape
calculated for a homogeneous mixture. Hence, the temperature dependence
of ϕ for these samples may be due to the reduction of the two-phase character
and to a closer resemblance to the behavior of homogeneous systems. Such
a conclusion is also supported by additional calculations for the Takayanagi
model, for which it was assumed that phase A is the PU whereas phase B is
the homogeneous mixture of PU/PUA with the ratio of 8 : 2. Application of
Eqs. 129–132 to the E vs T dependence for sample 4 (assuming ϕ = 1) led to
the temperature-dependent value of volume fraction of the B phase (about
0.70–0.85), which also indicates a considerable homogeneity of this IPN. The
results of calculations and their comparison with experiment allowed the con-
clusion to be drawn that at the volume fraction of PUA > 0.5 the mechanical
behavior of IPNs has a pronounced two-phase character, with the effect of
the interphase layer being small. At a smaller fraction of PUA, contributions
of the interphase are distinct (see below) and experimental results cannot be
adequately described by the two-phase model.

The mechanical models were applied to IPNs in acrylic blends and their
fibers [185]. The authors have defined a parameter ε to characterize the ad-
hesive capacity between phases, i.e., interpenetration of the two phases:

ε =
∑[

E′
cal

(
T
)

– E′
obs

(
T
)]2

/1022 , (133)

where E′
cal and E′

obs represent the calculated and the observed modulus, re-
spectively; the summation is taken over the entire temperature range. Using
a computer, several pairs of parameters, λ and ϕ, were calculated. The equiva-
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lent models with a minimum value of ε were obtained for model I. In this
case, the agreement between calculated values and observed ones is fairly
good. The authors believe that the value of ε is related to the compatibility of
two network components. The ratio λ/ϕ can provide some information about
the structure of IPNs.

4.2
Viscoelastic Functions and Relaxation Transitions

The phase separation in IPNs determines the appearance of at least two re-
laxation maxima in the systems, which are determined by the properties of
evolved phases. Transition temperatures may be found using all the methods
that are usually applied for this purpose, namely, DSC, dilatometry, measure-
ments of viscoelastic functions/temperature dependencies of elastic modulus,
and temperature dependence of the tangent of mechanical losses, etc. The
appearance of two relaxation transitions was the first sign of the heteroge-
neous two-phase structure of IPNs and therefore a number of investigations
were dedicated to this problem, although when the main features were estab-
lished, the following investigations could not add anything essential to the
understanding of the IPN properties.

As early as the end of the 1960s, Sperling established [186, 187] that for
sequential IPNs based on PS and PA, the dependence of the elastic modulus
on temperature shows the existence of two transitions indicating the forma-
tion of two phases. Transition temperatures are shifted along the temperature
scale, which is a sign of incomplete phase separation and of the appearance
of an interphase. For some systems it was found [188] that the value of the
complex elasticity modulus and its temperature dependence (i.e., the position
of relaxation transitions) depend on the way the IPN was synthesized, that
is, on which network was obtained first and formed a matrix. The sequen-
tial IPNs based on poly(ethyl acrylate) (PEA) and styrene–MMA cross-linked
by tetraethylene glycol dimethacrylate were prepared for two cases when the
elastomeric network (PEA) or PS network was obtained first. The compar-
ison of the temperature dependence of viscoelastic functions shows rather
profound differences, both in values of modulus and position of transitions.
These results were explained by various degrees of compatibility of two net-
works depending on the sequence of their formation.

In principle, similar results were obtained in all subsequent investigations
done for various systems [189–191]. As a rule, the temperature transition
for the elastomeric component shifts to higher temperatures, whereas the
temperature transition for the more rigid component shifts to lower tempera-
tures. Now we can say that these shifts are determined by the formation of
two phases with different compositions (initially these shifts were ascribed
to the changing compatibility of two components). For semi-IPNs based on
PU and PHEMA [191], the segregation degree varies in the limits 0.22–0.35,
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again showing that phase separation is not completed. Therefore the studied
IPNs are two-phase systems with incomplete phase separation and different
degrees of phase separation.

The study of viscoelastic properties of sequential IPNs based on PU and
styrene–DVB copolymer [192] has shown that increasing the content of the
second network affects nonmonotonously the position and the shape of the
curves of temperature dependence of the elastic characteristics. This depen-
dence is shown in Figs. 36 and 37. The modulus diminishes only in a narrow

Fig. 36 Dependence of the shear modulus on the volume fraction of the second network
at various temperatures: (1) 243, (2) 253, (3) 293 K [192]

Fig. 37 Dependence of the temperature of maximum losses (1) and activation energy (2)
on the volume fraction of the second network [192]
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concentration range. The application of the Williams–Landell–Ferry (WLF)
theory to these data allowed the temperature dependence of the relaxation
times to be calculated and the activation energy of transitions to be found. As
is seen from Fig. 37, at rather low content of the second network the activation
energy diminishes, but above the volume fraction of 0.1 it increases. The data
were explained by the formation of an interphase, the fraction of which de-
pends on the amount of the second network. The formation of an interphase
contributes to the viscoelastic properties of the system more, the higher the
fraction of interphase. This fraction increases with concentration of the sec-
ond network. The second component also diminishes the molecular mobility
of the chains of the PU network [181]. As a result, the mechanical characteris-
tics of the IPN should depend not only on the content of the second network,
but also on the fraction of an interphase. The simultaneous action of two dif-
ferent mechanisms determines the extreme dependence of the IPN properties
on the networks ratio. Generally, similar features were discovered for simul-
taneous and sequential IPNs [165, 193, 194]. The position of the temperature
transitions in all cases depends on the reaction time and may be changed
rather markedly.

Some specific features are exhibited by IPNs in which one of the net-
works is formed by linear or cross-linked ionomer [195]. Polymers related
to ionomers usually contain some amount of ionogenic groups (usually
no more than 10%), as distinct from polyelectrolytes [196]. The way an
ionomeric IPN is synthesized affects its viscoelastic properties, as was estab-
lished for styrene–ethylene–butylene copolymer (copolymer I) and styrene–
methacrylic acid–isoprene network (copolymer II) [197, 198]. Copolymer I
has two transition temperatures and copolymer II has one, and their shift
during chemical mixing is negligible indicating almost full immiscibil-
ity of components. The mechanical behavior of such systems is described
rather well by the Davies equation (Eq. 128). At the same time, IPNs based
on PU and ionomeric PU (the latter was synthesized from 2,4-TDI, 2,2-
dimethylethanolamine, and 1,5-dibromopentane) [146] are characterized by
comparatively low segregation degree due to some miscibility. Numerous
data discussed in [195] show that the distinctions in viscoelastic behavior of
ionomeric IPNs are connected with the formation of complexes between po-
lar and ionogenic groups. Generally, the complex formation and very strong
trend of such systems to association determine the better conditions for
phase separation. The temperature transitions in IPNs were the subject of
many investigations, although it is hard to say that new results have added
anything essential to the rules established initially.

The relaxation properties of semi-IPNs are characterized by the same gen-
eral features as for full IPNs [199–202]. The investigation of the temperature
dependence of the shear modulus and of the mechanical losses for semi-
IPNs based on linear PMMA or polyacrylonitrile and cross-linked PU has
shown that the transition temperatures inherent to PU are shifted to higher
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values when its content is increased. Dielectric measurements have shown
that in the temperature interval 173–223 K there appears a weak peak; the
β process for PMMA is revealed as a broad peak near 353 K, which moves
toward the peak at 403 K corresponding to the α transition for PMMA. For
PU two peaks are observed: the first broad one at 183 K, corresponding to
the β process, and the second at 248 K, related to the α process, the latter be-
ing located 14 K higher as compared with pure PU. From the data obtained
the activation energies were calculated for α and β processes in constituent
components and in semi-IPNs. It was found that the activation energy for the
β process of PU in semi-IPNs is much higher as compared with homopolymer
(154 and 100 kJ·mol–1, respectively). This effect was explained by interfacial
interaction between components. The authors believed that the smaller are
the domain dimensions (determined from the electron microscopy data), the
higher is the interfacial area and the more restricted is the molecular mobil-
ity at the interface, leading to an increasing activation energy of PU. The ratio
NCO : OH in PU and the duration of the time between the onset of PU curing
and MMA polymerization also affect the relaxation behavior, the value of Mc
in IPNs being also one of the parameters determining the relaxation behav-
ior. The study of dielectric relaxation at low temperatures for IPNs made from
epoxy resin and polyacrylate [194] also enabled estimation of the activation
energies of the β relaxation process.

It is important that the viscoelastic properties of IPNs depend on the kinetic
conditions and on the method of IPN synthesis [202]. This question was thor-
oughly investigated for semi-IPNs based on cross-linked PU and linear PBMA.
The latter polymer was introduced into the network in two different ways:

1. The curing of PU proceeded in the presence of PBMA introduced into the
reaction system.

2. Semi-IPNs were formed via simultaneous curing of PU and polymeriza-
tion of BMA.

The data on the temperature dependence of the elastic modulus and of the
mechanical loss tangent are given in Fig. 38. It is seen that semi-IPNs are
typical two-phase polymeric systems, exhibiting two relaxation transitions
(determined from the positions of loss tangent maximum). The shape of the
temperature dependence of elastic modulus is also typical of two-phase sys-
tems. At the same time, a substantial shift in Tg of the linear polymer from
343 to 308 K (samples 8–3) and a less marked shift in Tg of the PU network
indicate the formation in the system of two phases with dissimilar compo-
sitions. The concurrent processes of PU network formation and microphase
separation caused by thermodynamic immiscibility of components result in
the formation of phases enriched in one of the components.

Some features of the phase structure, which follow from IPN viscoelastic
properties, can be pointed out. The continuous medium for samples 2–6 is the
phase enriched in PU network, which is evidenced by a plateau on the elastic-
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Fig. 38 Temperature dependence of elastic modulus (a) and mechanical losses (b) for
semi-IPN PU/PBMA with ratio of components (mass %): (1) 100 : 0; (2) 91 : 9; (3) 87 : 13;
(4) 83 : 17; (5) 77 : 23; (6) 67 : 33; (7) 56 : 44; (8) 0 : 100 [202]

ity curve at temperatures above 343 K. A drastic decrease of the elastic modulus
above this temperature for the semi-IPN containing 44 mass % PBMA (curve 7)
unambiguously indicates a high PBMA content in the continuous phase. As
for many full and semi-IPNs, the inversion of phases enriched in one of the
components occurs in the region of intermediate compositions [155].

Since the phase separation proceeds under nonequilibrium conditions, it
results in the formation of two continuous phases (dual-phase connectivity)
whose compositions are fixed by cross-linking. As was mentioned above, each
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of the phases consists of both IPN components and can be treated as an inde-
pendent IPN where mixing of the components at the molecular level through
topological entanglements takes place (the “forced” compatibility effect).

4.3
Viscoelasticity and Curing Conditions

The viscoelastic properties are also dependent [202] on the kinetic condi-
tions of curing (Fig. 39). From these data it can be seen that the growth
of the PU network formation rate due to an increase of the catalyst mass
fraction at a constant temperature 333 K results in the formation of a less
cross-linked PU network. The Tg shifts toward lower temperatures (from
261 to 248 K). However, the increase in reaction rate caused by a change in
the curing temperature in the series 313, 333, 353 K led to the opposite re-
sults. The Tg of the PU network shifts from 251 to 265 K, while the Tg of
PBMA remains practically unchanged. The observed changes in the relax-
ation behavior of the semi-IPNs seem quite logical when considered from the

Fig. 39 Temperature dependencies of mechanical losses of PU network (1 – 3) and semi-
IPN PU/PBMA (85:15 mass %) (3 – 8) at various temperatures of curing and catalyst
concentration (mass fraction in brackets). Curves 1 333 K (0.005); (2) 333 K (0.010);
(3) 313 K (0.010); (4) 333 K (0.010); (5) 333 K (0.005); (6) 333 K (0.050); (7) 353 K (0.010);
(8) 313 K (0.010) [202]
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standpoint of concepts of formation of phases enriched in one of the com-
ponents of a two-phase system. In the above-considered series, the increase
in Tg of the PU-enriched phase appears to be associated with the decrease in
the reaction system viscosity, which results in the formation of a more regular
structure of the PU network. As would be expected, as the curing tempera-
ture is lowered to 313 K, the Tg of the PU-enriched phase shifts somewhat to
lower values since a more defective structure of the PU network is formed
with increasing viscosity of the reaction system. In the viscoelastic proper-
ties, a substantial part is played by the method of changing the reaction rate:
when this parameter is varied by changing the catalyst concentration, the ini-
tial viscosity of the reaction system remains unchanged, whereas changing
the curing temperature substantially alters both the reaction rate and the sys-
tem viscosity, which leads to the formation of a different structure and, as
a consequence, to semi-IPNs with different properties.

Now let us consider the same semi-IPNs but produced by simultaneous
curing of PU and polymerization of BMA. Comparing two different ways of
semi-IPN production, we would have to take into account that PBMA intro-
duced into the reaction system in the first case has a different molecular mass
than PBMA formed during simultaneous curing and polymerization. In the
cited work this question was not considered, in spite of the possible effect of
a difference in molecular masses on the viscoelastic properties. In the case
under consideration, both reactions proceed concurrently. Figure 40 shows
that with increasing initiator concentration, i.e., with increasing BMA poly-
merization rate, the temperature of the glass transition of IPNs changes only
insignificantly, its shift on the temperature scale being within 2 K. At the same
time, a different BMA polymerization rate results in significant changes in
viscoelastic properties. A rise in the Tg of PBMA or, more exactly, of the
PBMA-enriched phase is observed when the polymerization rate of BMA is
increased, deviations toward both higher and lower temperatures (curves 2
and 8) taking place. The Tg of the PU-enriched phase (curves 2, 4, 6, 8)
shifts toward higher temperatures from 248 K (initial PU network) to 265 K
in semi-IPNs. The observed changes in the viscoelastic behavior evidence an
incompleteness of the microphase separation process and a significant influ-
ence of the reaction kinetics on the process. The measurements of the elastic
moduli for the same systems have shown an increase of E∞ for samples 2, 4,
6, and 8 with respect to the initial PU network. This fact seems to be asso-
ciated not only with the contribution of topological entanglements between
components, but also with an increase in the intermolecular interaction be-
tween them and, possibly, with the increase in the cross-linking degree of
PU. This effect differs substantially from the results obtained for the preced-
ing semi-IPN series, where an already macromolecular PBMA was introduced
into the system. Evidently, the system viscosity decreases due to the introduc-
tion of monomer and gives rise to a more regular network structure, increases
intermolecular interaction, and hence raises Tg.
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Fig. 40 Temperature dependence of mechanical losses of initial components (PU and
PBMA) and semi-IPNs at various concentrations of initiator [I], mol·l–1. (1) PU;
(2) PU/PBMA 75 : 25, [I] = 0.74×10–2; (3) pure PBMA, [I] = 0.74×10–2; (4) PU/PBMA
75 : 25, [I] = 1.48×10–2; (5) pure PBMA, [I] = 1.48×10–2; (6) PU/PBMA 75 : 25, [I] =
2.96×10–2; (7) pure PBMA, [I] = 2.96×10–2; (8) PU/PBMA 75 : 25, [I] = 1.08×10–1;
(9) pure PBMA, [I] = 1.08×10–1. Catalyst concentration for PU formation in all cases
1.4×10–4 mol·l–1 [202]

The shift of Tg of the PBMA-enriched phase toward low temperatures de-
pends on the PBMA formation rate. It seems that the lower is the PBMA
formation rate, the more favorable are the conditions for the intermolecular
interaction between forming PBMA macromolecules and the PU network be-
ing formed, and the lower is the Tg of PBMA in the semi-IPN.

The viscoelastic behavior of the semi-IPNs obtained at the highest PBMA
and the lowest PU network formation rates is somewhat unusual. The small-
est E∞ value of the PU-enriched phase indicates a more defective structure
of the network. This fact can be interpreted as follows: it is possible that in
this case the earlier formed PBMA phase has the form of disperse inclusions,
while the PU network is formed in the presence of such a polymeric filler
and, as was ascertained elsewhere [180], a more defective network structure
develops in such cases.

It seems interesting to compare viscoelastic properties of semi-IPNs ob-
tained with the use of BMA monomer and those made of PBMA. The
temperature dependencies of the mechanical losses for these systems are
shown in Fig. 41. This figure shows that the method of PBMA introduction
(monomer or previously prepared polymer) radically changes the semi-IPN
structure and its viscoelastic properties. Of course, in all cases the semi-IPNs
are incompatible heterogeneous systems, but significant changes in glass
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Fig. 41 Temperature dependence of mechanical losses of semi-IPNs at various com-
ponent ratios: (1) PU/BMA 85 : 15, [I] = 5.4×10–2 mol·l–1; (2) PU/PBMA 85 : 15;
(3) PU/BMA 75 : 25, [I] = 5.4×10–2 mol·l–1; (4) PU/PBMA 75 : 25; (5) PU/BMA 65 : 35,
[I] = 5.4×10–2 mol·l–1; (6) PU/PBMA 65 : 35 [202]

transition temperatures unambiguously indicate a change in the phase struc-
ture of the IPN. The height of the tan δ maximum of a continuous phase
always exceeds the corresponding maximum of a phase that is a disperse in-
clusion. The following can be inferred unambiguously from the temperature
dependence of the mechanical loss tangent, presented in Fig. 41. Changing
the semi-IPN production method means changing the continuous medium
of the system. When PBMA in an amount of 15 mass % is introduced, the
continuous medium (matrix) is the PBMA-enriched phase, while the PU-
enriched phase is the continuous medium when BMA monomer is used
(Fig. 41, curves 1 and 2). Of course, an inversion of phases occurs in both
cases, but the concentration range in which this is observed depends on the
method of linear polymer introduction into the system. Evidently, the phase
inversion in the former case is observed in the region of small PBMA mass
fractions (less than 13%), while in the latter case, at a PBMA mass fraction of
35%, the continuous phase is the PU-enriched one.

It was also discovered that the viscoelastic functions depend on the se-
quence of component curing [202]. In the work cited it was also estab-
lished that the kinetic conditions affect the segregation degree and, thus,
the viscoelastic properties. By increasing the initiator concentration from
0.74×10–2 to 2.96×10–2 mol·l–1 the segregation degree, α, changes from 0.11
to 0.28. In such a way, by varying the kinetic parameters of the component
curing and, therefore, the parameters of phase separation, the viscoelastic
properties of IPNs may be changed, which is an effective technique for con-
trolling the structure and the properties of hybrid binders of this type.
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Knowledge of the general principles that govern the viscoelastic and me-
chanical properties of IPNs allows us to obtain various polymeric materials
on their basis. Because of this, up to now many publications have appeared
where these properties are studied [203–208].

4.4
Properties of Thermoplastic Apparent IPNs

Presently, some hybrid polyblends, such as the thermoplastic apparent inter-
penetrating polymer networks (AIPNs), call for a broader view. In contrast
to traditional IPNs, in thermoplastic AIPNs the components are cross-linked
by means of physical, instead of chemical, bonds. These physical bonds are
glassy domains of block copolymers, ionic clusters in ionomers, or crys-
talline domains in semicrystalline polymers. The components of thermoplas-
tic AIPNs are capable of forming physical networks and are characterized
by mutual penetration of phases. Thermoplastic AIPNs are intermediate be-
tween mixtures of linear polymers and true IPNs because they behave like
chemically cross-linked polymers at relatively low temperatures, but as ther-
moplastics at elevated temperature [208]. The blends based on combinations
of physically cross-linked polymer and linear polymer, or physically cross-
linked polymer and chemically cross-linked (thermoset) polymer, where the
physically cross-linked polymer network constitutes the continuous phase
and the other component disperses into domains, will also exhibit the prop-
erties of thermoplastic compositions.

In the 1990s, the first papers on the synthesis, kinetic peculiarities, and
characterization of structure–property relationships for polycyanurate–PU
semi-IPNs were published. The idea of these semi-IPNs was to synthesize
a new material from widely used linear PU as a thermoplastic elastomer
and intensively developing high-performance cyanate ester resins (CERs) as
a thermoset. Linear segmented polyurethanes (LPUs) exhibit rubbery charac-
teristics and thermoplasticity that is directly connected with their structure.
LPU is characterized by internal heterogeneity specified by phase separation
of soft and hard blocks of the polymer chain. CER formulations offer a var-
iety of excellent thermal and other properties (see Sect. 1), which commend
them for use in high-performance technology (e.g., high-speed electronic
circuitry and aerospace composite matrices) [209, 210]. Some reviews dedi-
cated to thermoplastic PU (TPU) elastomers in IPNs have been published by
Fainleib, Grigoryeva, and Sergeeva [210, 211]. These authors contributed very
much to the development of the chemistry of TPU IPNs.

Thermoplastic AIPNs of several compositions prepared by mechanical
blending in a roll mill of crystallizable polyurethane (CPU) and styrene–
acrylic acid random copolymer (S-co-AA) have been investigated using dif-
ferent techniques by Vatalis et al. [212, 213]. The CPU was based on TDI
(mixture of 2,4- and 2,6-isomers, molar ratio 65 : 35) and oligomeric buty-
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lene adipate glycol (BAG, MM 2000); the molar proportion of reagents was
1.01 : 1.00. The S-co-AA was obtained by a bulk radical copolymerization of
S and AA; the molar ratio of comonomers in S-co-AA was ∼ 72 : 28. Both
individual CPU and S-co-AA components are physically cross-linked poly-
mers. CPU is cross-linked by means of hydrogen bonds and microcrystallites
of BAG acting as effective cross-linking sites with a degree of crystallinity
of about 50%. Won et al. [214] have shown that in S-co-AA the significant
physical cross-linking occurs by means of strong dimer hydrogen bonding of
carboxyl groups.

Some interactions between the components and their effect on the mi-
crophase structure of each other in thermoplastic AIPNs are realized, and
wide-angle X-ray scattering (WAXS) and SAXS have been reported [212].
The mechanical properties of the thermoplastic AIPNs, density ρ, flow limit
σf, elasticity modulus E, and tensile strength σ , change nonadditively with
composition, with extreme values at small contents (until 5–10%) of CPU
or S-co-AA in compositions. This behavior confirms that each of the com-
ponents of the thermoplastic AIPNs affects the microphase structure and
properties of the other component. This is only possible by the formation
of the interpenetrating structure of the thermoplastic AIPNs [215] by strong
physical interactions between the functional groups of CPU and S-co-AA. It is
known [214] that the acid groups of AA in S-co-AA can be considered as an-
ionic groups (COO–H+) with a low degree of ionization, which are able to take
part in intermolecular physical (electrostatic) interactions with polar groups
of the flexible and rigid CPU blocks.

Some secondary relaxation of components of thermoplastic AIPNs have
been investigated by using thermally stimulated depolarization current
(TSDC) techniques and thermally stimulated conductivity (TSC) measure-
ments [212, 213]. It was found that on addition of S-co-AA to CPU, the
secondary γ and β CPU peaks (at ∼ – 140 and ∼ – 100 ◦C, respectively) shift
slightly to lower temperatures, i.e., the corresponding relaxations become
faster, the shifts being more pronounced at low S-co-AA contents. The shifts
may be brought about in relation to physical interactions between the IPN
components and to their partial miscibility. Rizos et al. [216] have shown
that as a result of such interactions, changes of local free volume may occur,
which affect the relaxation time of secondary relaxations. The same changes
of the β relaxation of PU have been found in PU–PS IPNs by Pandit and
Nadkarni [217].

The method of mechanical blending of two (or more) polymers in the melt
is one of the main methods of producing thermoplastic IPNs [208]. Thermo-
plastic AIPNs based on the same CPU and S-co-AA by mechanical blending of
components in a common solvent were investigated by DMTA, DSC, WAXS,
SAXS, TSDC, and other techniques by Sergeeva, Kyritsis et al. [218–222].
DMTA measurements have shown that thermoplastic AIPNs can be consid-
ered as multiphase systems having at least two amorphous and one crystalline
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phase and regions of mixed compositions. Their mechanical properties are
determined by the heterogeneity of the individual components, as well as by
the heterogeneity caused by the thermodynamic immiscibility of the compo-
nents. The degree of incompatibility is determined, to a large extent, by the
ratio of intra- and intermolecular H bonds between the functional groups of
CPU and S-co-AA. For thermoplastic AIPNs with CPU content up to 10%,
CPU–S-co-AA interactions mainly take place, whereas at higher CPU con-
tents CPU–CPU and S-co-AA–S-co-AA interactions begin to dominate. It is
important to note that all the physical cross-linking, i.e., crystallites of CPU
and inter- and intramolecular H bonds of CPU and S-co-AA are destroyed at
elevated temperature [209].

The results obtained are explained [220] by the formation of the networks
of inter- and intramolecular H bonding, which results in formation of dou-
ble phase continuity. The intermolecular H bonding between the functional
groups of the components promotes the improvement of compatibility of
the components in the thermoplastic AIPNs. On the other hand, the degree
of segregation of the CPU and the S-co-AA microphases simultaneously in-
creases, as AA and BAG move out of the S-co-AA and the CPU phases, respec-
tively, because their functional groups take part in intermolecular H bonding.
Intramolecular H bonding promotes a deepening of the microphase separa-
tion of the thermoplastic AIPN components.

The thermodynamic state of thermoplastic AIPNs produced by the solu-
tion technique has been investigated by Sergeeva et al. [221] to give an insight
into their structure as a function of their composition. To estimate the ther-
modynamic state of the investigated thermoplastic AIPNs, the free energy
of mixing the constituent polymers has been calculated by the vapor sorp-
tion method. The changes in free energy of mixing (∆gx) between the CPU
and S-co-AA in the thermoplastic AIPNs with the range of composition cho-
sen have been calculated. It was found that the values of the free energy
of mixing of components ∆gx are slightly negative (∆gx =– 0.3/ – 3.6 J·g–1)
in the range of small content (up to 10%) of each of the components, and
it is positive (∆gx = + 0.5 J·g–1) for thermoplastic AIPNs with CPU content
of 50%. Therefore, in thermoplastic AIPNs with a content of CPU or S-co-
AA up to 10%, the components are thermodynamically miscible and thus
thermoplastic AIPNs are thermodynamically stable. The microphase separa-
tion of the components takes place for the thermoplastic AIPNs of middle
compositions and, probably, for other compositions where the systems are
thermodynamically unstable. One can suppose that in this case the complete
phase separation of the components of thermoplastic AIPNs does not occur,
this process being prevented by intermolecular physical network formation
by the components. Note that in the transition region from the thermody-
namically stable to thermodynamically unstable (metastable) state extreme
changes of all properties of the thermoplastic AIPNs studied have been ob-
served.
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Thermoplastic AIPNs based on the same CPU and (styrene–acrylic acid)
ion-containing (K+) block copolymer (S-b-AA (K)) prepared by mechani-
cal blending of components in a common solvent were investigated using
DMTA and DSC techniques by Bartolotta et al. [223]. The local and cooper-
ative molecular mobility of individual CPU, S-b-AA (K), and thermoplastic
AIPN of composition CPU/S-b-AA (K) = 80 : 20 (mass %) has been investi-
gated. The experimental results for thermoplastic AIPNs have been compared
and contrasted to those obtained in pure components, showing the existence
of distinct calorimetric and mechanical transitions which are unambiguously
associated to the two components, a clear indication of a multiple-phase
heterogeneous structure. These observations reflect a thermodynamic in-
compatibility of the components, even though a limited miscibility is inferred
by small but appreciable variations of the magnitudes of local (γ relaxation)
and cooperative (αa relaxation and melting events) transitions, which deviate
significantly from a simple dilution effect. The shift of Tg of the CPU com-
ponent to higher temperatures and the largest jump of ∆Cp observed in the
DSC thermogram of thermoplastic AIPN, as compared to the thermal fea-
tures characterizing pure CPU, as well as the decreasing crystallinity of the
CPU component, are the results of limited miscibility of the components. The
growth affinity between CPU and S-b-AA (K) in thermoplastic AIPN is be-
lieved to be the result of interactions (hydrogen and ionic bonds) between the
functional groups of the two polymeric components. Finally, the differences
revealed in the behaviors of the calorimetric and mechanical glass transition
temperatures are regarded as experimental evidence for the existence of lo-
cally heterogeneous relaxation motions, which are probed by the different
length scales associated to the calorimetric and mechanical techniques.

Thermoplastic AIPNs based on anion-containing PU1 and polyamino-
urethane (PU2) were prepared and investigated using different techniques by
Stepanenko et al. [224] and Tsonos et al. [225, 226]. The PU1 was based on
oligotetramethylene glycol (OTMG, MM 1000), TDI (mixture of 2,4- and 2,6-
isomers in the ratio 65 : 35), and the magnesium salt of p-hydroxybenzoic acid
(Mg-HBA); the molar proportion of the reagents was 1 : 2 : 2. The PU2 was
based on the same OTMG and TDI, and N-methyldiethanolamine (NMDA);
the molar proportion of reagents was 1 : 2 : 2, too. Polymer blends contain-
ing 5, 10, 30, and 50 mass % of PU1 were obtained and studied. The details
of preparation conditions are described in [224, 225]. The molecular mobil-
ity, microphase morphology, and their dependence on the composition of the
blends were investigated by TSDC, DSC, FTIR, SAXS, and other techniques.

Dielectric TSDC measurements [225] of the blends have shown four re-
laxation mechanisms. The subglass secondary γ relaxation (at ∼ 120 K) is
associated with local motions of parts of the molecular chain. The β relax-
ation (at ∼ 160 K) is attributed to the motions of the polar carbonyl groups of
the polymer chain. A systematic change of the magnitude (maximum of the
current) and position (temperature of the maximum current) of these two re-
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laxations dependent on the composition of the ionomer (PU1 content) has not
been observed.

The α relaxation is related to the glass transition, Tg, of the amorphous soft
phase of the PU1 and PU2. The Maxwell–Wagner–Sillars (MWS) relaxation is
related to interfacial polarization caused by the motion of ions released dur-
ing the glass transition. The temperature at which α and MWS relaxations (Tg
and TMWS, respectively) appear in the TSDC plots and the magnitude of these
relaxations are affected strongly by the degree of microphase segregation of
the PU1 and PU2 in the blends. Based on TSDC measurements, a parame-
ter mTSDC, a criterion expressing the relative degree of phase mixing, was
introduced [225]. This parameter takes into account all the factors affecting
phase mixing that the partial parameters express. According to the definition
of mTSDC, higher values of mTSDC correspond to higher degrees of phase mix-
ing of the components in the blends. As is seen in most of the work on AIPNs,
authors mainly describe their properties. No general conclusions were drawn
on the specific features of these systems.

4.5
Features of Temperature Transitions

For some systems a comparison of the properties of full and semi-IPNs has
been made [227–229]. The main difference in dynamic mechanical proper-
ties consists in that the shift of temperature transitions in semi-IPNs is higher
as compared with full IPNs. This effect was explained by the more complete
phase separation in semi-IPNs as compared with full ones.

The transition behavior of PU–PMMA IPNs was studied by means of DSC,
DMS, and thermally stimulated depolarization [230]. Instead of a sharp dis-
continuity in heat capacity, observed in individual networks, a very broad
change was observed by calorimetry along with some intermediate changes
in heat capacity. DMS yielded two peaks, which showed a marked inward
shift with significant broadening. The data confirmed the two-phase struc-
ture, although the authors suggest that there is also some mutual solubility
of both components due to interpenetration. When the second component is
not cross-linked, the phases appear to be less entangled. Of course, the ef-
fects observed depended on the composition of the system and the amount of
cross-linking agent.

The glass transitions were thoroughly investigated using the dynamic me-
chanical method for IPNs based on castor oil PU and epoxide–episulfide
resins [102]. Again, it was found that in the IPN, the glass transitions cor-
responding to the IPN components shift significantly inward compared with
those for pure components. The extent of inward shifting of Tg in IPN sys-
tems changes with the epoxide–episulfide ratio and composition and shows
complex behavior. The authors believed that the broad glass transition peak
indicates that the IPNs are partially mixed at the molecular level. To charac-
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terize the glass transition temperature shift, the authors introduced the value
M defined as

M =

(
Tg2 – Tg1

)
–

(
T′

g2
– T′

g1

)

Tg2 – Tg1

, (134)

where Tg1 and Tg2 are the glass transition temperatures of two pure compo-
nents and T′

g1
and T′

g2
are the glass transition temperatures of the two phases

in the IPN. It was discovered that the smaller is the difference between the
gelation times of both networks, the higher is the value of M. The larger the
extent of glass transition temperature shift, the more homogeneous is the
morphology. This result indicates that the gelation time difference of the two
components plays an important role in enhancing the mixing of two com-
ponents in the IPN. In the analysis of their results, the authors assume that
the two components of the IPN system are compatible before gelation occurs,
and, when one component gels, the phase separation occurs immediately. Un-
fortunately, no evidence for this assumption was presented. From the glass
transition temperatures, the compositions of the two phases were calculated.
It was found that with decreasing difference in gelation time, the composi-
tions of the two phases become closer and when the difference is zero, the
system becomes one phase. This result seems to be rather unclear because the
phase state is determined first of all by thermodynamic interactions and not
by reaction kinetics.

The structural heterogeneity in a series of IPNs, poly(propylene oxide)-
based PU and BMA–triethylene glycol dimethacrylate copolymer, were
studied in [231] for various compositions. The data were compared with
results for the pure constituent networks. To investigate the heterogeneity
the method of segmental relaxation around Tg was used with the applica-
tion of the laser-interferometric CRS technique. The spectra obtained over
the temperature range from 150 to 360 K allow detailed characterization of
the heterogeneity of segmental dynamics within or near the extraordinarily
broad glass transition range in these IPNs. The systems under investigation
do not show distinct microphase separation and are characterized by a sin-
gle very broad glass transition. In this work for the first time a number of
relaxations within or near the Tg range were differentiated. The discrete re-
sponding of the creep rate spectrum to each of these relaxations, associated
with cooperative, partly cooperative, or noncooperative Kuhn segment move-
ments, has been shown. Combining CRS data with some DSC results has
allowed the molecular assignment of the multiple creep peaks to be done. The
data distinctly show the nanoscale compositional heterogeneity associated
with relaxations in the neat networks or segmentally mixed nanodomains.
The data also confirm the incomplete compatibility for all IPN compositions.

A theoretical description of the glass transition behavior was developed
for miscible IPNs and was based on the application of various equations con-
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necting the glass transition temperature of a blend with the corresponding
temperatures of pure components. A review of these approaches was given
by Sperling [166]. Although this description relates only to miscible net-
works, it may be used for the description of the behavior of each separate
phase. Sperling was the first to say that the values Tg in immiscible IPNs
may be considered as the glass temperatures of a homogeneous phase in
a phase-separated material. Presently, there are many equations describing
the glass transition temperature for a miscible polymer blend via the glass
transition temperatures of the constituent components and their volume frac-
tion [133, 232, 234]. These equations cannot be directly applied to IPNs, as
they do not take into account the effect of cross-linking on the position of
Tg. This effect was considered by Frisch and coworkers [235, 236]. If Tg is
the glass transition temperature for the cross-linked polymer, Tg0 the same
for the uncross-linked polymer, and εx/εm is the ratio of the lattice energies
for cross-linked and uncross-linked polymer, then, taking into account the
mole fraction of monomer units which are cross-linked, χC, and the ratio
Fx/Fm of segmental mobilities for the same two polymers, the equation may
be written:

Tg – Tg0

Tg0

=

(
εx/εm – Fx/Fm

)
χC

1 –
(
1 – Fx/Fm

)
χC

. (135)

For chemically cross-linked polymers, εx/εm �= 1, and the mobility of a chem-
ically cross-linked segment Fx 	 Fm, so that Fx/Fm ≈ 1, and the equation
simplifies to

Tg – Tg0

Tg0

=

(
εx/εm

)
χC

1 – χC
, (136)

which exhibits the often observed experimental increase in Tg when χC is
increased.

In a similar way these equations may be transformed to account for phys-
ical cross-links, or entanglements, if instead of χC another value of χ ′

C is
used characterizing the increasing physical cross-linking density caused by
the interpenetration in IPNs. Unfortunately, the approaches accounting for
the chemical cross-linking and entanglements contribution to glass transition
temperatures developed for miscible IPNs cannot be directly transferred to
phase-separated IPNs, because the characteristics of the cross-linking degree
in separated phases cannot be determined.

4.6
Contribution of an Interphase to Viscoelastic Properties

An important problem in describing viscoelastic properties of IPNs consists
of taking into account the properties of an interphase. There is great difficulty
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in establishing the properties of this region using mechanical methods, and
only in very rare cases does this region exhibit its own relaxation maximum.
According to theoretical and experimental estimates, the thickness of the
transition layer or of the interphase between two evolved phases in polymer
blends ranges from several nanometers to some tenths of nanometers, al-
though their volume fraction in the matrix may reach 30–50%. In IPNs these
values are 4 nm and 25% [237]. This thickness in the case of spinodal decom-
position is of the order of the spinodal decomposition wavelength. The effect
of thickness of interphase regions is negligible on the macroscopic level when
compared to the dimension of the body; this is not the case for small regions
formed by microphase separation. The contribution of the interphase should
increase with growing thickness and decreasing dimensions of phase separa-
tion regions. At the same time, the increase in the segregation degree leads to
the decrease in the thickness and the fraction of an interphase. A theoretical
estimate of the influence of an interphase on the viscoelastic characteristics
of IPNs and similar systems may be given on the basis of a model of the
Takayanagi type [184, 238, 239].

Using Eqs. 129–132 and assuming that EA is the modulus of an interphase
and EB is the modulus of the matrix, the complex modulus of a material
consisting of a matrix and an interphase was calculated. Two cases were con-
sidered: (1) the glass transition temperature of the interphase is higher as
compared with the matrix, and (2) the glass transition temperature of the in-
terphase is lower. These cases correspond to the temperature dependencies
of the complex modulus E∗(matrix) = f (T) and E∗ (interphase) = f (T + ∆T),
where ∆T = [Tg(matrix) – Tg(interphase)] may be positive or negative. The
calculations of this kind enabled one to establish the effect of the shift in
the transition temperature of an interphase on the viscoelastic functions, the
effect of the dimensions of an interphase, etc. The weakness of such an ap-
proach is that the two-phase model was used for the calculations, namely, that
the properties of the two phases were not distinguishable. This shortcoming
is absent in the case of a three-phase model, presented in Fig. 42 [184]. The
modulus of the three-phase model E∗ may be calculated as follows:

E∗ =
(
1 – λ

)
E∗

A + λ
[(

1 – ϕ
)
/E∗

C + ϕ/E∗
B

]
, (137)

Fig. 42 Three-parameter model of two-component system with an interphase [184]
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where E∗
A, E∗

B, and E∗
C are complex moduli of three phases (C is the transition

layer), their volume fractions being, correspondingly: VA = 1 – λ, VB = λϕ,
VC = λ(1 – ϕ). Parameters of the model are λ = 1 – VA + (VC/2) and ϕ = VB –
(VC/2); VA + VB + VC = 1. In Eq. 137 it was assumed that the third phase C
had the character of a homogeneous mixture with the component ratio of 1 : 1
(E∗

C = (E∗
A + E∗

B)/2) and that VC can assume values in the range 0 < VC# (VPU
or VPUA). The calculated curves adequately described the experimental data
(Fig. 35) for IPNs 1 and 2 using constant VC = 0.04 (IPN 1) and VC = 0.15
(IPN 2). However, the results for other ratios could not be adequately de-
scribed using this approach.

The same assumptions about the interphase layer led to a good agreement
between theoretical and experimental dependencies of E∗ on T with the value
VC taken constant for the model illustrated in Fig. 42b (additivity of moduli).
On the other hand, no suitable VC values could be found for all IPNs but 1 and
2. The ability to fit IPNs 1 and 2 by both two- and three-phase models is due
to a low value of VC.

A theoretical method was proposed [240] to calculate the interphase
amount in IPNs from the data on modulus–temperature behavior. For
PU/PBMA IPNs the interfacial concentration was estimated and a wide inter-
facial region between the phase domains was discovered.

4.7
Effect of the Domain Sizes on the Glass Transition Temperatures

Some experimental data show that the dimensions of the particles of the
dispersed phase affect the position of the glass transition temperature, the
broadness of the transition interval, and even determine the very possibility
of detecting the glass transition of this phase experimentally [241, 242].

The important question is to determine the minimum size of domains
in the heterogeneous structure that allow us to detect the glass transition
using conventional methods (DSC, DMS). The comparison of the electron mi-
croscopy data and methods mentioned allows us to conclude that the phase
domain dimensions, at which the glass transition is seen, should be no less
than 15 nm [243]. The dimensions of the phase domains correspond in this
case to 200–500 carbon–carbon bonds depending on the kinetic flexibility of
the macromolecules. In all cases when electron microscopy revealed microre-
gions with dimensions less than 10 nm, only one glass transition temperature
was observed. This question was studied for full IPNs based on oligoisoprene
hydrazide (OIG) of different MM and EO [243]. X-ray analysis has shown that
these IPNs are amorphous heterogeneous structures with an oligoisoprene
matrix and rigid epoxy inclusions of very small sizes (Table 9).

The existence of two maxima on the temperature dependence curves
tan δ = f (T) (Fig. 43) for OIG MM 3850 and 2080 shows the existence of two
glass transitions. For OIG with MM 1130 there occurs only one high max-
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Table 9 Structural parameters and properties of IPNs based on oligoisoprene of different
molecular masses and epoxy resin [236]

MM OIG % of EO Segregation Domain Tg OIG Tg EO
degree dimension, nm region, K region, K

3850 19.6 0.31 7.1 233 334
2080 31.4 0.3 6.1 253 338
1130 46.6 0.23 5.7 – 358

Fig. 43 Temperature dependencies of mechanical loss tangent for epoxy–diene networks.
Numbers of curves correspond to (1) 19.6% of epoxy blocks, (2) 31.4%, (3) 46.6% [243]

imum, although the structural data show that the system is heterogeneous.
The shift of low-temperature maxima is determined by the decreasing MM
from 3850 to 2080. At the same time there is only a small shift of the high-
temperature maximum for epoxy blocks. For both IPNs the glass transition
may be registered. During the transition to the lowest MM of OIG, 1130, the
first low-temperature maximum is not seen. The data on the segregation de-
gree (Table 9) show that in the last case, the segregation degree is the lowest.
It seems to be evident that in this case, the epoxy blocks form the continu-
ous medium with very small inclusions of the second network, and this is the
reason that the glass transition is not seen. Probably, in the latter case, the
contribution of an interphase to glass transition is rather high, and some su-
perposition of both relaxation transitions occurs, leading to the appearance
of only one glass transition. The special features discussed above should be
taken into account when considering the data on Tg for IPNs, indicating once
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more that a single transition temperature cannot be considered as evidence of
compatibility of two networks in IPNs. Simultaneously, these data allow us to
understand why in many cases the relaxation transitions connected with the
interphase existence cannot be seen using mechanical dynamic spectroscopy.

As was said above, one glass transition point may be observed in phase-
separated IPNs in the case of small domains of one of the phases. This
phenomenon is very important when considering compatibilization of IPNs
by introducing special substances acting as compatibilizer. For compatibi-
lized IPNs the effect of compatibilization leads to an essential change in the
viscoelastic properties. For some IPNs containing various compatibilizing
agents the viscoelastic properties have been studied in [244]. It was shown
that the initial IPNs are characterized by two mechanical loss regions and
represent two-phase systems within a wide composition range. The action
of compatibilizing additives introduced during the formation of the systems
was estimated according to the change in the positions and heights of relax-
ation maxima or the dependence of the mechanical losses on temperature.
Depending on the chemical nature of the compatibilizers, they exert a differ-
ent influence on the viscoelastic functions.

4.8
Relaxation Spectra of IPNs

It is known that the most fundamental characteristic of relaxation behavior
is the relaxation spectrum, which may be calculated from the following equa-
tion:

G
(
t
)

= Ge +

+∞∫

–∞
Het/τ d

(
ln τ

)
, (138)

where G(t) is the shear modulus at time t, Ge is the limiting value of the shear
modulus, H is the distribution function of relaxation times, and τ is the mean
relaxation time. Using the generalized frequency dependence of the real part
of the complex shear modulus, the relaxation spectra may be calculated using
the method proposed by Ninomia and Ferry [244]. The first relaxation spectra
were calculated for sequential IPNs based on cross-linked PU and styrene–
DVB copolymer [192] from the data on the temperature and the frequency
dependence of viscoelastic functions (Fig. 44). It is seen that the introduc-
tion of the second network influences the relaxation spectra. In the region of
small concentrations of the second network, the number of relaxators with
lower rigidity and higher mobility increases, possibly due to the increas-
ing concentration of the loosely packed interphase. Increasing the amount of
the high-modulus component increases the fraction of less mobile relaxators.
Thus, the effect of the first network on the molecular mobility of the chains
of the second network may be explained in the same way as the effect of filler



Relaxation Transitions and Viscoelasticity of IPNs 131

Fig. 44 Relaxation spectra of styrene–DVB/PU IPN at various volume fractions of PU:
(1) 0.24; (2) 0.15; (3) 0.10; (4) pure first network; (5) 0.05; (6) 0.03 [192]

on the molecular mobility. The data on the change of molecular mobility in
polymers filled with polymeric fillers are reviewed elsewhere [180].

A detailed study of relaxation behavior was done for full simultaneous
IPNs based on cross-linked PU and weakly cross-linked PBMA in a wide fre-
quency range [245]. PU was synthesized from TDI, POPG, and TMP using
DBTDL as a catalyst. Monomeric BMA and cross-linking agent dimethacry-
late triethylene glycol with dissolved initiator (AIBN) were introduced into
the reaction mixture. Two IPNs were prepared with ratios of two networks
PU/PBMA of 65 : 35 and 50:50 mass %. Figures 45 and 46 represent the tem-
perature dependencies of the dynamic shear modulus G′ and the mechanical
loss tangent δ for the studied IPNs. It is seen that the increasing frequency
leads to a shift of the temperature dependence of the shear modulus to higher
temperatures. The glass transition temperature for PU increases with the fre-
quency from 225 to 251 K and for PBMA from 313 to 338 K (Fig. 45a,b). More
complicated plots of log G′(T) and tan δ(T) are observed for IPNs (Fig. 45c,d
and Fig. 46c,d). For the 50 : 50 IPN with an increase in frequency the glass
transition temperature of the PU-enriched phase is shifted from 223 to 233 K,
for the 65 : 35 IPN, from 233 to 248 K, and for the PBMA-enriched phases,
from 303 to 325 K and from 315 to 343 K, respectively. For the 65 : 35 IPN,
as distinct from the 50 : 50 IPN, there is also observed a third, intermediate
maximum, or shoulder near the maximum, corresponding to the phase en-
riched in PU (Fig. 46c). This maximum may be attributed to the interphase
region between the two evolved phases. It was impossible to trace the shift
of this intermediate maximum with frequency because at higher frequencies
this maximum degenerates into a shoulder (Fig. 46c, curves F and G).
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Fig. 45 Temperature dependence of dynamic shear modulus for initial networks (a,b) and
for IPNs with component ratio 65 : 35 (c), 50 : 50 (d) by mass % at various frequencies
(Rad s–1): A 0.1, B 0.31, C 1.0, D 3.1, E 10.0, F 31.1, G 100.00 [245]

For the first time in the cited work the frequency dependence of the seg-
regation degree, calculated from the parameters of relaxation maxima, was
studied (Table 10) [245]. As is seen from Table 10, the changing frequency
does not influence the values of segregation degree estimated from relaxation
maxima. The comparatively low values of the segregation degree show that
a great amount of the system is preserved in the unseparated state; this means
that the evolved phases are not pure components but mixtures of both net-
works.

From the temperature dependence of tan δ it follows that for the 65 : 35 IPN
the continuous phase is the PU-enriched phase, whereas for the 50 : 50 IPN
the continuous phase is PBMA-enriched phase. From the temperature depen-
dence of tan δ at various frequencies the activation energies of the relaxation
processes in IPNs have been calculated [192] using the Arrhenius equation:

τ = A exp
(
– Ea/RT

)
. (139)

Here τ was found from the condition ωτ = 1 for the maximum tan δ (ω is the
frequency). Because IPNs have two glass transition temperatures, it is pos-



Relaxation Transitions and Viscoelasticity of IPNs 133

Fig. 46 Temperature dependencies of mechanical losses for initial networks (a,b) and for
IPNs with component ratio 65 : 35 (c), 50 : 50 (d) by mass % at various frequencies (as in
Fig. 45) [245]

sible to calculate the activation energy for each phase separately. The data are
presented in Table 11.

It can be seen that for each IPN the values of Ea are practically the same for
both phases. For the 65 : 35 IPN, Ea for both phases is very close to Ea for pure
PU, whereas for the 50 : 50 IPN, Ea is different for the two phases and only
for the PBMA-enriched phase is Ea the same as for pure PBMA. These results
seem to be rather puzzling and may be connected to the dual-phase morph-



134 Y.S. Lipatov · T.T. Alekseeva

Table 10 Frequency dependence of the segregation degree [245]

Frequency, Rad s–1 Segregation degree, α

65 : 35 IPN 50 : 50 IPN

0.10 – 0.36
0.31 0.38 0.37
1.0 0.39 0.40
3.1 0.31 0.38

10.0 0.34 0.44
100.0 0.36 0.43

Table 11 Activation energies of relaxation in the pure networks and in IPNs [245]

Network Activation energy Ea, kJ·mol–1

PU 180±15
PBMA 280±25

IPN, network ratio PU-enriched phase PBMA-enriched phase
65 : 35 170±15 180±15
50 : 50 350±30 290±25

ology and phase inversion; however, the authors of the cited work presented
no morphological data.

The analysis of the relaxation spectra below shows that IPNs with longer
relaxation times (50 : 50) have higher activation energy in each evolved phase.
The continuous changes in the relaxation spectrum do not allow for the dis-
tinction between those parts of the spectrum belonging to different phases.
However, the very existence of phase continuity cannot explain the equality
of the activation energies. The data on activation energies probably show that
the structures of the two evolved phases are very different for IPNs of various
compositions. This difference in the relaxation behavior seems to be con-
nected to different correlations between quasi-independent and cooperative
segmental motions in each phase, in accordance with the concept developed
by Berstein [246]. Again, it is worth noting that the two phases are not in
a state of true thermodynamic equilibrium and may be considered as dissi-
pative structures [247].

The characteristics of dissipative structures in IPNs are strongly depen-
dent on the condition of nonequilibrium phase separation. According to
Berstein, in the systems with dissipative structures there is the probability of
the parallel occurrence of α relaxation and β relaxation processes, the tran-
sition between them being accompanied by increases in both the cooperative
degree and the activation energy of transition.

The temperature and the frequency dependencies of the dynamic shear
modulus G′ in the frequency range 0.1–100.0 Rad s–1 allowed calculation
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of the generalized curves of the viscoelastic functions using the method
of reduced variables. This method enables one to extend the frequency
range [244]. The choice of the reduction temperature T0 = 273 K is worth ex-
plaining. As a rule, the reduction temperature is chosen in such a way that
T0 = Tg + 50. As discussed above, IPNs are two-phase systems and have two
glass temperatures. The choice of T0 = 273 K was made because this tempera-
ture lies between the glass transitions of the two constituent networks. The
generalized curves are presented in Fig. 47. The method of reduced variables
has allowed the function of dynamic shear modulus to be spread over 16
orders along the frequency axis. The generalized curve may be considered as
consisting of three regions. The first is the region of glassy state I, where the
chain mobility is frozen. The second region (II) is the transition zone from
the glassy state to the rubberlike state. The third region (III) is a plateau of
rubberlike elasticity where the dynamic properties are connected with the ex-
istence of a network of molecular entanglements and chemical cross-links.
Analysis of the generalized curves shows that the PU network has the great-
est value of G′ in a glassy state (three or four orders). For cross-linked PBMA
the glassy region is spread over seven or eight orders along the frequency
axis. IPNs are characterized by the intermediate values of G′ in the glassy
state spread over five to six orders. The most marked distinctions in the gen-
eralized curves for the IPNs are observed in the transition zone (zone II).
Analysis of its position on the frequency axis shows that both PU and PBMA
have rather narrow transition regions and the curves for these polymers are
almost parallel. The transition zone for PU is shifted four orders to higher fre-

Fig. 47 Generalized dependencies of dynamic modulus reduced to 273 K: PU (1),
PBMA (2), 65 : 35 IPN (3), 50 : 50 IPN (4) [245]
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quencies compared with PBMA. Therefore, the relaxation processes in the PU
region of the glass transition have shorter relaxation times than those pro-
cesses in PBMA. The distinctive feature of IPNs is that they have very wide
transition regions and therefore have a broad set of relaxation times. Qualita-
tively this agrees very well with the data on the free volume distribution. For
the 50 : 50 IPN the transition zone is much broader than that of the 65 : 35 IPN
and is spread to a lower frequency over six to eight orders. It can be concluded
that the 50 : 50 IPN is characterized by relaxation processes with longer relax-
ation times. In such a way, changing the ratio of the IPN components led to
the change in the relaxation behavior. This is very important for the damping
behavior of such systems.

From the data considered above, the relaxation spectra have been calcu-
lated and presented in Fig. 48. Both the initial networks and the IPNs give
a broad maximum on the relaxation spectrum, which corresponds to the
most common relaxation time in each case. The region of the sharp decrease
on the log H(log τ) curve is a typical transition region from the glassy to
the rubberlike state. The end zone for cross-linked PBMA is characterized by
a drop in the relaxation spectrum, whereas in the pseudo-equilibrium region
a plateau is observed (curve B). For cross-linked PU (curve A) the relaxation
times are rather short and the maximum on the log H(log τ) curve occurs
over the range 10–12 < τ < 10–8 s. This means that in the PU network, rapid
conformational rearrangements are taking place. In the pseudo-equilibrium
zone there is some sign of a plateau connected with the existence of a chem-
ical network. For weakly cross-linked PBMA (curve B) the region of the glassy
state is located at the region of shorter relaxation times. The maximum of the
main relaxation transition is observed in the range 10–7 < τ < 10–5 s. Com-
parison of the PU and PBMA spectra shows the slowness of the relaxation
processes in PBMA compared with PU. At the same time, from the depen-
dence of log H on log τ , it can be seen that the slopes of the plots for PU and

Fig. 48 Relaxation spectra: PU (A), PBMA (B), 65 : 35 IPN (C), 50 : 50 IPN (D) [245]
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PBMA are practically the same. According to Ferry theory [244] this slope for
homopolymers is equal to – 1/2, which agrees with the data obtained for PU
and PBMA. For the IPNs there is a sharp deviation of the slope from – 1/2 due
to microheterogeneity of the system and the broader set of relaxation times
than in homopolymers. For the 65 : 35 IPN the maximum on the log H(log τ)
curve is observed in the region 10–12 < τ < 10–7 s and transition from the
glassy state is characterized by relaxation times in the range 10–12 < τ < 1.0 s
(curve C). For the 50 : 50 IPN the broad maximum occurs over the same
interval and the transition region is located in the range 10–12 < τ < 10–5 s
(curve D). Thus, the 50 : 50 IPN has a much broader set of relaxation times
than the 65 : 35 IPN.

In such a way, IPNs have a much broader set of relaxation times than
the pure constituent networks. The relaxation spectra of IPNs cannot be ob-
tained by simple superposition of the spectra of the constituent networks. The
broader spectra of the IPNs may be explained by the existence of a two-phase
structure where each phase is enriched in one of the components. Simultan-
eously, the existence of two phases is reflected in the relaxation spectra by
their broadening and shift along the time axis. It is evident that in spite of the
incompatibility of the two networks, there exists a strong physical interaction
between macromolecular chains of dissimilar chemical nature, which may be
described in terms of entanglements, and strong polar interactions. The lat-
ter may be the reason why 50 : 50 IPN has its relaxation spectrum shifted to
higher relaxation times than that for 65 : 35 IPN.

By considering these data, we take into account the influence of mor-
phological features on the dynamic mechanical properties of the two-phase
system. This effect may also determine the relaxation characteristics and the
activation energies. Since any relaxation process is connected with molecu-
lar mobility and interchain physical interactions, the morphology definitely
affects the relaxation properties.

4.9
Vibration-Damping Properties

It is known that phase-separated IPNs made from low and high Tg poly-
mers damp noise and vibrations over the intervening transition range. As
was pointed out by Sperling [166], the movement of flexible chains over their
stiffer neighbors may underlie this phenomenon, which is closely connected
with the viscoelastic behavior and relaxation spectra of the material. Accord-
ing to Sperling, when polymers are in their glass transition region, the time
required to complete an average coordinated movement of the chain seg-
ments is approximately the same as the measurement time. If dynamic or
cyclic motions are involved, the time required to complete one cycle (or its in-
verse, the frequency) becomes the important time unit. In the glass transition
region the conversion of mechanical energy into heat reaches its maximum
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value. The conversion of vibrational energy to heat occurs when a polymer at
its glass transition temperature is in contact with a vibrating surface. Exten-
sional damping is caused by the loss modulus G′′. For certain simple types of
deformations, the heat generated per unit volume per cycle is

H = πE′ε2
0 , (140)

where ε0 is the maximum amplitude. Here we also assume that Hooke’s law is
valid. When vibration-damping polymers are created, it is desirable to max-
imize E′′; however, there is a limit to it, because maximizing E′′ may lead to
a lower elastic response and, therefore, to poor mechanical properties.

The main factors that affect the damping capability of polymers were re-
ported elsewhere [248]. The theory of frequency-dependent attenuation of
vibrations by viscoelastic polymers was presented [249]. In review [55] there
are some data on dynamic mechanical properties and on the damping char-
acteristics, which are tightly connected.

To quantify damping performance, the area under the tan δ or E′′ vs tem-
perature curves may be used. The loss area is given [250] as:

LA =

TR∫

Tg

E′′ dT =
(

E′
g – E′

R

)
R/

(
Ea

)
avg [π/2] T2

g , (141)

and

tA =

TR∫

Tg

tan δdT =
(

ln E′
g – ln E′

R

)
R/

(
Ea

)
avg [π/2] T2

g , (142)

where E′
g and E′

R are the storage moduli in the glassy and rubbery states, re-
spectively, Tg and TR are the glassy and rubbery temperatures just below and
above glass transition, (Ea)avg is the average activation energy of the relax-
ation process, and R is the gas constant.

To predict the damping behavior, a group contribution analysis was de-
veloped [251]. It is based on the assumption that the integral of loss modu-
lus versus temperature curve characterizes a relation between the extent of
damping and the contribution from various chemical groups of a polymeric
system. The group contribution analysis for the loss area, LA, is based on the
assumption that the structural groups in the repeating units provide a weight
fraction additive contribution to the total loss area. The basic equation for the
group contribution analysis of LA is [250]:

LA =
n∑

i=1

(
LA

)
iMi

M
–

n∑

i=1

Gi

M
, (143)

where Mi is the molecular mass of the i-th group in the repeating unit, M
is the MM of the polymer, Gi is the molar loss constant for the i-th group,
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(LA)i is the loss area contributed by the i-th group, and n represents the num-
ber of moieties in the polymer. When one attempts to calculate the (LA)i
contributions, a series of simultaneous equations results with one more un-
known than is the number of equations. The extra unknown is the backbone
structure common to all polymers. The family of equations has the general
form:

LAp = wb
(
LA

)
b +

∑
wi

(
LA

)
i , (144)

where LAp is the LA value for the polymer in question, the subscript b rep-
resents the backbone, and the subscript i represents all other moieties in the
polymer. The quantity LAb may be determined either by a trial and error
method until consistent values are obtained throughout the family of poly-
mers, or through the study of polymers with long aliphatic side groups.
Both these methods were used in [250]. A method of evaluating of the
area under the linear loss modulus–temperature curves was developed [252,
253], which accounts for the background. The method proposed was applied
to studying various sequential IPNs (poly(methyl acrylate) (PMA)/PMMA,
PMA/PHEMA, PBMA/PS, PVME/PS, and others). It was suggested that for
IPNs an additive mixing rule could be written:

LA = wI
(
LA

)
I + wII

(
LA

)
II , (145)

where wI and wII are the mass fractions of components I and II in IPNs. The
weakness of this approach consists of its inapplicability to phase-separated
systems, because they have two loss tangents and because usually the compo-
sitions of the two phases are not known. It is evident that each loss maximum
in the phase-separated IPN is determined by the group contributions of both
networks and by their ratio in the phase. If these factors were taken into ac-
count, the method could be very useful for estimating the damping behavior
of phase-separated IPNs. It is the existence of two loss peaks that enables
estimation from the parameters of these peaks (height and width) the segre-
gation degree in phase-separated IPNs.

4.10
Determining the Segregation Degree
from Parameters of Relaxation Maxima

It was already mentioned that the properties of the polymer blends and alloys
are determined by their microphase structure. The microphase state may be
characterized by the degree of the microphase separation (segregation de-
gree) and by the size and distribution of microregions of phase separation.
These characteristics are connected to the history of the system. The system
with uncompleted phase separation is characterized by the segregated struc-
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ture with nonequilibrium regions of microphase separation. These regions
may have different compositions, densities, and sizes.

Sperling [166] proposed a method for the estimation of the degree of in-
compatibility by introducing the concept of the “incompatibility number” N,
which may be defined as

N = 1 –
X–1

1 + X–1
3

2X–1
2

, (146)

where X = d log E/dt, indices 1 and 3 correspond to two transition regions,
and index 2 to the plateau between transitions. The value N changes in the
interval between zero (compatible system) and 1 (incompatible system). This
method was used, in particular, to characterize the PU/PDMS IPNs with
different compositions (Fig. 49) [254]. As is seen, for a given system the
incompatibility numbers are at a minimum for the IPNs at the inversion
point, which suggests that the maximum compatibility of the networks occurs
around the inversion point. Another way to estimate the segregation degree is
based on analysis of the relaxation maxima of the system. In this case, again,
the structure of the system may be characterized by a single fundamental
parameter [255].

Fig. 49 Incompatibility numbers of the PU/PDMS IPNs [254]
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A scheme of the microphase separation process and the determination of
the degree of segregation may be presented as follows. The scheme is based on
the estimation of the tangent of mechanical losses. As is known, its maximum
is in the area of relaxation transition and changes at the glass temperature by
more than an order of magnitude. It is also known that the polymer–polymer
immiscibility is indicated by the appearance of two or more maxima of me-
chanical (or dielectric) losses. Let us consider schematically the temperature
dependence of mechanical losses in the two-phase polymer system with dif-
ferent degrees of component segregation (Fig. 50). The diagram is idealized
and can be described as follows.

Fig. 50 a–e Schematic representation of the temperature dependencies of mechanical
losses with different degrees of component segregation and compatibility [255]
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Case a corresponds to a mixture of two components where the phases are
clearly separated and each one is characterized by its own glass temperature.
An increase in the component interaction and their mixing causes a decrease
in the maxima by their absolute values and the convergence of the maxima (b
and c). The compatibility level obtained after a stable interphase region has
been formed is characterized by a glass transition temperature Tg between T1
and T2. Eventually, an increase in the interaction gives rise to a strong max-
imum, which tends to converge when compatibility on the molecular level is
attained, i.e., when the one-phase system is formed. A reverse sequence of
changes will be observed by the transition from the initial one-phase system
to the two-phase system with incomplete separation. An analytical character-
istic of the degree of segregation may be obtained as follows.

α = 1 corresponds to the case of complete separation, α = 0 to that of com-
plete mixing. Numerous experimental data indicate that the absolute value
of max tan δ is more sensitive to structural changes than the shift across the
temperature scale. The following equation may be written, then, for case b
considering only a decrease in the absolute value:

α =
(
h1 + h2

)
/
(
h0

1 + h0
2

)
, (147)

where h0
1 and h0

2 are the values of mechanical losses for pure components
(case of complete phase separation), while h1 and h2 are the values for each
component at different degrees of segregation.

These changes may be considered as changes in the number of relaxator
units (segments) participating in the cooperative process of glass formation
at the given temperature. A decrease in h for phase 1 indicates that the num-
ber of these units has decreased due to their interaction with the relaxator
units of phase 2, and vice versa. The maxima may expand in this case.

Next we consider the convergence of max tan δ when the compatibility
increases. To this end, we introduce the empirical parameter λT into the ex-
pression for α, considering the shift of the maximum across the temperature
scale for phases 1 and 2:

λT =
l1h1

L
+

l2h2

L
, (148)

where l1 and l2 are the shifts of the maxima across the temperature scale and
L is the interval between the glass temperatures of the pure components.

The appearance of a relaxation maximum in the interphase region is ac-
counted for by using another parameter:

λm =
lmhm

L
, (149)

where lm is the maximum shift of the interphase region across the tempera-
ture scale as related to phase 1. The following expression may be written in
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this case for α:

α =
h1 + h2

h0
1 + h0

2

(
λT + λm

)
. (150)

The negative contribution of the parameters λT and λm is evident from phys-
ical considerations, since the shift of max tan δ and the development of an
interphase layer is a result of a decrease in the segregation degree. The final
expression for calculating the degree of segregation is:

α =

[
h1 + h2 –

(
l1h1 + l2h2 + lmhm

)
/L

]
(
h0

1 + h0
2

) . (151)

Calculations using these correlations produce the following data for the dia-
gram in Fig. 50: (b) α = 0.5; (c) α = 0.23; (d) α = 0.14.

The comparatively low values of segregation degree show that a large por-
tion of the system is preserved in the unseparated state and is distributed in
two phases as an interphase. Thus, segregation degree is a measure of incom-
pleteness of the phase separation or of deviation of the system from the state
of true thermodynamic equilibrium. It should, however, be noted that the
model considered relates only to the two-phase system and does not account
for the possible appearance of an interphase between two evolved phases.

4.11
Dependence of Viscoelastic Properties on Segregation Degree

From what was said about the reaction kinetics of IPN formation it follows
that the segregation degree depends on the ratio of rates of chemical reac-
tions and, therefore, on the conditions of phase separation. We may think
that the viscoelastic properties will be dependent on the reaction kinetics and
segregation degree, which, in its turn, is also determined by reaction condi-
tions. This represents a great difference in describing the properties of IPNs
as compared with the properties of blends of linear polymers.

The general picture of viscoelastic properties was considered when we dis-
cussed the method of determining the segregation degree. The majority of
cases may generally be described by this scheme. However, it was shown that
the viscoelasticity depends not only on composition, but also on the order
of the network formation and the method of synthesis. All this is easily ex-
plained if we remember that all these factors affect the segregation degree.

The dependence of the viscoelastic properties of IPNs based on PU and
PUA on the segregation degree was shown in [88, 256, 257]. Taking into
account the interconnection between the chemical kinetics and the kinet-
ics of phase separation, various methods of IPN synthesis have been used,
i.e., simultaneous and sequential methods. It is known that oligourethane
acrylate (OUA) in the presence of photoinitiators polymerizes at a high
rate at room temperature, the reaction rate being much higher than that



144 Y.S. Lipatov · T.T. Alekseeva

of the polyaddition reaction. The PU component of the IPN consisted of
POPG MM 600 and adduct based on 2,4-TDI and TMP. OUA was synthesized
from POPG MM 2000, 2,4-TDI, and HEMA. Variations in the degree of segre-
gation were achieved in several ways:

1. Change in the sequence of network curing: (a) first stage—PU curing
(7 days), second stage—OUA polymerization (2 h); (b) first stage—OUA
polymerization (2 h), second stage—PU curing (7 days); both stages were
performed at 293 K.

2. Simultaneous curing of both networks at 373 K for 2 h.
3. Polymerization of OUA at various stages of PU curing (photoinitiation

after 4, 20, 64, and 100 h).

The experimental data on the temperature dependence of the loss modulus E′′
show that all the IPNs have two glass transition temperatures. However, the
sequence of network formation contributes to the microphase separation. The
segregation degree is higher when the PU network is cured first (α = 0.29),
whereas when OUA is polymerized first, α = 0.11. When PU is formed first,
the change in curing time does not influence the glass temperature of the
PU phase, the segregation degree being small as well (0.29–0.32). However,
when OUA is polymerized first, the increase in the rate of PU curing (at
373 K) sharply increases the degree of segregation (from 0.11 to 0.21). When
polymerization begins during PU curing (various conversion degrees of iso-
cyanate groups), the dependence of segregation on the isocyanate conversion
goes through a maximum (Fig. 51). Such behavior may be explained from the
point of view of the structural theory of gelation [23].

In the first stage of PU formation, some microgel particles are formed
which serve as nuclei for the three-dimensional network formation and lead
to the microseparation of the PU system. Thus, the OUA network is formed

Fig. 51 Dependence of the segregation degree in IPNs on the conversion degree in the PU
network [88]
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Fig. 52 Dependence of elastic modulus, E′, on the degree of segregation [88]

in the microheterogeneous PU matrix. In this case, the degree of microphase
separation will depend on the size of the microgel particles and on their con-
nection by the tie chains. With the growth in microgel particle size, the degree
of segregation increases up to the point where a PU macrogel is formed. The
greatest degree of segregation is reached when PUA network formation be-
gins at the stage of PU macrogel formation. When polymerization of OUA
begins at higher isocyanate conversion degrees, the degree of segregation
diminishes due to the hindrances imposed by the PU matrix on the phase
separation.

Figure 52 shows the dependence of the elastic modulus E′ on the degree
of segregation, demonstrating its interconnection with mechanical proper-
ties. The decrease in the modulus at higher degrees of segregation (above 0.3)
may be explained by an increase in the number of network defects [88]. An-
other attempt was made to relate the conditions of microphase separation
(determined by curing temperature) with the viscoelastic properties using
a semi-IPN based on styrene–DVB copolymer and PBMA. Figure 53 shows
the typical temperature dependence of tan δ for various semi-IPNs containing
40 mass % of PBMA and synthesized at various temperatures. Each max-
imum is located near the temperature range of the tan δ maximum for pure
components. Some shift of Tg is the result of each phase consisting of both
components.

It was shown that the increasing curing temperature increases the degree
of segregation, i.e., the completeness of phase separation in the system. For
the system under consideration, the phase separation proceeds according to
the spinodal mechanism. With an increase in the curing temperature, the rate
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Fig. 53 Temperature dependence of tan δ for sequential IPNs made from styrene–
DVB copolymer and PU and synthesized at various temperatures: (1) 363 K, (2) 353 K,
(3) 333 K, (4) pure PBMA [88]

of phase separation markedly increases. Correspondingly, the values of seg-
regation degree are higher for samples synthesized at elevated temperatures.
However, the segregation degree in all cases is not very high, being consid-
erably lower than 1. For semi-IPNs made from cross-linked PU and PBMA it
was also established that, depending on the reaction rates of formation of the
two polymers, the segregation degree may change in a remarkable range—
from 0.11 to 0.54.

Thus, a general conclusion can be drawn that the viscoelastic properties
of the full and semi-IPNs depend not only on the miscibility and thermody-
namic interaction between two constituent networks, but also on the reaction
kinetics. Both thermodynamic and kinetic factors determine the viscoelas-
ticity of these systems due to superposition of the chemical and physical
processes occurring in the systems during curing.
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5
Chemical Kinetics of IPN Formation and Phase Separation

5.1
General Premises

As distinct from almost all polymer materials, the kinetics of IPN formation
is a governing factor in development of the system morphology. For tradi-
tional polymeric materials their structure and morphology depend on the
ways of processing, heat treatment, and other physical, not chemical, fac-
tors, while for IPNs all depends on the kinetic conditions. One may say that
thermodynamics gives the general rules of the equilibrium state and deter-
mines the path to equilibrium, whereas the kinetics allows the realization
of the path and predetermines the real structure far from equilibrium. This
specific feature of the IPN formation is connected with the fact that in the re-
action system two processes proceed simultaneously: the chemical process of
network formation and the physical process of phase separation. As will be
shown below, these processes are interconnected.

By considering the reaction kinetics of the individual network or linear
polymer formation in IPNs, one should also bear in mind that the data on the
kinetics obtained for pure components could not be used to describe the IPN
synthesis for three main reasons [51]:
1. In the case of sequential IPNs the reaction from the very beginning pro-

ceeds by definition in the medium of the first matrix networks. In the case
of simultaneous IPNs the network that is formed earlier, due to the differ-
ence in reaction kinetics, also forms the medium for the development of
the second network and serves as a matrix. The matrix network changes
the reaction conditions at the expense of the variation in the ratio of the
rates of elementary reactions (chain propagation, transfer, and termina-
tion), and due to the possibility of chain transfer or termination on the
chains of another network leading to grafting.

2. The matrix network changes the diffusion parameters of the reaction and
influences the reaction proceeding in the diffusion region.

3. In the course of the synthesis of both the sequential and the simultaneous
networks, microphase separation of the system occurs as a result of the ap-
pearance of immiscibility of growing chains of both network components.
During IPN synthesis the kinetics of the formation of each network is dif-
ferent, primarily because of different formation mechanisms—in general,
these mechanisms are polymerization and polyaddition. Usually one net-
work is formed first and serves as a matrix for the formation of the second
network.

The following effects are operating here—a total change in the viscosity of
the reaction medium, which determines kinetics, and possible physical inter-
action between various groups of growing chains of both components. Both
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effects, thus, are influencing the reactions proceeding in the diffusion re-
gion [51]. These three principal factors lead to the differences in the kinetics
of IPN formation as compared with individual networks. From what was said
above it is clear that the kinetics of IPN formation could not be considered
without simultaneous analysis of the phase separation during synthesis. In-
deed, during both simultaneous and sequential formation of IPNs, the initial
reaction system (mixture of components for both networks and swollen gel)
is a one-phase system. In the course of reaction, the thermodynamic incom-
patibility of growing networks appears at a certain value of conversion degree.
Because of this, the microphase separation is determined by the rate with
which the system achieves the state of immiscibility. Thus, the properties and
morphology of IPNs are determined by the reaction kinetics. One can say that
thermodynamics governs the general rules of reaching the equilibrium state,
whereas the reaction kinetics determines whether the equilibrium is possible,
and if it is, to what degree.

Despite the great importance of studying the kinetics of IPN formation,
only two reviews on this subject were published [258, 259]. In the present
chapter the general characteristics of IPN formation will be considered within
the framework described above.

5.2
Kinetic Characteristics of IPN Formation

One of the first investigations of the kinetics of IPN formation was done [165]
for the IPNs made of epoxy and PnBA cross-linked by diethylene glycol
dimethacrylate. The kinetics of formation of the components was described
within the framework of traditional approaches.

The kinetics of IPN formation was studied for the system PU/cross-linked
PMMA [260]. PU was formed from POPG MM 2000 and from aromatic
triisocyanate adducts in the presence of catalyst (Sn octoate). The PMMA
network was synthesized by radical copolymerization of MMA and trimethy-
lolpropane trimethacrylate using AIBN as initiator. First, the PU network was
formed at room temperature and then at 223 K the second network was poly-
merized. The effect of all components of one of the networks was studied on
the gelation of the other. The effect of the catalyst Sn octoate on the PMMA
gel formation consisted in a decrease in the rate of gelation from 180 to
30 min. At the same time, the PMMA network components do not influence
the PU network formation. The first effect was explained by the increase of
the viscosity of the reaction medium, leading to an increased rate of PMMA
formation in the presence PU components due to a smaller termination con-
stant according to the equation [261]:

Vg =
Kg[M]

√
Vi√

Kt
, (152)
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where [M] is the monomer concentration, Kg is the chain growth constant, Vg
is the rate of chain growth, Vi is the initiation rate, and Kt is the termination
constant.

It was established [262] that the catalyst Sn octoate does not exert any ef-
fect on the initiator decomposition rate, but enhances the polymerization rate
of monomer and comonomer due to polarization of double bonds, making
addition of radicals easier; as a result, the rate of PMMA formation increases.
The possibility of chemical bond formation between PU and the PMMA net-
work was also discussed. One should never forget such a possibility because
of the possible chain transfer to another polymer. Two components of the PU
network—POPG and triisocyanate adduct—both containing mobile hydro-
gen atoms, are present in the reaction medium. Because this atom may be
“shipped off” by a radical, the possible reaction may be presented as consist-
ing of two stages:

I. Ac· + T → Ac + T·

II. (a) T· + Ac → T ∼ Ac·

(b) T· + Ac· → T ∼ Ac ,

where Ac is MMA monomer, T is a component containing the oxypropylene
or urethane groups, and Ac· and T· are the corresponding radicals. If the re-
actions II (a) and (b) take place, the chemical bond between PU and PMMA
may be formed. To prove this assumption, the mixture of MMA was polymer-
ized with various amounts of α,ω-diphenylurethane adduct of POPG.

The reaction products were extracted by a solvent and analyzed. It was
found that more than 90% of the PU component could be extracted. For the
system containing 20% of PU and 80% of PMMA, after extraction there is
about 1.8% of PU left in the PMMA network. This low value shows that even if
the grafting really takes place, its effect on the macroscopic properties of the
IPN is negligible. In the cited work it was emphasized for the first time that
the analysis of the reaction kinetics should account for both the effect of one
network on the formation of the second, and vice versa, and the possibility of
secondary reactions that may prevent or distort the formation of one of the
networks.

To study the kinetics of semi- and full IPN formation from PU and PMMA,
FTIR spectroscopy was used which allowed simultaneously investigation of
the consumption of NCO groups (absorption band at 2275 cm–1) and C= C
bonds (1639 cm–1). The effects of various factors were established, includ-
ing the temperature, cross-linking agent concentration, and PU concentration
in solution, etc. It was found that the shape of the kinetic curves of PU and
PMMA formation in IPNs does not change as compared to pure component,
this being the basis for the conclusion about the absence of any chemical in-
teraction between two networks. IPNs made of the same components were
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also investigated using stepwise polymerization [263]. PU was formed at
room temperature and PMMA at 333 K.

The effect of concentration of the catalyst and of PU/PMMA ratio on the
reaction rate constant for PU was investigated. By studying the PU kinetics
at the component ratio value of 34:66 mass % for simultaneously proceed-
ing reactions it was discovered that the rate of PU formation increases eight
times with increasing temperature [264]. The reaction order was estimated in
a broad interval of NCO conversion.

d [NCO] /dt = K [OcSn] [NCO]1.5 . (153)

The authors believed that this equation satisfactorily describes the kinetics of
PU network formation in IPNs for both stepwise and simultaneous formation
of both networks.

The kinetics of simultaneous IPN formation was studied [172] for the
system comprising PU prepared with hydroxy-terminated polybutadiene
(HTPB), diisocyanate, and chain-extending agent and styrene–DVB or
PMMA cross-linked with EGDMA. The authors obtained the curing curves
for individual networks and IPNs, and established that the formation rate of
the PU component was higher than that for the other two networks under the
chosen conditions. The reaction orders for PU and IPN are close to 1, whereas
for cross-linked copolymers it is about 0.5. They concluded that the formation
of IPNs is dominant.

The search for new ways of IPN synthesis led to a very simple but ori-
ginal solution of performing IPN synthesis according to a radical mech-
anism in situ [265]. To obtain the IPN, butyl acrylate (BA) or BMA and
diallylcarbonate–bisphenol A were used. The originality of the method con-
sists of the choice of such compounds, which initiate the reaction only in
a definite temperature range. AIBN was used for polymerization of acrylic
monomers at temperatures above 323 K, whereas for allyl monomers tert-
butylperoxy-3,5,5-trimethyl hexanoate was taken, which initiates the reaction
above 370 K. The reaction mixture containing both initiators at the monomer
ratio of 50 : 50 by mass was studied by FTIR. The conversion was calcu-
lated from the change of the absorption band at 1639 cm–1, which is typ-
ical of C= C bonds, with a shoulder at 1649 cm–1 corresponding to allylic
monomers. At 323 K the intensity of the peak at 1639 cm–1 diminished and
reached the baseline, corresponding to more than 95% conversion of C= C
groups in BMA or BA. By increasing the temperature, the above mentioned
shoulder is suddenly transformed into an isolated peak with intensity un-
changed up to 370 K. Above this temperature the peak intensity diminishes,
indicating the polymerization of the second component. After the introduc-
tion of a cross-linking agent, a full IPN can be obtained. The additional IR
data confirmed that by using various initiators, but one and the same mech-
anism of polymerization, semi- and full IPNs can be obtained. Unfortunately,
there were no data on the phase state of these systems. Also, from the general
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considerations it can be assumed that the components of the IPN cannot be
compatible.

The kinetic features were studied experimentally and theoretically for
IPNs made of PU and unsaturated polyester (PE) [266]. In this case the PU
component formed from diisocyanate, polyol, and diol consists of rigid and
soft segments. The PE component was synthesized by copolymerization of
unsaturated PE with styrene. The grafting of both components is possible
through reaction between NCO groups with the end OH or COOH groups
of the PE molecule. Such systems can be considered as grafted, which is
schematically presented in Scheme 1.

The kinetic features were exposed for two cases of IPN formation: via reac-
tion injection molding (RIM) and via usual molding. Kinetic measurements
were performed at isothermal conditions using the DSC method and have
shown that due to a different reaction mechanism (polyaddition and poly-
merization), urethane formation always begins after the mixing of all compo-
nents. The reaction proceeds under conditions when the polyester component
is not yet reacted and urethane formation proceeds in a solution of polyester
network components. Polyester network begins to form when PU is either
fully or partially formed, i.e., in the medium of the other network. Again, in
this work the question about phase separation had not been considered.

The formation of IPNs under adiabatic conditions, which is the model for
the RIM process, has shown that the reaction proceeds sequentially and that
the dependence of the component conversion on time has an S-shape form,
which is typical of radical polymerization. Increasing the amount of PU in
the IPN changes the shape of the curve as the urethane formation reaction
becomes dominant.

Using additive models [266] based on the additive contribution of IPN
components, theoretical calculations were performed for IPNs under consid-
eration of both isothermal and adiabatic regimes. For these calculations, the

Scheme 1 Schematic structure diagram of PU–PES IPN reactions [266]
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Arrhenius equation was used under a set of simplifications that account for
no mutual influence of forming network and physical interactions in the sys-
tem.

The kinetic parameters of the reaction were calculated from the data on the
increase of reaction temperature under adiabatic conditions using the follow-
ing equation:

ln
dTu

dt
= ln

[
∆HuAu

ρUCPU

]
+

Eu

RTu
+ n ln

[
Tad – Tu

Tad – Tuo

]
, (154)

where Tu, Tad, and Tuo are the reaction temperature, the measured max-
imum adiabatic temperature, and the initial material temperature, resepc-
tively; ∆Hu is the heat of the PU reaction; ρU and CPU are the density and
the heat capacity of PU; Eu is the activation energy; Au is the coefficient of
the reaction rate; and n is the reaction order. Variables dTu/dt, 1/Tu, and
[(Tad – Tu)/∆Tad] can be calculated from the dependence of temperature on
the time of adiabatic polymerization. Using the method of linear regression,
the reaction order n, the activation energy Eu, and the coefficient of reaction
rate Au were calculated.

The kinetic parameters of radical polymerization of polyester were calcu-
lated using the Lee method [267] according to the equation:
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where f is the initiator efficiency, I is its concentration, Kd is the decompos-
ition reaction constant, and t is the induction period. The authors reached
the conclusion that theoretical calculations for reactions of pure PU and PE
agree very well with experimental data obtained under isothermal conditions.
For IPN PU/PE with 25:75 mass % compositions essential deviations were ob-
served, with an increase in the value of the mass ratio to 50:50 mass % leading
to an increase in the deviations. The authors explained these deviations by
the fact that the component interactions were not taken into account. The de-
viations were much more pronounced for polyester polymerization, possibly
due to diffusion effects at high conversion degrees. The mathematical de-
scription of the model reaction in the adiabatic regime agrees perfectly with
experimental data due to high reaction rates in this regime. It is worth not-
ing that the question about interconnection between the reaction kinetics and
microphase separation in the system was not discussed in any of these works.

The kinetics of IPN formation for sequential and simultaneous reactions
was studied for IPNs made from cross-linked PU and unsaturated PE [268].
PE was cross-linked by styrene. Typical time dependencies of conversion for
both components are given in Fig. 54 for simultaneous IPNs with compon-
ent ratios 50 : 50 and 30:70 mass %. Although both reactions start at about the
same time, the PU reaction is much faster. This is because in externally cat-
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Fig. 54 Dependence of conversion on time for simultaneous IPNs at 333 K for PU (1,2),
PE (1′,2′), and various networks of PU/PE ratio: (1,1′), 50 : 50, (2,2′), 30 : 70 by mass
% [268]

alyzed step-growth polymerization involving PU, the maximum rate usually
occurs at the beginning of the reaction. On the other hand, the free-radical
polymerization of PE is still slow and the maximum rate does not appear at
the beginning of the reaction. Varying the composition of the IPN changes
the reaction rates of PU and PE. Both reaction rates are increased when the
mass fraction of PE increases from 50 to 70 mass %. In order to compare
the isocyanate conversion at equal stoichiometry, a set of IPNs was prepared
by adding extra isocyanate to the mixture to offset the hydroxyl and carb-
oxyl groups in the PE phase. The conversion curves for sequential reactions
are given in Fig. 55. Apparently, at equal stoichiometry, the isocyanate con-
sumption rate is lower than that occurring at low NCO/OH ratio. The amount
of PE has little effect on the PU reaction at low conversions. But when PE
starts to react, there seems to be a slight increase of isocyanate consumption.
Both sequential and simultaneous reactions are accelerated by increasing the
amount of PE from 50 to 70 mass %. The authors explain this effect for PE
by the increasing concentration of double bonds, whereas for PU there is
a possibility of interaction between NCO groups of PU with OH groups of
both polyol in PU and end OH groups in PE. Therefore, the conversion in
the PU phase increases proportionally to the PE concentration in the system.
This effect makes the system more complicated, as it implies the possibil-
ity of chemical interaction between two components and of the formation of
graft networks. In the work under consideration, PU curing proceeds in the
solution of initial components that have not yet reacted or reacted only par-
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Fig. 55 Conversion vs time for sequential PU/PE IPNs at 333 K: (-) 50 : 50 PU/PE, (· · ·)
30 : 70 PU/PE, (—) 50 : 50 PU/PE at equal stoichiometry, (- - -) 30 : 70 PU/PE at equal
stoichiometry [268]

tially. Simultaneously, polymerization of PE proceeds in the presence of the
PU network formed earlier. The authors believe that the PU network is al-
ready “rigid” when the PE network is formed, and because of this there are
two effects on the reaction rates: a “solvent effect” by PU network forma-
tion and a “solid effect” by formation of the PE network, both influencing the
reaction mechanism.

Within the framework of formal kinetics, the authors derived the equa-
tion for the total rate of reaction proceeding via three channels: styrene with
styrene, styrene–PE, and PE–PE. The reaction rates of styrene monomer, the
conversion of C= C bonds in PE, and the total consumption of double bonds
may be described as

– dcs/dτ = kss· cs· cs + kesce· cs (156)

– dc/dτ = ksecs· ce + kee· ce· ce

– dc/dτ = – (dcs/dτ + dce/dτ) = kss· cscs + kesce· cs + ksecs· ce + kee· cece· ,

where s denotes styrene, e is C= C bonds in unsaturated PE, s· and e· are
radicals of styrene and PE, c is the concentration, and k is the reaction rate
constant. The reaction rates were determined experimentally. Special atten-
tion was paid to the characteristics of copolymerization between PE and
styrene in the PE phase. It was found that in the PU network the PE–PE re-
action is more favorable at low conversions as compared with the styrene–PE
reaction. This effect was explained by the enhanced intermolecular reac-
tion between PE molecules in the presence of PU. At high conversions, the
styrene–PE reaction is more favorable.
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In [269] a series of simultaneous IPNs based on PU and PE with different
ratios of the components have been studied. The curing process was followed
using DSC and FTIR spectroscopy. The curing kinetics of PE and PU is modi-
fied greatly during the formation of the IPNs. PE and PU react at a higher rate
in the IPNs than in pure homopolymers due to the different mobility of the
medium and the existence of collateral reactions. The cross-linking density of
the phase that gels first, the conversion reached when this gelling occurs, and
the existence of a graft reaction are determining factors in the morphology of
the IPN formed together with the existence of phase separation. The sequen-
tial IPNs show a lower tendency to phase separation than simultaneous IPNs,
as when the PE begins to react both the curing of the PU and graft reactions
have been completed. The modules–composition curve follows the Budian-
sky equation, which predicts phase inversion in the range of intermediate
compositions. Three different morphologies with phase inversion near IPN
PE/PU 40:60 mass % have been obtained. Compositions that are rich in PU
show a continuous PU matrix with disperse PE, while formulations that are
rich in PE show the opposite. Intermediate compositions show the existence
of two continuous phases.

Simultaneous semi-IPNs composed of epoxy networks based on the digly-
cidyl ether of bisphenol A (DGEBA) cross-linked with diaminodiphenyl-
methane (DDM), in which the linear polymer component is polysulfone (PSn)
or polyethersulfone (PES), were prepared and their curing process was in-
vestigated using DSC and TMDSC [270]. The reaction kinetics was discussed
using simple models describing the chemical kinetics including catalytic ef-
fects and the influence of diffusion. No significant difference in curing time
dependence of Tg (DSC and TMDSC) between the pure network and the
DGEBA/DDM-rich phase of the semi-IPNs was found. With decreasing reac-
tion temperature the final glass DGEBA/DDM-rich phase for the semi-IPNs
decreases. With increasing PSn or PES content or with decreasing reaction
temperature the final conversions were found to decrease, which corresponds
to less perfect network structures. Characteristic curing times determined by
calorimetry were shown to depend on curing temperature in an Arrhenius-
like manner, which is in agreement with dielectric relaxation spectroscopy
and mechanical measurements on the same systems.

The polymerization kinetics for IPNs based on vinyl ester resin (VER)
and an imidazole-cured epoxy resin (DGEBA) have been studied by DSC and
isothermal FTIR. The chemical interactions between the VER initiating sys-
tem (four different types of radical initiators) and the epoxy curative (two
types) have been examined [271]. The AIBN-containing IPNs did not show
significant interaction effects between the VER and epoxy component. How-
ever, all of the peroxide-initiated IPN systems exhibited an apparent redox
reaction between the 1-MeI amine for epoxy component and peroxide, caus-
ing an accelerated rate of cure of VER. Dilution effects of the reacting DGEBA
system by the VER component were observed for IPNs in the early stages of
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the cure. During the isothermal cure at 70 ◦C, unreacted DGEBA monomer
plastified the IPN allowing a higher plateau conversion of the vinyl groups in
the IPN, provided there were no strong interactions between the 1-MeI and
radical initiators. In contrast, when the conversion of the VER component was
near complete, the subsequent reaction of the epoxy was limited by vitrifi-
cation of the IPN associated with the high level of cross-linking in the VER
component.

A kinetic study on simultaneous IPN formation of epoxy resins based on
DGEBA and unsaturated polyester (UP) was performed by means of DSC. The
kinetics of UP and DGEBA reactions was described by empirical models. The
DGEBA in a 50:50 mass % UP/DGEBA blend indicated a higher reaction rate
constant than the pure DGEBA. The obtained results suggest that the hydroxyl
end group of UP in the blend provided a favorable catalytic environment for
the DGEBA cure [272].

Simultaneous semi-IPNs composed of a dicyanate resin and PES were
prepared, and their curing process was investigated using DSC [231]. The
curing rate of the semi-IPN systems decreased as the PES content was in-
creased. The reaction kinetics of the semi-IPNs systems was described by
a second-order autocatalytic kinetic equation. The reaction kinetics param-
eters were determined from the dynamic DSC conversion data by a fitting
method. For the semi-IPNs containing 30 mass % PES, two glass transi-
tions indicating phase separation were observed. SEM micrographs showed
a phase-separated morphology and different fracture characteristics for the
dicyanate/PES semi-IPNs. A very important conclusion as to the effect of mo-
lecular topology on the reaction-induced phase separation has been reached
in [273]. It has been shown that self-assembled nonreversible morphologies,
as well as low-dispersity nucleation and growth, can be controlled through
the rate of network formation. The mechanism of phase separation is dictated
by the rates of the cross-linking reactions.

The features and detail of the IPN kinetics were also studied in other
works [274–276]. The kinetics of thermally initiated cationic epoxy poly-
merization and free radical acrylate photopolymerization were investigated
in [277]. It was found that the preexistence of one polymer has a significant
effect on the polymerization of the second monomer. The reaction kinetics
and phase separations were studied for sequential IPNs in [278]. The kinet-
ics of IPN formation was studied for IPNs based on PDMS–cellulose acetate
butyrate [279]. All these and other works [280–282] confirm the general reg-
ularities of the reaction kinetics and its connection with phase separation in
forming systems.
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5.3
Mutual Influence of the Constituent Networks on the Kinetics
of IPN Formation

Preceding data have already shown the influence of the constituent networks
on the formation of each network in IPNs. Chemical aspects of the formation
of IPNs were discussed in detail by Widmaier and Meyer [283]. They consid-
ered the synthesis of in situ sequential PU/PMMA IPNs, including the kinetics
of formation of the PU and methacrylic network. The rates of polymerization
Rp were deduced from the slopes of the conversion vs time curves. All the pa-
rameters influencing the kinetics of the methacrylic system, i.e., PU content,
cross-link density, and temperature were studied. The authors constructed
the rate vs conversion profiles for all investigated systems.

The influence of the reaction components on the rate profiles was estab-
lished. The effect of phase separation in the given type of IPN [284] was also
taken into account. It was assumed that the formation of small domains al-
lows monomer diffusion toward a radical until its total consumption, and
thus phase separation does not hinder the complete monomer conversion.
In reaction kinetics a great role was ascribed to the viscosity of the reaction
medium. The initial rates increase as the reaction medium becomes more vis-
cous and the onset of the gel effect also begins at smaller conversion degrees.
PU behaves like a viscous medium in which the methacrylic polymerization
proceeds. Raising temperature shows the known acceleration effect. From
the temperature data, the activation energy of the PMMA system was cal-
culated: the values found are about 19 kcal·mol–1 whatever the conversion
ratio for cross-linked PMMA as well as for all IPNs. This result means that
these parameters do not influence the activation process of the methacrylic
monomers. The authors conclude that the resulting properties of IPNs are
largely influenced by the network formed first and also by the kinetic features
leading to the formation of two networks, regardless of the IPN composition.

It is evident that effects of the mutual influence of constituent networks
on the kinetics of their formation will be seen more clearly for simultaneous
IPNs. This case is also interesting because it allows us to elucidate simultan-
eously the role of microphase separation in the reaction kinetics.

Studying the kinetics of the simultaneous semi-IPN formation from PU
and PBMA [320] has shown that in simultaneously proceeding reactions in-
creasing initiator concentration and rate of BMA polymerization diminish the
rate of PU formation as compared to the pure network. It is probable that
retardation of PU formation is connected with increasing viscosity of the re-
action medium. The higher the rate of PBMA formation, the lower is the rate
of PU formation. Indeed, in the case under consideration, the BMA polymer-
ization proceeds in a liquid medium formed by the initial components of the
PU network, as if the system were diluted. Because of it, the initial rate of
BMA polymerization diminishes as compared with the polymerization rate
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at the initial stages for pure BMA. However, later, the polymerization rate of
BMA in the semi-IPN becomes higher as compared with individual PBMA.
The increasing rate may be only connected with the total increase of the vis-
cosity of the reaction system. In accordance with Eq. 152, increasing viscosity
leads to sharp diminishing of the termination constant Kt as compared with
the growth constant Kg and, correspondingly, to increasing ratio Kt/Kg and
chain growth rate Vg. The rate of PBMA formation increases in the sequence
65 : 35 < 75 : 25 < 85 : 15 as compared with the rate of polymerization of pure
BMA. This effect relates to the increasing viscosity. The rate of PU formation
diminishes as compared with pure PU in the series 85 : 15 > 75 : 25 > 65 : 35.

The kinetics of formation of the PU/PS IPN prior to gelation was studied
in [286]. It was observed that the extent of PS formation in the IPN in-
creases with increasing PU content, which indicated that the polymerization
of styrene was accelerated by the high viscosity of the reaction medium.

Of interest is the study of the kinetics of simultaneous IPN formation from
PU and PS using IR spectroscopy [287]. The effects of the temperature, cata-
lyst, initiator, and cross-linking agent concentrations, as well as of the PU/PS
ratio, were studied in relation to the rate of formation of both network com-
ponents. It was established that with increasing PU/PS ratio, the rate of PU
formation increases, whereas the PS formation rate diminishes. Changing the
catalyst concentration for PU formation has no effect on PS reaction; the same
effect was discovered in relation to the initiator concentration.

Authors have found that the rate of the reaction of urethane formation and
the rate of radical polymerization of styrene for pure systems are higher as
compared with the same reactions by IPN formation. The results obtained for
styrene polymerization seem to be rather strange, as both the catalyst and the
initiator concentrations in the reaction system were chosen in such a way that
the rate of PU formation should be much higher as compared with PS. There-
fore, PS was formed when the conversion degree for PU reached 0.4–0.6, and
when the viscosity of the medium was rather high. It is known that the ter-
mination rate by polymerization sharply diminishes with increasing medium
viscosity, and the total rate of polymerization after self-acceleration should
be higher as compared with the rate of formation of pure PU. The authors
made no attempt to explain the effects of the catalyst or initiator concentra-
tion on the formation of two networks. Meanwhile, both processes are tightly
interconnected, as was shown in [88, 288].

In [289] the kinetic study was performed for simultaneous IPNs made of
PU and PUA. The aim was to establish the effect of simultaneously forming
a second network on the rate of reaction of forming the first network. PU based
on POPG (MM 2000) and 2,4-TDI adduct was used. The matrix PUA network
was formed simultaneously from the oligourethane acrylate (OUA) based on
POPG, 2,4-TDI, and the methacrylic ester of ethylene glycol. Figure 56 shows
the kinetic curves of PU formation by the simultaneous and uncontrolled re-
action of PUA network formation. Since the dependence of α/(1 – α) vs t (α is
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Fig. 56 Kinetic curves for curing of (1) pure PU and PU in an IPN with PUA at (2) 1%,
(3) 5%, (4) 50%, and (5) 70% PUA by mass in reaction mixture [88]

conversion degree) is linear up to a conversion degree of 0.5, it may be assumed
that the reaction is of the second order. It is worth noting that the initial slope
of the kinetic curves depends on the content of OUA in the reaction mixture.
By differentiating these curves, the dependence of ∂α/∂t on the composition
has been obtained, and the influence of the component ratio on the reaction
rate has been characterized (Fig. 57). The additives in OUA serve as inhibitors
of the reaction. For comparable amounts of both components in the mixture,
the presence of OUA in the initial stages leads to an increase in the reaction
rate, whereas after 45–60 min, the rate of PU formation decreases as compared
with the reaction rate in the absence of PUA.

In OUA, both in individual compounds and especially in the mixture, gel
formation begins during the first 5–6 min of the reaction. As a result, under
conditions of microphase separation the rapidly growing OUA network re-
leases the reacting components of the first network (PU), thus intensifying
their self-association. The increase in concentration in separated microvol-
umes leads to an acceleration of PU formation. PUA evolved as an indepen-
dent phase may play the role of dispersed filler, which causes an orienting
effect on the molecules of the PU components, after which they are adsorbed
at the interface. This may also accelerate the process. Inhibition of the pro-
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Fig. 57 Concentration dependence of the curing of PUA in an IPN on composition at the
time of curing: (1) 10, (2) 20, (3) 30, (4) 45, (5) 60, (6) 90 min [88]

cess at later stages of IPN production is most likely explained by the fact that
when the reacting components in microvolumes are exhausted, the reaction
is controlled by the diffusion rate of components via the interphase. Thus, it
was established that during the synthesis of IPNs the same component, OUA,
depending on its fraction in the reaction mixture, might accelerate the degree
of completeness of microphase separation. The dependences of the rate and
the degree of completeness of microphase separation on the composition of
the mixture are behind this phenomenon.

The spectroscopic study has shown that this effect is not connected to
chemical interaction between two networks. However, the redistribution of
the system of hydrogen bonds takes place in the IPN when the component
ratio changes. In this way it was found that the system of intermolecular in-
teractions in a cured IPN, which is controlled by the phase separation in
the reaction system, is a function of the composition. IPNs with comparable
amounts of constituent networks, as will be shown in detail later, undergo mi-
crophase separation, which usually begins before the onset of gelation in the
individual networks. This process is characterized by a high rate and degree
of segregation (separation).
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A more detailed study of the kinetics of IPN synthesis has shown that the
close relation between the kinetics and phase separation really exists [288].
For IPNs made from PU and PEA the kinetic curves of cross-linking were ob-
tained. The rate of PU curing was affected by the ratio of the TMP adduct
with TDI and oligoglycol and the rate of PEA curing by the initiator concen-
tration (0.01% in series 1, 0.5% in series 2, and 3.0% in series 3). Figures 58
and 59 [289] show kinetic curves for the curing of PU and PEA networks
taken both separately and in a mixture for IPN formation. Judging from the
slopes of the curves, the cross-linking rates of each network in the IPN are not
independent. This effect is not associated with chemical interaction between
networks. By differentiating the kinetic curves presented in Figs. 58 and 59 it
is possible to determine the curing rate ∂α/∂t of PU and PEA at each point of
the curve. The dependence of ∂α/∂t on the composition of IPNs at different
concentrations of an initiator, for a fixed time since the initiation of the re-
action, gives a series of curves characterizing the influence of the constituent
network on the rate of PU (Fig. 58) and PEA (Fig. 59) curing at different stages
of IPN formation. The reaction rate of urethane formation in IPNs, especially
at the initial stages, depends both on the concentration of oligoesteracrylate
(OEA) and on its curing rate (Fig. 60). In the region of low amounts, the PEA
network inhibits PU cross-linking. The degree of inhibition is maximal in
the initial stages of reactions and depends on the ratio of the curing rates
of individual networks. OEA most effectively inhibits PU cross-linking in the
samples of series 1 where it is cured at a lower rate than the individual PU.

Fig. 58 Kinetic curves of pure PU (1) and of PU in IPNs with 0.3 (5), 0.5 (2), 2 (3, 6, 7), and
20 (4) by mass % of PEA. Curves 1–4: series 1; curves 5, 6: series 2; curve 7: series 3 [289]



162 Y.S. Lipatov · T.T. Alekseeva

Fig. 59 Kinetic curves of pure PEA (1,4) and of PEA in IPNs with 10 (5), 30 (2, 5), and
50 (3, 7) mass % PU. Curves 1–3 refer to series 1, curves 4–7 to series 2 [289]

Fig. 60 Dependence of the rate of PEA curing on the composition of IPNs through 5 (1, 4),
10 (2, 5), 20 (6), 40 (3), and 50 (7) min after the reaction initiation. Curves 1–3 refer to
IPNs with 0.01% of initiator, curves 4–7 to those with 0.5% of initiator [289]
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Five minutes after the reaction is initiated, the rate of urethane formation in
IPNs of this series is 1.5 times lower than that for individual PU. In series 2,
OUA, which is cured at a higher rate, is inhibited less effectively than the pro-
cess of matrix network cross-linking. In series 3, retardation of the urethane
formation reaction is observed over a wide range of compositions.

In the region of average compositions, OEA accelerates PU cross-linking as
early as the initial stage of the reaction. As in the case of inhibition, the effect
depends on the rate of OEA curing. The PEA network initiates the curing of
PU most effectively with 0.01 and 3.0% concentration of initiator.

The influence of OEA on PU network formation weakens with the devel-
opment of a three-dimensional structure, with the rate of the adduct cross-
linking in IPNs approaching the curing rate of pure PU. The PEA network
accelerates PU curing at later stages of the reaction in IPNs with low addition
of OEA. At the same time, the rate of PEA formation in the IPN depends not
only on the initiator amount but also on the PU content (Fig. 61). In this case
the influence of the latter compound depends on the curing rate of the OEA.
In series 1, PU, which is cured at a higher rate, initiates OEA cross-linking

Fig. 61 Dependence of the rate of PEA curing on the composition of IPNs through 5 (1, 4),
10 (2, 5), 20 (6), 40 (3), and 50 (7) min after initiation. Curves 1–3 refer to IPNs with
0.01% of initiator, curves 4–7 to those with 0.5% [289]



164 Y.S. Lipatov · T.T. Alekseeva

in the range of composition studied. At the same time, in series 2, where the
curing rate is lower than that of OEA, PU inhibits the process.

With the beginning of microphase separation, the influence of the second
network on PU curing decreases and the curing rate of PU in the IPN ap-
proaches the cross-linking rate of pure PU during reaction. Analysis of the
system spectra recorded during the reaction demonstrates that an increase
of OEA concentration leads to a decrease of the time of microphase sepa-
ration (i.e., the time when the bands of self-association of urethane groups
connected with formation of the microregion and “rigid” blocks begin to ap-
pear). The release of the PEA network under microphase separation evidently
removes the PU network components, thus intensifying their self-association,
which accelerates the urethane formation reaction. In addition, the appear-
ance of microphase regions of PEA may be due to the adsorption interaction
of PU components with PEA, which accelerates its curing. In other cases,
a sharp increase of viscosity prevents the diffusion of components and in-
hibits microphase separation. Thus, the rates of constituent network curing
in IPNs are connected with each other through the microphase separation
process.

5.4
Relation Between Reaction Kinetics and Microphase Separation

The above analysis of the kinetics of constituent network formation in IPNs
shows that these processes are connected and accompanied by microphase
separation of the system. The reasons for such an effect consist of the appear-
ance of the fragment immiscibility of growing networks.

5.4.1
Semi-IPN Based on Styrene–DVB Copolymer and PBMA

Figure 62 shows the anamorphoses of kinetic curves for the formation of
semi-IPNs from styrene–DVB copolymer in the presence of varying amounts
of PBMA [88, 290]. The absence of the inflection point on the curves at the
time when phase separation begins (conversion degree 0.1–0.8) is typical. The
gelation in the system begins only after 60–65% conversion. The lack of in-
flection point may be explained by the argument that the phase separation
proceeds according to the spinodal mechanism of decomposition, when at
the initial stages the compositions of the evolved phase are very similar. In-
creasing the amount of PBMA in the reaction mixture decreases the time of
the onset of phase separation. Increasing the temperature by 30 ◦C also di-
minishes the onset of phase separation, although the conversion degree of
styrene is increased. This result was the first where it was shown that there
exists an interconnection between the reaction kinetics, conversion degree,
and microphase separation in the system, with the kinetics of IPN formation
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Fig. 62 Kinetic curves for copolymerization of styrene with DVB in semi-IPNs at 363 K:
(1) 40%; (2) 15%; (3) 40%; (4) 15% PBMA by mass. Arrows show the onset of phase
separation [88]

exerting a marked effect on the microphase separation, determining the on-
set of phase separation [88, 290]. The higher the degree of conversion, the
lower is the fraction of the second component, at which the phase separation
proceeds (Table 12) [88].

As can be seen from this table, at equal degrees of conversion, the time
of phase separation onset is higher at lower reaction temperatures. At these
conditions, the compatibility of components is lower. However, the viscosity
of the system is high enough to prevent the separation. As a result, the onset
of phase separation is detected experimentally at higher conversion degrees.
Therefore, one can conclude that the chemical reaction and the phase sepa-
ration proceed simultaneously. Depending on the reaction rate, cross-linking

Table 12 Times of the onset of phase separation (t) and corresponding conversion degrees
(α) in semi-IPNs at various temperatures [290]

PBMA, 333 K 343 K 353 K 363 K
mass % α t, s α t, s α t, s α t, s

40 0.12 2280 0.90 1140 1.93 840 0 60
20 0.73 5400 1.55 2880 2.00 1200 2.68 700
15 1.45 7200 2.28 3060 2.44 1500 2.88 900
10 1.90 10 920 2.40 5460 4.46 2280 2.91 1080

5 4.75 21 600 5.40 9900 6.27 3600 7.56 2160
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significantly lowers the molecular mobility of reaction components. Thus,
phase separation can be stopped at various degrees of conversion. Therefore,
by changing the kinetic conditions of the chemical reaction, one can influ-
ence the structure and the properties of IPNs. Phase separation, proceeding
simultaneously with the cross-linking reaction, occurs under nonequilibrium
conditions. These conditions are determined by the relations between the re-
action kinetics, the conversion degree, and the kinetics of phase separation.
Here, of great importance is the mechanism of phase separation, i.e., nucle-
ation and growth or spinodal decomposition. The gelation time depends also
on the amount of the second component; the activation energy is dependent
on this factor as well (Figs. 63 and 64).

The detailed investigation of this process was done using two types of
semi-IPNs made of cross-linked PU and linear PBMA [202]. The difference
between these two cases is that in one case the previously polymerized PBMA
was introduced into the reaction mixture for PU network formation, whereas
in the other case the reactions of PU formation and BMA polymerization pro-
ceeded simultaneously. PU based on POPG and TDI–TMP adduct was formed
under the action of dibutyltin laurate (catalyst). The kinetics of PU network
formation and BMA polymerization were studied by calorimetry. The kinetic
parameters of the reaction for pure PU and for PU in the presence of the
second component were found from equation of the second-order reaction:

K =
( α

1 – α

) 1
A0t

, (157)

Fig. 63 Dependence of the gel formation time in semi-IPNs on the PBMA content:
(1) 363 K, (2) 353 K [88]
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Fig. 64 Dependence of the apparent activation energy on PBMA concentration: (1) initial
stages of the reaction, (2, 3) latest stages of phase separation, (2) according to dilatometric
data, (3) from the time of the onset of phase separation [88]

where α is the conversion degree, A0 is the initial concentration of reacting
groups, and t is the reaction time. The reaction rate constants for urethane
were calculated from the linear dependence of α/(1 – α) on t. To establish
the interconnection between kinetics and phase separation, the segrega-
tion degrees were determined from viscoelastic properties. These values are
a measure of incomplete phase separation in the systems with restricted ther-
modynamic compatibility. The onset of phase separation in the system was
followed by the cloud point method.

5.4.2
Semi-IPN Formed by Curing PU Network in the Presence of PBMA

Figure 65 presents anamorphoses of kinetic curves of the formation reaction
of cross-linked PU in the absence (curves 1, 2 at 333 K and 3 at 313 K) and in
the presence of PBMA (curves 4–6 at 333 K, 7 at 353 K, and 8 at 313 K), inves-
tigated at various temperatures and catalyst concentrations. Both for pure PU
and for semi-IPNs the obtained anamorphoses exhibit two parts, which evi-
dence a change of the reaction rate in three systems on reaching a certain de-
gree of conversion. It can be noted that a comparison between experiments 1
and 4, 2 and 5, or 3 and 8 shows a threefold decrease of the urethane forma-
tion rate in the presence of PBMA, while the character of anamorphoses of
the kinetic curves remains qualitatively unchanged. Analyzing these results,
it should be noted that only in one case (curve 8) does the degree of con-
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Fig. 65 Anamorphoses of kinetic curves of the initial PU formation process (1–3) and
in the presence of 15 mass % PBMA (4–8) at various catalyst concentrations [kt]·104,
mol·l–1: 0.7 (1, 5); 1.4 (2–4, 7, 8); 7.0 (6) and temperatures, ◦C: 40 (3, 8); 60 (1, 2, 4–6);
80 (7). Arrows show the beginning of phase separation [202]

version at which microphase separation begins coincide with the conversion
corresponding to the inflection of anamorphoses. It is suggested [289, 291]
that at low degrees of conversion, because of the higher viscosity of the sys-
tem, microphase separation slows down and gets experimentally observed
only at higher degrees of conversion, which in fact corresponds to the appear-
ance of the thermodynamic incompatibility of the components. The absence
of inflections on the kinetic curves at the microphase separation onset is most
likely due to the absence of volume changes brought about by microphase
separation, since this separation itself does not affect the rates of reactions.
The obtained data do not indicate a change in reaction kinetics at the start
of microphase separation near the degree of conversion corresponding to it.
The above-presented result demonstrates that in the system studied, the onset
of microphase separation depends substantially on the urethane formation
kinetics.
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5.4.3
IPNs Produced by Simultaneous Curing
of Polyurethane and Polymerization of Butyl Methacrylate

For further study of the features of IPN formation, kinetic investigations were
made [202] when formation of the PU network and polymerization of BMA
and formation of PBMA proceed simultaneously and in a stepwise manner.
Kinetic curves for the initial PU and PBMA with different amounts of initiator
are shown in Fig. 66. As can be seen, the PBMA formation rate (curves 9–
11) increases with initiator concentration. Using the principle of additivity
and determining the PU conversion degree by an independent method, the
heat release area corresponding to PBMA formation, and hence the degree
of BMA conversion into a semi-IPN, was established from the difference be-
tween the total heat release area and the area corresponding to PU formation,
calculated from its conversion degree. Kinetic curves for PU and PBMA in
a semi-IPN at PU/PBMA ratio 75:25 mass % and molar concentration of ini-
tiator of 1.48×10–2 mol·l–1 are given in Fig. 66 (curves 13a and 13b). It was
shown that for simultaneously proceeding reactions, the rate of BMA poly-
merization increases with initiator amount (Fig. 67, curves 13b, 14b, 15b, 16b)
while the PU network formation rate declines with respect to the initial one
(Fig. 67, curves 13a, 14a, 15a, 16a). As the PBMA formation rate increases, the
degree of conversion rises at a certain moment, which increases the viscosity
of the medium and thereby impedes diffusion of macromolecules that form
PU chains (Fig. 67).

Fig. 66 Kinetics of PU formation and BMA polymerization at various initiator concentra-
tions [I]·102, mol·l–1 for BMA: (9) 0.74, (10) 1.48, (11) 2.96, (12) PU, (13a) PU in semi-IPN
(75 : 25 by mass %), and (13b) BMA in semi-IPN [202]
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Fig. 67 Kinetics of PU formation (a) and BMA polymerization (b) in semi-IPNs at various
initiator concentrations, [I] ·102, mol · l–1: (14) 0.74; (13) 1.48; (15) 2.96; (16) 1.08 [202]

The comparison of the reduced rates of PBMA formation, Wred = V/M,
where V = dM/dt is the amount of unreacted monomer and M is monomer
concentration, in the semi-IPN and the initial rate (Fig. 68) shows an increase
in Wred of PBMA formation in the mixture with respect to the initial one
(Fig. 68, curves 11 and 15b, 10 and 13, 9 and 14). This, according to [311], may
be due to an increase of the initial viscosity of the semi-IPN system, which
rises in the course of PU and PBMA formation, thereby sharply reducing the
termination constant Kt and accordingly increasing the Kg/Kt ratio and the
chain growth rate Vg with increasing completeness of reaction, according to
Eq. 152.

Figure 69 presents kinetic curves for PU and PBMA for various ratios in
the mixture: 85 : 15, 75 : 25, and 65:35 mass % at a constant molar concentra-
tion of the catalyst (1.4×10–4 mol·l–1) and various initiator concentrations.
Calculated Wred values for PBMA in the mixture show that the PBMA forma-
tion rate increases for experiment 19 to experiment 17 over the initial one
(curves 19a, 18a, 17a), which is due to the increase in the system viscosity;
in experiment 17 it is higher than in experiment 19, and hence Kt decreases,
while Kg and K increase. The PU formation rate in the mixture decreases
compared to the initial one from experiment 17 to experiment 19 (curves 19a,
18a, 17a).

A change in the rate of formation of both PBMA and PU is thus observed
in a polymeric system where two processes proceed concurrently. It should
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Fig. 68 Variation of reduced rate Wred of BMA polymerization at various initiator concen-
trations [I] · 102, mol·l–1; (11) pure BMA, [I] = 2.96; (10) pure BMA, [I] = 1.48; (9) pure
BMA, [I] = 0.074; (15b) BMA in IPN, [I] = 2.96; (13) 1.48, (14) 0.74. Ratio PU/PBMA
75 : 25 by mass % [202]

Fig. 69 Kinetics of PU formation and BMA polymerization in semi-IPNs at various com-
ponent ratios: a—PU in IPN, b—PBMA in IPN. PU/PBMA: 17–85/15, 18–75/25, 19–65/35
by mass % [202]
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be pointed out that the PU formation rate, regardless of the ratios of compo-
nents and initiator, drops as compared to the initial rate, whereas the PBMA
formation rate depends on any factor increasing the system viscosity, which
is associated with the gel effect. It can also be noted that an inverse depen-
dence of the PU formation rate on the PBMA formation rate is observed in
a series with different molar concentrations of initiator. This is a consequence
of various conditions of PU and PBMA formation in the mixture.

All these kinetic changes affect the phase separation degree. The kinetic
effect very markedly influences the viscoelastic properties, glass transition
temperatures of two phases (which means their different composition), and
segregation degree. At the same kinetic conditions the cloud point curves
were obtained from measurement of light scattering [285]. The experimental
data are presented in Table 13.

The analysis of the data shows that the time of the microphase separation
onset tmps decreases almost linearly with increasing concentration of the ini-
tiator of BMA polymerization. Calculations of the BMA polymerization rate
at the initial stage (until the autoacceleration starts) demonstrate linear de-
pendence between the reaction rate and tmps. The data show that at constant
initial composition of the system, PU conversion drops and BMA conversion
increases at the moment of the onset of microphase separation with increas-
ing polymerization rate. The higher the BMA polymerization rate, the greater
its conversion drops at the onset of separation and the smaller the PU fraction
at which separation begins. Correspondingly, tmps decreases.

Microphase separation also depends on the PU/PBMA ratio. Indeed, for the
ratio 85:15 mass % (Table 13) the conversion degree before the onset of mi-
crophase separation is higher for both components than for the ratio 75 : 25,
while the values for the ratios 65 : 35 and 75 : 25 are close to each other. At the
same time the PU mass fraction corresponding to tmps turned out to be the

Table 13 Compositions and microphase separation parameters for PU–PBMA semi-
IPNs [285]

PU/PBMA [I]·102, PBMA rate Onset of Conversion Conversion
ratio, mol·l–1 constant ·103, separation degree at the degree at the
mass % s–1 time, min separation separation

onset, PU onset, PBMA

75 : 25 0.74 0.70 70 0.57 0.034
75 : 25 1.48 0.83 65 0.50 0.040
75 : 25 2.96 2.66 55 0.38 0.062
75 : 25 5.40 3.80 45 0.36 0.080
75 : 25 10.80 6.60 35 0.21 0.090
65 : 35 5.40 2.20 65 0.37 0.110
85 : 15 5.40 5.5 60 0.45 0.280
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lowest for 65 : 35 and the highest for 85 : 15. It should be taken into account
that the microphase separation rate in a high-viscosity medium should be dis-
tinctly lower than the reaction rates, and therefore microphase separation may
lag in time behind the conversion at which it would occur if it proceeded under
equilibrium conditions, not aggravated by the continuing reaction.

Studies of the influence of the microphase separation on the IPN formation
kinetics show [330] that at a constant component ratio, the PU conversion
at tmps drops and BMA conversion rises with increasing PBMA formation
rate, the influence of the initiator concentration being more pronounced
than that of the cross-linking BMA agent (triethylene glycol dimethacrylate)
concentration. Such regularity was traced for two component ratios, 75 : 25
and 65:35 mass %. The value of tmps in the system drops sharply only with
a component ratio of 65 : 35 and at higher initiator concentration. When the
component ratio is changed at constant initiator and cross-linking agent con-
centrations, tmps increases to 70 min, the PU conversion declines from 0.5 to
0.3, and the BMA conversion varies within 0.03–0.20 [292].

It follows that the polymerization rate growth, increasing the BMA con-
version, shortens tmps. The most essential inference from the analysis of
reaction rates and values of tmps is, however, the following. As can be seen
from the kinetic curves, both before and after microphase separation their
character remains unchanged, i.e., microphase separation does not affect the
rates of continuing reactions. This implies that in the evolved microregions
of phase separation, the composition becomes close to the average compo-
sition of the system, i.e., the ratio of reacted and unreacted components is
approximately the same. As was already suggested, such a situation can occur
only with microphase separation at the initial stages proceeding through the
spinodal mechanism. This obviously involves “chemical quenching” of the
microheterogeneous system resulting from network formation, which after
a certain conversion prevents further phase separation according to Binder
and Frisch [93]. Otherwise, the microphase separation would progress and
departures of the reaction rates from their values in the initially separating
system should occur, which is not observed right up to a high degree of con-
version.

5.4.4
Thermodynamics and Kinetics of Phase Separation

The effect of various kinetic conditions on the phase separation in semi-IPNs
produced from PU and PS was studied using FTIR by He, Widmaier, and
Meyer [293]. To obtain semi-IPNs of PU/PS mass ratio 30 : 70, the mixture
of initial components was stored at room temperature for different periods
of time t (5 min, 15 min, and 2 h), and then the temperature was elevated up
to 343 K and the process was performed until the full disappearance of the
double bonds.
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It was discovered that at t = 5 and 15 min, PU network and PS are formed
simultaneously but with different rates, whereas at t = 2 h the formation of
PS proceeds in a fully cured PU network. Various kinetic conditions of PU
formation affect the phase separation estimated from the data of the light
transmission as a function of time. The system loses its transparency by sim-
ultaneous formation of PU and PS (t = 5 min) when the conversion degree of
PS is about 0.2. By forming the semi-IPN in the t = 2 h regime the system stays
transparent, whereas for t = 15 min a trend toward diminishing transmission
of light is observed at the latest stages of IPN formation.

Introduction of preliminary polymerized PS into PU in an amount of
0.5–1.0% initiates phase separation in the system in the first few minutes. It
was also found that increasing MM of PS diminishes the time of the onset
of phase separation. Thus, the authors reach a conclusion that if the reaction
mixture is separated into two phases before gelation of PU, the semi-IPNs
formed are turbid, but if separation begins after PU gelation transparent IPNs
are formed. The thermodynamic reasons for these effects are not clear.

It can therefore be inferred that simultaneously proceeding chemical pro-
cesses of formation of polymer molecules which constitute the IPNs and
physical processes of microphase separation occur under nonequilibrium
conditions [103]. In this case the microphase structure of semi-IPNs and
the kinetics of their formation become interrelated (see Sect. 4). The effect
of the reaction conditions on the morphology of simultaneous PU/PMMA
IPNs has also been established in [294], and for poly(dimethylsiloxane–
urethane)/PMMA IPNs in [295]. It was shown that depending on the kinetic
conditions, both compatible and incompatible IPNs could be formed with
well-matched rates of cross-linking reaction. Incompatible IPNs are formed
by a much slower cross-linking reaction producing phase-separated IPNs. We
believe that in the present case, because of the method of determination, one
should talk not about true compatibility, but about the dependence of appar-
ent compatibility on reaction kinetics.

The first attempt to describe theoretically the processes of phase separa-
tion during the reaction of formation of semi-IPNs has been done in the
works [296, 297]. Semi-IPNs based on PS and a reactive epoxy monomer
based on DGEBA with a stoichiometric amount of 4,4′-methylenebis(2,6-
diethylaniline) were studied experimentally. Thermodynamic analysis of the
phase separation proceeding during the curing reaction was performed
that considered the composition dependence of the interaction parameter
χ(T, Φ2) (where T is the temperature and Φ2 is the volume fraction of PS)
and the polydispersity of both polymers. The latter is especially important. In
this analysis, χ(T, Φ2) was considered as the product of two functions, one
depending on the temperature [D(T)] and the other depending on the com-
position [B(Φ)]. For the initial mixture (before the reaction) the cloud point
curves showed upper critical solution temperature behavior and the depen-
dence χ(T, Φ2) on the composition was determined from the threshold point,
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that is, the maximum cloud point temperature. During the isothermal reac-
tion of mixtures with different initial PS concentrations, the dependence of
χ(T, Φ2) on the composition was determined under the assumption that at
each conversion degree, the D(T) contribution to the χ(T, Φ2) value had to be
constant independently of composition. For these semi-IPNs it was demon-
strated that the changes in the chemical structure produced by the reaction
reduced χ(T, Φ2). This effect was more important at lower volume fractions
of PS. Nevertheless, the decrease in the absolute value of the entropic contri-
bution to the free energy of mixing was the principal driving forced behind
the phase separation process.

The theoretical model developed by the authors was proved by the good
agreement between experimental and predicted glass transition temperatures
and heat capacity changes at the Tg for both evolved phases. For every degree
of conversion, the theoretical simulation of the phase separation provided
the amount, composition, and conversion of each phase. From their analysis,
they have reached the following conclusions. At the beginning of the poly-
merization, the system is homogeneous. As the reaction proceeds, the system
becomes less miscible and at a certain conversion level (the cloud-point con-
version) the system becomes phase separated. For the system studied the
authors consider the following possible scheme of phase separation. At the
cloud-point conversion, the composition of the continuous α phase is the
initial one, and the volume fraction of the β dispersed phase is zero. The
segregated phase has a large amount of the epoxy–amine polymer, and con-
version in this phase is higher than that of the continuous phase as a result of
the polymer fractionation due to the entropic effect. After the cloud point it
was thought that the epoxy-rich phase was semipermeable. This signifies that
the β phase will receive material from the continuous phase. All the effects
strongly depend on the process chemistry. However, the kinetics of chemical
transformations at this reaction stage was not studied. Finally, the segrega-
tion is almost complete and the mass fraction of the continuous phase is close
to that of the initial composition. Unfortunately, the authors do not pay any
attention to the mechanism of phase separation (spinodal mechanism or nu-
cleation and growth). The only note is that for compositions near the critical
composition, the reaction proceeds to drive the system into the unstable re-
gion of the phase diagram and then the phase separation proceeds according
to the spinodal mechanism. For off-critical compositions (the case considered
by the authors) the phase separation proceeds by nucleation. They have not
considered the degree of the thermodynamic equilibrium of the cured sys-
tem and do not take into account the very probable formation of an interfacial
region between evolved phases, which may be formed easily in reaction sys-
tems possessing high viscosity (incompleteness of phase separation). Thus,
thermodynamic analysis and experimental data confirm the qualitative pic-
ture of the process of phase separation proceeding by the formation of IPNs
proposed earlier in our works.
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5.5
Reaction Kinetics and Properties of Evolved Phases

The kinetic effects influence not only the onset of the phase separation but
also the composition and the ratio of evolved phases as well. It was shown
that it is possible to evaluate the ratio of phases and their composition from
the shifts of glass transition temperatures of each phase with respect to the
pure component prevailing in this phase. Because of this, the elucidation of
the kinetics of the transitions in evolved phases is of great importance for un-
derstanding of the interrelation between the reaction conditions and phase
separation proceeding in the systems.

The kinetics of the formation of these systems was studied [202] for the
PU/PBMA IPNs. As distinct from the preceding results, in this work the
phase separation resulting from kinetic changes was estimated by the glass
transition temperatures of two evolved phases, which characterize their com-
position and hence the conditions of phase separation. Table 14 shows some
parameters of semi-IPN PU/PBMA 85:15 mass % obtained by introduction of
linear PBMA into the reaction mixture. The main criterion of phase separa-
tion in this work is the shift of glass transition temperature of the two evolved
phases, each of which is enriched by one of the components.

The glass transition temperatures of the evolved phases depend on the
way PBMA was introduced: I is the commercial PBMA introduced into

Table 14 Parameters of PU/PBMA IPNs (85:15 mass %) [297]

[kt]·104, Glass transition (K) of Time of the Segregation
mol·l–1 the phase enriched in onset of microphase degree

PU PBMA separation, min

0.7 261 333 100 0.32
1.4 263 316 43 0.33
7.0 248 323 28 0.35

Table 15 Parameters of semi-IPN PU/PBMA (75:25 mass %) [297]

[I]·102, mol·l–1 Transition temperature of Segregation degree,
the phase enriched in α

PU PBMA

0.74 265 323 0.11
1.48 263 333 0.12
2.96 263 330 0.28
5.40 263 358 0.28

10.8 258 351 0.28



Chemical Kinetics of IPN Formation and Phase Separation 177

the reaction mixture (Table 14), II is PBMA formed from monomer in situ
(Table 15).

As is seen in most cases, the glass transition temperatures do not coin-
cide with the corresponding temperatures of pure components. This is a result
of the formation of a two-phase system with phase composition determined
by the reaction conditions (which in their turn determine the conditions
of phase separation). Usually, as a result of formation of two phases en-
riched in one of the components, glass transitions approaching each other are
observed. Such a situation is really observed only for IPNs with PBMA in-
troduced into the reaction mixture beforehand. In all other cases the Tg of
the PU-enriched phase either does not change as compared with the pure
network or becomes lower (Table 15). This effect may be explained [202]
by the formation of a more defective network structure of PU itself due to
concurrence of two reactions proceeding simultaneously. It can be suggested
that the microphase separation, which begins at the initial stages of reaction,
affects the network structure of PU. The effect of the reaction rate deter-
mines the properties of the phases evolved. However, independent of the
way PBMA was introduced, the PU network becomes more defective. The
decrease in the rate of PU network formation due to changing catalyst con-
centration really leads to the formation of a distinct structure of the network,
as can be judged from the value of Tg for the PU-enriched phase. Intro-
duction of monomer and its polymerization has the same effect. Increasing
polymerization rate decreases the Tg of the PU-enriched phase, whereas the
segregation degree increases. If the cross-linking agent is introduced into the
reaction system Tg practically does not change. These data evidence that the
kinetic conditions of reaction affect the composition of phases evolved during
reaction.

Microphase separation in semi-IPNs based on epoxy resin and linear poly-
mers (PSn and PES) formed by isothermal curing was studied in [270] using
usual and TMDSC. It was found that in the presence of linear polymers the
curing rate diminishes owing to a decrease in diffusion coefficients and the
density of reactive groups. The final conversion diminishes with increasing
amount of linear polymer and with decreasing curing temperature, which
leads to a less perfect network structure. The authors studied the time evo-
lution of the two-phase system from measurements of the glass transition
temperatures. It was shown that at the beginning of the reaction, the system is
characterized by one glass transition temperature (one-phase system). With
developing reaction the second glass transition temperature appears. This
temperature changes with time up to a constant value. The intensity of the
glass transition steps, which is characterized by the heat capacity increment
by transition, depends on the composition of the evolved phase.

Thus, the most typical feature of the kinetics of IPN formation is a super-
position of chemical and physical processes, which distinguishes these sys-
tems from all other polymeric materials. The analysis of the data concerning
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the effect of the reaction rate on microphase separation allows the following
conclusions about the phase state of simultaneous IPNs to be drawn:

1. If one of the networks is formed much faster than the other, its formation
proceeds in the liquid medium of the second network components. In this
case the phase separation may be rather complete and be frustrated. The
evolution of the swollen phase of the first network in the liquid medium
is possible. The second network is formed later and, as a result, a system
with rather high segregation degree arises.

2. Both reactions of formation of two networks proceed with high rates. Mi-
crophase separation has no time to proceed and the structure is frozen,
which is typical for a one-phase state [295]. The system is not in equi-
librium and is characterized by the “quenched” structure of the initial or
intermediate reaction mixture. This case should be typical for IPNs pro-
duced by the RIM process.

3. The most common case—both networks have similar reaction rates. The
microphase separation begins in the course of reaction, its development
is hindered by the formation of the network structure, and it stops at
a certain degree of cross-linking (or viscosity growth). In this case the
two-phase structure is determined by the ratio of the reaction rates of the
two constituent networks. The phase composition also depends on the re-
action rates and on the degree of microphase separation at the point of
ceasing separation due to cross-linking. When a linear polymer is intro-
duced in the case of semi-IPNs, the rate of network formation has the
same effect on the degree of microphase separation.

A special case of the formation of IPNs is RIM [298]. IPNs comprising
a cross-linked acrylic (Ac) polymer as one component and a polyurea (Pur),
segmented copolyurea (co-Pur), or copoly(urea–isocyanurate) (co-PurI) as
second component have been formed by the RIM process. The effects on
the processability and formation of the IPNs of the cross-linker concentra-
tion in the acrylic component, the functionality of the amine-functionalized
polyether used for the polyurea, and the mass fractions of acrylic compo-
nents were evaluated. The reaction kinetics during RIM processing of the
IPNs was studied using adiabatic temperature rise (ATR) measurements.
IPN formation in Ac/Pur and Ac/co-PurI occurred sequentially: in Ac/Pur
IPNs, the first-formed polymer was the rubbery poly(ether–urea) component,
whereas that in Ac/co-PurI was the cross-linked acrylic component. The use
of a triamine-functionalized polyether in Ac/Pur IPNs resulted in almost in-
stantaneous chemical gelation of the Pur component, which caused very poor
mixing with the acrylic-forming component and produced very heteroge-
neous materials. In contrast, the use of the diamine-functionalized polyether
allowed efficient mixing and produced homogeneous materials. Decreasing
the degree of cross-linking in the Ac component in Ac/Pur IPNs, by increas-
ing the mass ratio of MMA/diacryl, improved the mixing efficiency during
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processing and resulted in more complete polymerization of the Ac compon-
ent. The use of a higher concentration of initiator for the Ac component and
catalyst for the co-PurI component increased the overall rates of formation
of the IPNs. The degree of transparency of the IPN materials depended on
the relative proportions and domain sizes of the components formed dur-
ing RIM processing, consistent with the differences observed in ATR reaction
kinetics.

The results discussed above meet the concept of the nonequilibrium state
of IPNs. In all cases the phases evolved have the composition corresponding
to the state of mixing at the earlier stages of the reaction, because the mi-
crophase separation is hindered due to the viscosity effect and cross-linking.

5.6
Kinetics of Formation of Sequential IPNs

Reactions of formation of sequential IPNs have their specifics, because after
curing the first component of the IPN the polymerization (or polyconden-
sation) of the second polymer proceeds in the matrix (guest) of the first
polymer. In [299] the kinetics of simultaneous and sequential IPNs based on
PU and PMMA have been studied by FTIR methods. Simultaneous IPNs were
prepared at 333 K and in situ sequential IPNs were made at room temperature
(PU network completely formed first) and at 333 K (PMMA network formed
second). It was established that sequential IPNs have a higher degree of phase
dispersion than the simultaneous IPNs by using the methods of dynamic me-
chanical analysis (DMA), TEM, and NMR spectroscopy. The authors tried to
explain these results by the fact that in the former type of IPN, the PU host
network is completely formed before the onset of copolymerization of the sec-
ond component: its presence precludes the formation of large rigid domains,
contrary to the case where the two networks formed simultaneously possess
a morphology with larger domains.

In [300], blends of varying composition of a bisphenol A based cyanate
ester (BACY) and a bisphenol A based bismaleimide (BMP) were cured to-
gether in a sequential manner to derive bismaleimide–triazine polymer net-
works. In the presence of DBTDL as catalyst, the BACY–BMP blend under-
went sequential polymerization, each component polymerizing independent
of the other. The cure characterization of the blends was done by DSC. The
cured polymers were characterized by FTIR and thermogravimetric analy-
sis (TGA). The cured blends were found to undergo two-stage decompos-
ition, each stage corresponding to the polycyanurate and polybismaleimide.
The high-temperature stability was substantially improved on incorporation
of a potential network interlinker containing both maleimide and cyanate
functions.

Sequential IPNs based on PMA and PMMA were prepared by UV pho-
topolymerization [301]. The PMA/PMMA system is immiscible and so, for
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low cross-link densities, phase separation appears, as detected by the oc-
currence of two clearly differentiated main dynamic mechanical relaxation
processes corresponding to the two components. The IPNs cross-linked with
10 mass % EGDMA show a single main dynamic mechanical relaxation pro-
cess. Since the length of cooperativity in the glass transition region has
been determined to be around a few nanometers, this fact suggests that any
region of the IPN (interfacial region) with this approximate size contains
both components. Permanent physical internetwork entanglements are also
characteristic of the compatibilization. It has been shown that the key fac-
tor controlling the miscibility in the IPN is the cross-linking density of the
network polymerized first. Very interesting detailed results were presented
in [302, 303]. The authors have investigated the kinetics of PS and PMMA for-
mation on previously prepared networks based on copolymers of MMA with
triethylene glycol dimethacrylate and styrene with EGDMA by photopoly-
merization. It was established that polymerization of styrene and MMA from
the very beginning starts from the stage of the gel effect. The growth con-
stants by polymerization of these monomers in the networks coincide with
those by polymerization in bulk, whereas the termination constants are lower.
The latter effect leads to the earliest appearance of the gel effect. The mo-
lecular mass distribution of PS and PMMA was determined after alkaline
hydrolysis of the obtained semi-IPNs. The data on the value of Mw/Mn for
PS equal to 3.0 show that under conditions preventing chain termination, the
polymer formed has less polydispersity as compared with the same polymer
synthesized in bulk (Mw/Mn = 4.1).

The dependence of the phase separation process on the relative onset of
network formation in simultaneous IPNs was studied in [304]. The morph-
ology development during synthesis at room temperature of a PU/PMMA
IPN was investigated by SAXS in relation to their relative kinetics of forma-
tion, determined by FTIR spectroscopy. When the time lag between the onsets
of the two reactions is short, macroscopic phase separation occurs as the
PU network is incompletely formed. However, when the time lag increases,
PMMA forms into a more continuous network, which limits the growth of
phase separation to a close environment.

A series of in situ sequential IPNs of PU and PS was prepared in [305]. The
PU network was made from POPG, end linked with an aliphatic triisocyanate.
The PS network results from free radical photopolymerization of styrene with
small amounts of DVB. During synthesis, the homogeneous initial mixtures
segregate into co-continuous phases where the interpenetration takes place.
The number of additional entanglements between unlike chains increases
with increasing cross-link density of the primary PU network. For the same
system both polymerizations were performed either simultaneously or one
after the other [306]. It was discovered that the degree of phase separation de-
pends on the experimental conditions. Two levels of phase separation can be
distinguished in IPNs made according to the in situ “simultaneous” process:
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(a) a macroscopic phase separation into almost pure phases, resulting from
the competition between the rate of network formation and the rate of phase
separation during the early stages of synthesis, i.e., before gelation of the
reaction mixture; and (b) a microphase separation thermodynamically con-
trolled by the inherent level of miscibility of constituents. The results suggest
that controlling the chemistry and process (cross-linking density, composi-
tion, and time sequence of events) of in situ IPN formation will give various
morphologies and hence properties, ranging from microphase-separated ma-
terials to larger macrophase-separated materials.

5.7
Role of Kinetics in Formation of an Interphase and Segregation

The reaction kinetics of IPN formation plays a very important role in the for-
mation of the final structure. It determines both the segregation degree and
fraction of the interfacial regions. In some of our works for semi- and full
IPNs the effect of kinetic parameters on the microphase structure has been
investigated in detail. For IPNs based on cross-linked PU and styrene, BMA,
and MMA, the effect of the following factors on the process has been inves-
tigated [307–313]: the ratio of components in the starting reaction mixture,

Table 16 Parameters of microphase separation for PU/PS IPNs at various concentrations
of catalyst and initiator, and various PU/PS ratios [312]

Semi-IPN PU/PS (70 : 30) at [I] = 1.0×10–2 mol·l–1 and various concentrations of catalyst

[kt]·105, Reaction rate Time of the Segregation Fraction of
mol·l–1 constant, K·105, onset of phase degree interphase

kg·mol–1 s–1 separation, min α (1 – F)

0 5.0 45 0.20 0.20
0.3 10.2 18 0.31 0.18

Semi-IPN PU/PS (70 : 30) at [kt] = 0.3×10–5 mol·l–1 and various initiator concentrations

[kt]·102, Reaction rate Time of the Segregation Fraction of
mol·l–1 constant, K·105, onset of phase degree interphase

kg·mol–1 s–1 separation, min α (1 – F)

1 10.2 18 0.31 0.18
5 8.0 25 0.21 0.26

Semi-IPN at various PU/PS ratios, [kt] = 0.3×10–5 mol·l–1 and [I] = 1.0×10–2 mol·l–1

PU/PS Reaction rate Time of the Segregation Fraction of
ratio constant, K·105, onset of phase degree interphase

kg·mol–1 s–1 separation, min α (1 – F)

70 : 30 10.2 18 0.31 0.18
50 : 50 8.7 35 0.33 0.26
30 : 70 7.2 50 0.35 0.30
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the concentrations of catalyst and initiator of radical polymerization, the time
of the onset of microphase separation (by light scattering), the conversion de-
grees of both components at the onset of phase separation, the segregation
degrees α, and the fraction of the interfacial layer (1 – F) in products of the
reaction. Some data are given in Table 16.

It is seen that the segregation degree and fraction of the interfacial region
depend concurrently on many factors, the conversion at the point of the on-
set of phase separation being the most important. The segregation degree α

is determined by:

1. The rate of the onset of phase separation, i.e., the rate of reaching the
critical molecular masses at which the incompatibility arises.

2. The conversion degree at which phase separation begins.
3. The reaction rates of the formation of both components.
4. The MM of both components at the onset of phase separation.

The point is that the reaction rates of the formation of both components
in the reaction mixture depend on the presence of the second component
and are not equal to the reaction rates for pure components. In this case
one network is formed earlier, and the reaction of the formation of the sec-
ond proceeds in the matrix of the first. At a higher rate of formation of
one of the networks, the critical MM for the onset of phase separation is
reached faster.
It is worth noting that the concentration of the cross-linking agent plays
almost no role in segregation because the latter proceeds before reach-
ing the gel point. In a series of special investigations we have studied the
in situ formation of blends of two linear polymers, which are formed ac-
cording to the various mechanisms (the principle of IPN formation). The
observed regularities of this process are similar to that for IPNs, thus testi-
fying to the similar mechanism of phase separation in the absence and in
the presence of the cross-linking agent.
Molecular masses at the onset of phase separation are determinative fac-
tors in the appearance of the thermodynamic incompatibility of the net-
work fragments. At the same time, up to now there are no experimental
data on the MM of both components at various stages of reaction and at
the onset of phase separation. For the blends of linear PU and PMMA syn-
thesized in situ, we have determined the MM of both components after
completion of the reaction. These values were also estimated for pure
components obtained under the same conditions. It was found that the ki-
netic conditions of the reaction determine the MM and MM distribution
by simultaneous curing, which are different from the results of polymer-
ization of pure components. These data testify to the marked effect of the
reaction conditions on the MM, and in such a way contribute to the under-
standing of the effect of reaction conditions on the phase segregation and
fraction of an interfacial region.
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5. Microphase separation depends also on the ratio of components in the
starting reaction mixture. This ratio determines the reaction kinetics and
time of the onset of phase separation.

Due to a great number of factors it is not possible to establish a direct rela-
tion between them and the segregation degree. However, the general rule is
valid: the higher is the segregation degree α, the less is the fraction of an in-
termediate region (1 – F), which is natural, as the latter is a measure of the
unseparated part of the system.

The incomplete phase separation or phase separation due to the spinodal
mechanism leads to the formation of a transition zone or an interphase be-
tween two evolved phases. This is that part of the system which for kinetic
reasons stays in the unseparated state and preserves the structure of the re-
action mixture before the onset of phase separation.

5.8
Description of Reaction Kinetics in Terms of Phase Transition

Processes of the network formation may be described within the framework
of the phase transition. Gelation proceeds under conditions of the new phase
formation and can be described by the Avrami–Erofeev equation [314, 315]:

α = 1 – exp–Ktn
, (158)

where α is the conversion degree, t is the reaction time, and K is a constant.
This equation is widely applied to describe phase transitions (crystallization,
reactions in the solid phase, etc.). The chemical reaction after the appearance
of microgel particles proceeds under microheterogeneous conditions and is
accompanied by exhaustion of reactive groups both inside the microgel par-
ticles and between them, i.e., with participation of the surface groups [316].
In IPNs the reaction also proceeds inside the evolved phases and at the in-
terface between them, although this process has never been investigated. For
such a case the process may be described by the Avrami–Erofeev equation
with coefficient K = 1, i.e., by an equation of phase transition. Represent-
ing the bimolecular reaction of cross-linking in terms of the Avrami–Erofeev
equation seems to be more preferable than in terms of the second-order reac-
tion. This approach was developed for microheterogeneous systems, in which
various microregions exist where the reaction proceeds. For such a case the
equation may be presented as [316]:

α = 1 – exp
(

–
∑

Kiτ
ni

)
, (159)

where Ki is the specific reaction rate in the i-th zone, and ni is a parameter
characterizing the influence of the i-th type structure on the reaction rate in
the i-th zone. It is assumed the changes of n between 1 and 3 characterize
the relative contribution of homogeneous and heterogeneous constituents of
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the curing process. Increasing n implies the localization of the reaction on
the surface of the microphase or gel particles. From this point of view it is
important to analyze the kinetics of IPN formation in a similar way, keeping
in mind not only the formation of microgel particles of the PU network, but
also the appearance of microphase particles connected with microphase sep-
aration [317]. When the reaction of the IPN begins, it proceeds very quickly
under conditions of the microphase-separated system. Increasing conversion
degree leads to increasing immiscibility of IPN components and to formation
of two phases, in which composition changes continuously in the course of
reaction.

To establish the influence of the interface formation on the reaction kinet-
ics of IPN formation, a comparative investigation has been performed [318]
of the reaction kinetics of pure PU network formation and the formation of
simultaneous semi-IPNs from cross-linked PU based on POPG, TDI adduct,
and BMA polymerization (75:25 mass %).

Figure 70 shows the typical dependence of the conversion degree of PU in
semi-IPNs in terms of the Avrami–Erofeev equation. The values of K and n in

Fig. 70 Dependence of the conversion on time in coordinates of the Avrami–Erofeev equa-
tion during PU network formation in IPNs. MM of polyether: (1) 2000; (2) 1500; (3) 1000;
(4) 500 [318]
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Table 17 Values of the Avrami–Erofeev equation parameters K and n for PU and semi-
IPNs at curing temperature 333 K [318]

System MM of polydiol n K·102, min–1

PU 2000 0.94 1.10
PU 1500 0.90 1.82
PU 1000 0.91 2.35
PU 500 1.18 3.00
semi-IPN 2000 0.80 1.25
semi-IPN 1500 0.71 3.60
semi-IPN 1000 0.70 5.50
semi-IPN 500 0.65 10.00

this equation are given in Table 17. The value of n for semi-IPNs is lower than
for pure PU and depends on the MM of the POPG taken for PU formation.
The value of K increases with decreasing MM of polyglycol. Thus, curing of
PU in semi-IPNs depends on the presence of PBMA. This effect was explained
in the following way. The formation of microgel particles in the reaction sys-
tem proceeds simultaneously with microphase separation, and the curing of
PU proceeds simultaneously inside the particles and on their surface. The
curing of pure PU proceeds under homogeneous conditions up to the point
where microgel particles are formed (conversion degree α = 0.17). Curing PU
in the IPN proceeds under nonhomogeneous conditions from early stages of
the reaction due to microphase separation. Microphase separation promotes
aggregation of microgel particles. Their chemical interaction contributes to
the total reaction rate and affects the K value. In this case the process re-
ally should be described by a modified Avrami–Erofeev equation (Eq. 159),
since this process proceeds both inside and on the surface of particles, K
reflecting the contribution of both processes. Because of the formation of
the microphase separation regions, the total number of microphase particles
in the system increases. Simultaneously, in the zone of microregion forma-
tion due to the spinodal mechanism of separation, the microgel particles are
formed. The growth of their total surface leads to increased reaction rate on
the particle surface and therefore increased K. Parameter n diminishes and
becomes less than 1, probably being connected to the formation of micropar-
ticles of various shapes (spherical microgel particles and treelike spinodal
structures). The process can be represented by the scheme in Fig. 71. As
a basis, the scheme of spinodal decomposition was taken from [55]. Double
formation of microparticles, according to this scheme, results in the increased
area of the interface. Reactions at the interface have a higher rate and higher
value of K.

It is worth noting that the Avrami–Erofeev equation is applied to many
physical processes and allows varying interpretations of the equation con-



186 Y.S. Lipatov · T.T. Alekseeva

Fig. 71 Schematic illustration of spinodal decomposition at various reaction stages:
a initial stage, b developed stage with the appearance of microgel particles, and c late
stages and cross-linking of microgel particles in two evolved phases [318]

stants. Because of this, one can conclude that the microphase separation
accompanying chemical reaction leads to the change of the shapes of microgel
and microphase particles in such a way that this change enhances their inter-
action. Increasing the value of n, according to [316, 317], means that the main
contribution to the reaction belongs to the localization of the cross-linking
at the interface of microphase particles. However, we believe that the consid-
eration of the kinetic effects within the framework of the proposed model
allows us to explain the processes of cross-linking in IPNs after two phases
have already evolved, to explain cross-linking at the interface between phases.

5.9
Some Features of Rheokinetics and Structure States
of Semi-IPNs During Their Formation

The formation of IPNs during chemical reactions of curing is accompanied
not only by phase separation at a certain conversion degree, but also by other
structural and physical changes in the system, which are also determined by
the kinetic conditions. In forming IPNs, a great role is played by the dif-
fusion processes, which in their turn depend on the rheological properties
and on changes of the molecular mobilities of components in the course
of reaction.

The kinetics of curing IPNs made from polybutadiene-based PU [172]
and PS-co-DVB or PMMA-co-EGDMA was studied from measurements of
the time dependence of torque. The kinetic parameters of the reaction were
calculated and curing curves were constructed. However, in this work the
method of investigation was used only for purely kinetic purposes without
analyzing the structural and rheological changes in the system during curing.

The change of rheological properties of reaction systems is determined
by two main factors: kinetic features and rheological properties of ini-
tial and forming components. To establish the conditions of gel formation
during reaction, both the kinetics of reaction and the rheokinetics were
studied [119, 319]. Simultaneous semi-IPNs produced from cross-linked PU
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and PBMA formed by polymerization simultaneously with PU formation
were used. The ratio PU/PBMA was taken to be 75 : 25 by mass. Figure 72
shows the dependence of viscosity log η on reaction time for PU formation.
Two break points are observed: one at a conversion degree of PU α = 0.17
and the other at α = 0.49. The first break is determined by the formation of
a branched prepolymer and by the appearance of the microgel particles. The
second break may be ascribed to the development of microheterogeneity in
the system due to the onset of structural gelation. Analysis of the rheokinetic
curve of PBMA formation shows that the increase in viscosity up to the first
break (Fig. 72, curve 2) is connected with the growth in PBMA concentration
in a polymerizing system at constant MM. After the break, a sharp increase
in reaction rate was observed together with a sharp increase in viscosity.
It is known [320] that the autoacceleration during radical polymerization is
determined by a dramatic increase of radical concentration. As a result the
conversion degree increases, being accompanied by an increase in viscosity.
These data were used as a basis for studying the rheokinetics of simultan-
eously formed semi-IPNs made from PU and PBMA. Figure 72 (curves 3–6)
shows rheological curves for the formation of the semi-IPN of composi-

Fig. 72 a Dependence of the largest Newtonian viscosity on time during the for-
mation of cross-linked PU (1), PBMA (2), and semi-IPN (75:25 mass %) at initiator
concentration 0.74×10–2 mol·l–1 (3); 1.48×10–2 mol·l–1 (4); 2.96×10–2 mol·l–1 (5), and
5.4×10–2 mol·l–1 (6). b Schematic presentation of the same curves. Arrows indicate the
time of probe selection [119]
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tion 75:25 mass % for various reaction rates of BMA polymerization. All the
curves are similar and are characterized by three break points at character-
istic conversion degrees, their values being dependent on the reaction rates
of formation of both PU and PBMA. It may be suggested that the first break
reflects the change in viscosity due to PU formation, the second corresponds
to the onset of phase separation in the system, and the third is connected
with autoacceleration of BMA polymerization in the reaction mixture. Thus,
the rheological curves show changes in viscosity with various effects oper-
ating, including the initial stages of phase separation, gel particle formation
in PU, and finally the gel effect in PBMA. However, it was not possible to as-
cribe the appearance of any inflection point to a specific chemical or physical
process. Most probably various effects, as estimated via rheological analysis,
overlap. The break points on the rheological curves do not correspond to the
break points for separately cured components. In the opposite case, it should
imply that both reactions proceed independently and are not accompanied
by the phase separation of the system. Therefore, the deviations in the pos-
itions of break points for semi-IPNs from those for individual components are
determined by the influence of the reaction kinetics on the rheological behav-
ior and by the phase separation. This is the principal feature of the changes
in rheological properties of semi-IPNs as compared to traditional networks.
However, the question about structural changes taking place during IPN for-
mation remains open.

Some information can be obtained from the viscoelastic behavior of the
curing system [321]. To understand the transformations of the system during
curing, the viscoelastic characteristics were monitored [321], and specimens
of the IPNs were obtained by stopping the reaction by sharply decreasing
the temperature down to 263 K at a certain time, which corresponds to the
position of the break on the rheokinetic curves (Fig. 72a). By lowering the
temperature, the radical polymerization of BMA breaks off as the initiator
acts only above 323 K; at the same time the reaction of urethane formation is
also very slow at low temperatures. The real and imaginary parts of the com-
plex shear modulus, the storage modulus G′ and the loss modulus G′′, were
measured at various frequencies. Figure 72 separately shows the rheokinetic
curves for the synthesis of IPNs. Arrows mark the times at which specimens
were taken. This curve shows clearly the various time regions of IPN forma-
tion (denoted by the Roman numerals).

From the rheokinetic curves the dependencies of the reaction time corres-
ponding to the break points on the initiator concentration have been plotted
(Fig. 73). Roman numerals denote the same regions of the IPN as in Fig. 72b.
To judge the physical state of the system under consideration (initial PU
and IPN) the viscoelastic properties have been studied for all the time re-
gions. The dependencies of the real part G′ and of the imaginary part G′′
of the complex shear modulus on frequency obey the scaling laws G = ωα

and G′′ ∼ ωβ . Here the exponents α and β at log ω < 0.5 are equal corre-
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Fig. 73 Dependence of the time corresponding to the break points on the rheokinetic
curves for semi-IPNs and PBMA on initiator concentration: curves 1–3 correspond to
three regions of the IPN; curve 4 is the same for PBMA [119]

spondingly to 2 and 1 for samples taken after 40 min of reaction. These
values correspond to the theoretical ones for flexible polymer chains [322].
At log ω > 0.5 both exponents decrease in value. Such behavior is typical of
linear or branched polymers with a MM above the critical one for entangle-
ment. In such a way, for given kinetic conditions (333 K and t = 40 min), i.e.,
after the second break on the time dependence of log η (Fig. 72a, curve 1),
we are already dealing with the developed structure of PU. It is worth not-
ing that when the duration of the reaction of PU curing is less than 15 min
(the region before the first break point), the elastic reaction on the deforma-
tion in this system is absent (the angle between the stress and the deformation
by harmonic oscillation is 90◦). For these conditions only the dissipative part
of the complex modulus G′′ may be reliably registered. For the intermedi-
ate reaction times, between 15 and 40 min, the system reveals its viscoelastic
properties. The absolute values of G′ and G′′ increase with increasing reaction
time.

Figure 74 represents the frequency dependencies of G′ and G′′ at the ini-
tiator concentrations of 0.74 (left) and 1.48×10–2 mol·l–1 (right). The same
dependencies were obtained for all the concentrations used. This kind of de-
pendence has been extensively discussed in the literature [244].

It is seen that the dependencies G′(ω) and G′′(ω) also agree with theoretical
laws G′ ∼ (ω)2 and G′′ ∼ (ω) for the end zone of viscoelasticity. For all investi-
gated IPNs, the absence of the elastic part of shear modulus at the early stages
of the formation (25–30 min) is typical. As a rule, such a situation takes place
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Fig. 74 Frequency dependence of moduli G′ and G′′ (solid line) for semi-IPNs
(75:25 mass %) at initiator concentrations of left 0.74×10–2 mol·l–1 and right 1.48×
102 mol·l–1. The duration of IPN formation: (1) 30, (2) 45, (3) 55 min [119]

before the second break on the viscosity curves. The increasing rate of PBMA
formation due to an increased amount of initiator also increases the absolute
value of G′ and G′′ at constant ω and t.

The experimental data allow some conclusions to be drawn as to the fea-
tures of the structural state of the curing system at various stages of the
process. Consider the data given in Figs. 73 and 74. We assume that region I
(Fig. 73) corresponds to the state of the component solution at the reaction
temperature. In the course of reaction the formation of microgel particles of
branched PU prepolymer proceeds in the medium of monomeric BMA. The
concentration of these particles is rather low and the system is a pure viscous
nonelastic liquid. This state corresponds to region II (Fig. 72). Region III is
characterized by the appearance in the system of some microheterogeneity as
a result of the onset of microphase separation and structure gel formation in
PU with simultaneous formation of PBMA molecules (conversion degree does
not exceed 0.1). Such a system is a viscoelastic liquid (the viscoelastic part
of complex shear modulus is not zero). After the third break on the rheoki-
netic curve (region IV), the cross-linked structure of PU is already formed,
and a gel effect by formation of PBMA is observed. It is possible that this state
already consists of two separated phases, although the method used does not
allow us to distinguish between the causes of the rheological changes. This
state is achieved by the system in a period of time, which depends on the ini-
tiator concentration. This can be seen from the dependence of the onset of
autoacceleration of PBMA on the initiator concentration (Fig. 73, curve 4).
Increasing the total reaction time of IPN formation (region IV) leads to in-
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creased network density and as a result, the viscoelasticity appears at lower
frequencies (Fig. 74).

Taking into account the change in character of the dependence of t, corres-
ponding to the break points, on initiator concentration during the transition
from curves 1 and 2 to curves 3 and 4 (Fig. 73) we can conclude that the change
in the law of the non-Newtonian viscosity growth with reaction time by transi-
tion from the first to the second break points is connected both to the formation
of the PU network and the growth of its fraction in this system. The change of
the exponent after the third break point should be ascribed to the gel effect.

These results show that the evolution of the system in the course of its for-
mation seem to be important from the point of view of understanding the
real kinetic conditions of IPN formation and phase separation. Rheokinetic
data allow us to study various structural states (from a rheological point of
view) in different time periods of the reaction. Of course, the discussion given
here is over-simplified because it is difficult to separate pure kinetic effects
that influence the viscosity and viscoelastic behavior from effects connected
to simultaneously proceeding microphase separation.

The data discussed above allow us to conclude that in order to study the
features of IPN formation, it is insufficient to have only kinetic data and data
on phase separation during reaction. Of great importance are the data on
the molecular mobility [95, 323] of reaction components at various reaction
stages, and data on the general changes of the system viscosity at various
stages of IPN formation.

5.10
Special Features of Self-Organization During the Formation of IPNs

The data presented above permit us to consider special features of IPN for-
mation and self-organization during this process [324]. According to defin-
ition [325], self-organization involves the appearance, development, and dis-
appearance of macroscopic structures under nonequilibrium conditions. Self-
organization means the appearance and the development of the structure in
the initially homogeneous environment. As was shown, the chemical reac-
tions of IPN formation and phase separation in the course of reaction proceed
simultaneously and under nonequilibrium conditions.

The data presented here allow it to be established that the following two
processes underlie the self-organization during the formation of IPNs: (1) the
cross-linking and formation of a three-dimensional network, i.e., gel forma-
tion, or sol–gel transition for each network; and (2) phase separation in the
system caused by the appearance of thermodynamic incompatibility (immis-
cibility) of constituent fragments of various networks at a certain degree of
conversion. The experimental data make it possible to qualitatively determine
the general conditions of self-organization during the formation of IPNs oc-
curring under thermodynamically nonequilibrium conditions.
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The initial system for the synthesis of IPNs represents a homogeneous
mixture of components, which are able to form two independent networks in
the course of chemical reactions proceeding according to different mechan-
isms. When a certain degree of conversion is achieved (as a rule, long before
the sol–gel transition), thermodynamic incompatibility of the propagating
fragments of the constituent networks arises in the system. The conditions for
its appearance is the attainment of the critical value of the thermodynamic
interaction parameter χ23 predicted by the theory. The initial conditions of
phase separation are the transition of the parameter χ23 from a negative value
(the compatibility region) to a positive one (the incompatibility region), or
the point when χ23 at the given composition of the system and the given tem-
perature become zero. In most cases this phenomenon occurs at the initial
stages of reaction in its kinetic region. However, phase separation takes place
under nonequilibrium conditions from the very beginning, since it proceeds
simultaneously with the developing chemical reaction, which changes param-
eter χ23. The rate at which χ23 approaches the critical value is determined
by the rates of two independent reactions, and the phase separation process
begins before gel formation in the constituent network has been completed.

In the initial period of the reaction (small degrees of conversion) the be-
ginning of phase separation is determined only by the reaction rate, i.e., by
the rate of polymer formation and by the rate of increase of its MM. How-
ever, cross-linking of the propagating chains into the continuous network and
rapid growth have a hindering influence on phase separation, which, in this
way, becomes possible only within definite ranges of conversion and time
interval ∆t, which is a function of the rates of two reactions. In this case,
since cross-linking continues within this time interval, the phase separation
process occurs under nonequilibrium conditions because the composition of
the phases and their ratio changes with time. Thus, the real structure aris-
ing as a result of the formation of the IPN differs significantly from the
case of “chemical quenching”, where it was assumed that the curing time is
much shorter than the relaxation time of the system during phase separation.
Both processes (chemical reaction and phase separation) proceed simultan-
eously, making a very interesting example of self-organization. This process
determines the character of those structures which develop and transform at
different stages of the reaction and phase separation.

It has already been discussed that the phase separation in IPNs may be
described in terms of the spinodal decomposition. At the initial stages the ki-
netics of phase separation is described by the linear theory of Cahn–Hilliard
in spite of the fact that continuous changes of conversion occur in this case.
This means that the system drifts along the phase diagram with a continu-
ous change in parameter χ23 and in the composition of the separating phases.
Thus, one more principal feature of IPN structure formation is established.
This feature consists in a continuous sequence of structures or states, which
differ in composition not only at various stages of phase separation, but also
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in the character of chemical reaction. Therefore, the microphase structure
arising during the reaction is the result of a nonequilibrium phase transi-
tion of the liquid–liquid type, and the final result of such a transition is
determined by the composition of the system (by the ratio of networks, the
reaction rates, and the depth of nonequilibrium phase separation for the time
interval ∆t).

Thus, general conditions of self-organization during the creation of IPNs
may be formulated in a qualitative form. These conditions are determined:
(i) By the ratio of the rates of chemical reactions for the constituent network

formation
(ii) By the sol–gel transition and the phase separation depending on which

process begins earlier
(iii) By the kinetics of the chemical reactions and by the kinetics of phase

separation
Structures typical for IPNs because of the mechanism of phase separation
may appear only within a definite time interval, which is always less than
the time of the gelation and of the formation of the final IPN structure. Sub-
sequent (after ∆t) cross-linking of both networks or one network occurs in
the evolved microregions of phase separation up to when the final conversion
degree is reached.

The final structure of IPNs is determined by both thermodynamic and ki-
netic factors governing chemical reaction and phase separation. Because of
such a complicated nature of the simultaneous IPN formation, one can make
the following statement about the coexistence of three types of microregions
of incomplete phase separation:
(i) Two microregions arise during the phase separation. Their compositions

are determined by the time interval ∆t and by the temperature of reac-
tion. Each of these microregions is an IPN, which differs in composition
from the other one and from the average composition of the system. The
presence of these two IPNs with different compositions creates micro-
heterogeneity of the IPN structure

(ii) A nonequilibrium transition region between two phases cross-linked at
the final stages of reaction after the phase separation possible under the
reaction conditions is attained. The complication in the formation of the
IPN structure is in the superposition of two sol–gel transitions in con-
stituent networks during phase separation. At high rates of gelation of one
of the networks, the sol–gel transition may precede phase separation of
the liquid–liquid type. Therefore, the sequence of phase transitions may
vary depending on the system composition and the kinetic parameters of
the reaction. Sharp gelation of one of the networks may cause separation
according to the nucleation mechanism.

Although there are few experimental data that prove the concept presented
above, it may be concluded that the IPN structure is determined by the close
interrelation of thermodynamic and kinetic (both chemical and physical ki-
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netics) processes. This means that the thermodynamics of IPN formation and
the thermodynamic state of the IPNs are determined to a considerable extent
by the chemical kinetics of the cross-linking process.

5.11
Kinetics of IPN Formation in the Presence of Filler

A special problem in the chemistry and physics of IPNs is their reinforcement.
This process is tightly connected with the behavior of IPNs at the interface
with solid (filler). Physicochemical problems of the filled IPNs were reviewed in
[326]. Here, we consider only the filler effect on the kinetics of IPN formation.

As was discussed earlier, the reaction kinetics determines the conditions
of phase separation and the segregation degree and fraction of an interphase.
From this point of view it is of interest to study the kinetics of IPN forma-
tion by introducing fillers. Such investigations were done for simultaneous
semi-IPNs made from PU and PBMA in the presence of various amounts of
mineral filler (talc, 3MgO·4SiO2·H2O) and polymeric filler (cured polyester
acrylate) [327, 328].

The kinetic curves are presented in Figs. 75 and 76. The ratios IPN : filler
were 80 : 20 and 60 : 40 by mass. As can be seen from Fig. 75, with in-
creasing concentration of initiator autoacceleration of the reaction begins
earlier; the conversion degree at the onset of autoacceleration is 0.03–0.05.
Introduction of the filler (20 mass %) has no effect on the character of the
curves for PBMA at initiator concentrations 5.0×10–2 and 2.96×10–2 mol·l–1

(Fig. 75, curves 1′ and 2′). At the same time a decrease in initiator con-
centration to 0.74×10–2 mol·l–1 shows some differences on the conversion
curve (curve 3′). The onset of autoacceleration is delayed from 160 min with-

Fig. 75 Conversion curves of PU (1–3) and PBMA (1′–3′) formation at 20% filler and initia-
tor concentrations: 5.4×10–2 mol·l–1 (1), 2.96×10–2 mol·l–1 (2), and 0.74×10–2 mol·l–1 (3)
[328]
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Fig. 76 Conversion curves of PU (4–6) and PBMA (4′–6′) in the presence of 40%
of filler at initiator concentrations: 5.4×10–2 mol·l–1 (4), 2.96×10–2 mol·l–1 (5), and
0.74×10–2 mol·l–1 (6) [328]

out the filler to 220 min in its presence, whereas the conversion degree de-
creases from 0.007 to 0.04. After the onset of autoacceleration, the reaction
rate of BMA polymerization decreases in the presence of filler, as is seen
from the reduced reaction rate Wred (Fig. 77). The dependence of the re-
duced polymerization rate Wred of BMA on the reaction time at various
initiator concentrations is also shown: curves 7, 8, and 9 relate to polymer-
ization of pure BMA at initiator concentrations 5.40×10–2, 2.96×10–2, and
0.74×10–2 mol·l–1. It is seen that for semi-IPNs with initiator concentrations
of 5.40 and 2.96×10–2 mol·l–1 (curves 1′ and 2′) a decrease of the max-
imum value without any shift along the time axis is observed, whereas for
0.74×10–2 mol·l–1 (curve 3′) the maximum becomes smaller and shifts to
longer times. As seen from Fig. 75 (curves 1–3), increasing the rate of PBMA
formation diminishes the rate of PU formation. By comparing the kinetics of
PU formation in the presence of filler with that of unfilled systems [285], it
can be seen that the decrease in the reaction rate may be attributed to the di-
lution of the reaction system by the filler. Increasing the filler content to 40%
(Fig. 76) shifts the onset of acceleration to shorter times as compared with un-
filled systems. Introducing 40 mass % of filler diminishes the rate of PBMA
formation in semi-IPNs for all initiator concentrations (Fig. 77, curves 4′–6′).
However, in all cases the influence is more pronounced for the lowest initiator
concentration.

The formation of the semi-IPNs proceeds according to two different mech-
anisms: polyaddition for PU and radical polymerization for BMA. The data
show that the introduction of filler influences the kinetics of IPN formation
through a single reaction, namely, through radical polymerization.

It is known that in viscous media the role of diffusion processes in poly-
merization is very important. Diffusion effects may limit both the chain
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Fig. 77 Dependence of the reduced polymerization rate, Wred, of BMA on the reaction
time in the presence of filler: 1–3, with 20% filler; 4–6, with 40% filler; 7–9, without filler
at various concentrations of initiator [I] ·102, mol·l–1: 5.40 (1, 4, 7); 2.96 (2, 5, 8); 0.74 (3,
6, 9) [328]

propagation and the initiation. Increasing viscosity leads to a pronounced
decrease in the initiator decomposition constant and in the decomposition ef-
ficiency. The separation of a radical pair by diffusion is restricted and may
enhance the regeneration of the initiator (the so-called cage effect). This effect
enables the data for filled IPNs to be explained. Here, the cage effect is revealed
by the drop in the reaction rate of PBMA formation at the initial stages of the
reaction as compared with the polymerization rate of pure BMA. The effect
is less pronounced at higher concentrations of the initiator. This fact was ex-
plained in the following way. At the higher initiator concentrations (Fig. 75,
curves 1′ and 2′, and Fig. 76, curves 4′ and 5′) the formation of PBMA pro-
ceeds in a solution of components for PU network formation (the gel point
being reached later). At the same time, for this IPN at initiator concentration
0.74×10–2 mol·l–1, the rate of PU formation is higher. Also, the PU conversion
degree at the onset of autoacceleration of the BMA polymerization reaches the
value of 0.7–0.75 and the onset of autoacceleration begins later (180–200 min).
These data allow us to conclude that the PBMA formation proceeds in a highly
viscous solidlike medium, in which the movements of radicals are impeded, re-
sulting in a sharp decrease in the polymerization rate. Another reason for the
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appearance of the cage effect may be the local increase in the viscosity of a re-
action system at the interface with the solid filler surface, due to adsorption
and conformational restrictions of the molecular mobility of growing chains.
In principle, the same results were obtained [328] for the same system in the
presence of filler—finely dispersed polyester acrylate.

Thus, the conclusion can be drawn that introducing the filler into an IPN
hinders phase separation and leads to a permanent structure, in which the seg-
regation and, consequently, the viscoelastic properties differ very much from
those of unfilled IPNs. These data agree very well with the effect of the kinetic
conditions of IPN formation on the segregation degree discussed above.

The effect of a solid with high surface energy on the IPN formation ki-
netics was also investigated for another kind of system, the epoxy–allyl IPN
produced by simultaneous curing from oligomeric epoxy resin ED-22 and di-
allyl oligomer products of the condensation of a monoallyl maleinate with
ED-20, which has also been studied at the interface with solids of high surface
energy [95].

As allyl components for IPN synthesis the following compounds were used:
diethylene glycol bis(allyl carbonate) (DEGAC), diallyl phthalate (DAP), dial-
lyl adipate (DAA), and the commercial product of condensation of monoallyl
maleinate and epoxy oligomer ED-20. Polymerization of diallyl compounds
by formation of IPNs had been performed in the presence of 5 mass % of
dibenzoyl peroxide for DEGAC and dicumyl peroxide. As a hardener of epoxy
oligomer, complexes of boron trifluoride with an aniline and benzylamine
have been used.

The conversion of epoxy and the allylic group concentration in a layer bor-
dering a high-energy surface were estimated by a method of IR–attenuated
total reflection (IR-ATR). Compositions with layer thickness of 500 µm were
put directly on a prism surface made of KRS-5 glass (incident angle 45◦,
number of reflections N = 14). Under these conditions the depth of radiation
penetration is 1–2 µm. The concentration changes of reactive groups during
curing at the interface were compared with those averaged over the bulk. The
latter was determined by the usual adsorption IR spectroscopy.

The degree of epoxy and allylic group conversion (or relative fraction of re-
acted groups) was determined by reducing the changes in the optical density
D of the 915 and 1655 cm–1 bands for epoxy and allylic groups, respectively, at
time t to the optical density D0 of the same groups at t = 0 (5 min after com-
ponent mixing). Measurements were performed at temperatures of 298, 313,
333, and 353 K.

Using IR spectroscopy, the monotonous decrease of epoxy group concen-
tration during curing of a pure epoxy oligomer ED-20 was found in bulk in
the presence of the complex of BF3 with aniline. This was displayed in time
by the diminishing 915 cm–1 band intensity, corresponding to the asymmetric
valent vibrations of the epoxy ring. However, the rate of epoxy group conver-
sion α at 298 K has been found to be very low and after 100 h reaches only
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60%. Postcuring of the system during 3 h leads to increasing α up to 87%, and
after additional heat treatment at 373 K over 1 h the limiting degree of curing
is reached.

At the initial stages of pure epoxy curing in contact with a high-energy sur-
face (glass KRS-5) at 298 K, the total stoppage of epoxy group consumption
was observed. However, after additional heat treatment the degree of epoxy
group conversion practically did not differ from the values achieved by ED-
22 curing in the bulk: conversion α reaches 93% after additional curing at
373 K. Slowing down of the epoxy group consumption at 293 K in the layer
bordering a high-energy surface (the layer thickness was 1–2 µm) can be con-
nected with adsorption of the epoxy oligomer and diminishing mobility on
the KRS-5 glass surface. It was established that during the simultaneous cur-
ing of a mixture of epoxy and diallyl monomers the selective adsorption of an
epoxy oligomer at the interface of high surface energy occurs. Due to this fact,
full conversion of epoxy groups is not reached. Application of the sequential
method of IPN formation or the use during simultaneous IPN formation of an
oligomeric diallyl compound diminishes both the distinction in the kinetics
of epoxy group conversion and the limiting conversion in the surface layers
at the interface of high surface energy and in the bulk.

The influence of two carbon fiber fillers, the basic carbon filler (CF) and
one with a surface modified by orthophosphoric acid residuals (PCF), on
the kinetics of epoxypolycyanurate (EPCN)–TPU grafted semi-IPN formation
and phase structure has been studied [329, 330]. The TPU/EPCN semi-IPNs
differed from TPU/PCN ones by the network component synthesized from
the reactive blend of EO and DCEBA. The accelerating effect for the reac-
tions occurring is observed by introducing the both carbon fiber fillers into
the semi-IPNs studied. The authors [329] connect the acceleration of the
chemical processes with the additional chemical reactions between the com-
ponents and by the catalytic effect of TPU on cyanate cyclotrimerization, as
well as by interactions of polymers with the filler surface.

In [308] the filler effect on polymerization kinetics and phase separation
in model blends of two linear polymers formed in situ without cross-linking
was studied. Blends of PU and PMMA were prepared in the presence of var-
ious amounts of fumed silica. It was shown that the filler affects the rates of
both reactions. In addition, filler exerts an influence on the phase separation
induced by the chemical reaction. Increasing the amount of filler increases the
time for the onset of phase separation. The effects observed were explained
both by the increase in the viscosity of the reaction system due to introducing
filler and by selective adsorption of the reaction components at the interface
with filler particles. In all cases, phase separation at the early stages of re-
action proceeds in a four-component system (two polymers formed and two
initial compounds) and obeys the spinodal mechanism. It was also shown
that the final morphology arises far from the end of the reaction and before
establishing the equilibrium state.
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The general conclusion may be drawn that by formation of IPNs filler plays
simultaneously two roles—it affects the reaction rates, which changes the
conditions of phase separation, and directly influences the phase separation
due to adsorption of components at the interface.

6
Compatibilization in Phase-Separated IPNs

6.1
General Premises

Presently there have been published a great number of works dedicated to
the compatibilization of polymer blends. Their main idea consists of rein-
forcement of the interfacial region between two polymeric phases, namely,
of increasing the interaction between components in this region. In most
cases this purpose is reached by introduction into the blend of some com-
ponents (compatibilizers) capable of interacting (physically or chemically)
at the interface with both polymers comprising the blend. Compatibilizers
are known to improve interphase mixing and interfacial adhesion in incom-
patible polymer blends [331]. The compatibilizers are supposed to form the
intermediate regions between two incompatible phases, being concentrated
at their interface. In this case the very term “compatibilization” has more
technical character and relates to the processes of modification of interfacial
properties of immiscible polymer blends [332]. The introduction of compat-
ibilizers leads to the enhancement of the physical performance of the blend
with the formation of a more finely dispersed morphology. Such compatibi-
lization is a way of reinforcing the interface between two immiscible polymers
when the added compound (compatibilizer) enhances physical interaction at
the interface between the two phases, being concentrated there and inter-
acting simultaneously with both phases via corresponding molecular groups
(for example, diblock copolymers). In so doing, the compatibilizer may cause
a decrease in the interfacial tension between two homopolymers and results
in a reduction in the average size of the dispersed phase [333]. It is supposed
that this factor, together with an increase in adhesion between the two phases,
results in an improvement in the mechanical properties of the blend. Such
compatibilization does not change the thermodynamic stability of the system
but changes the morphology [333]. In cited work the interfacial activity of
diblock copolymers is described as compatibilizing action, resulting in an in-
crease in the average specific area between the phases. Addition of copolymer
can result in complete changes in blend morphology. Thus, the reinforcement
of the interface (adhesion at the interface), which is the sign of compatibi-
lization, does not mean an improving thermodynamic interaction between
components.
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There can be two definitions of the term “compatibilization”. The first
is the process of reinforcement of the interfacial border in an immiscible
polymer blend. The physical essence consists of increasing the interaction be-
tween two phases by introduction of substances like diblock polymers, when
dissimilar blocks of copolymer will locate at the phase interface. Such com-
patibilizers do not change the thermodynamic stability of the system and at
the same time vary the morphology of the composition, leading to a more fine
dispersion of components in the course of blending.

The second definition is based on thermodynamic principles and means
increasing the mutual miscibility of two polymeric components [55]. The
measure of true thermodynamic compatibility is decreasing the free energy
of mixing or thermodynamic interaction parameter between two polymers as
a result of introducing compatibilizing substances. To improve the true mis-
cibility of two polymeric components, the added compatibilizer should be
distributed throughout the whole volume of the system and in such a way
improve the thermodynamic interaction between the blend components and
increase the thermodynamic stability of the system. Generally, to realize the
miscibility it is necessary that one of the components is miscible with the two
other (negative value of χ according to Eq. 1). Thus, it is reasonable to dis-
tinguish between two types of compatibilization. In the first case we relate to
nonequilibrium compatibilization, whereas the equilibrium case is the pro-
cess of increasing thermodynamic stability of the polymer–polymer system
by introducing a third component [334].

However, in many cases the most important result of introducing compat-
ibilizers is the disappearance of two relaxation maxima on the curves of the
dependence of the dynamic mechanical loss tangent on temperature. This dis-
appearance may be the result either of improving the true compatibility or
of the morphological changes. It is known that the dynamic mechanical loss
tangent is influenced by the morphology of the material, the nature of the in-
terface, and the coupling between the domains of the different phases [335].
The positions of transition and their magnitudes are greatly influenced by the
morphology of a material, which depends on the conditions of sample prepar-
ation. The slope between the transition regions is influenced by the interfacial
regions of varying compositions.

Usually, the presence of two Tg values for polymer blends is taken as an in-
dication of immiscibility. The presence of a single Tg value dependent on the
component ratio may signify that either the system is really miscible and con-
sists of one phase, or the domain size in the system is below 15 nm, whereas
the system preserves its two-phase state. Thus, the transfer from the sys-
tem with two glass transition temperatures to the system with a single glass
transition temperature may be considered, according to both definitions of
compatibilization, as a sign of compatibilization and the only question is what
process is under discussion.



Compatibilization in Phase-separated IPNs 201

The IPNs, as a rule, undergo in the course of curing nonequilibrium mi-
crophase separation due to thermodynamic incompatibility of the constituent
networks. IPNs present two-phase systems with phases of varying composi-
tion. All such systems are characterized by the existence of two relaxation
maxima corresponding to the constituent phases. Up to now there are only
scattered works where the compatibilization of IPNs is considered. The im-
provement of compatibility of two networks comprising IPNs may be reached
either by grafting one network to the other [148, 336–339] or by introducing
compatibilizers of the same type, as were used for blends of linear poly-
mers [339, 340].

Grafting reactions are realized by introduction into the initial reaction
mixture of heterofunctional monomers or other compounds able to bind the
chains of different networks together. In this case both networks are chem-
ically bound via any intermediate monomer and, because this bonding may
be realized only in the course of IPN formation, the compatibilizing agent of
such a type should be uniformly distributed in the reaction medium. This
means that in the case of grafting one cannot speak about any reinforce-
ment of the interface, because the reaction proceeds before phase separation
in the system. Another way of compatibilization of IPNs may be based on
the same principles that are developed for polymer blends. In [340] for IPNs
based on cross-linked PU and PS, different methods of improving the misci-
bility were investigated. These included the variation of the cross-links level
in both networks, the controlled introduction of internetwork grafting, and
the incorporation of various compatibilizers into the PS network.

6.2
Factors with Influence on Determining IPN Compatibility

The compatibility may also be the result of sequential curing, changing the
sequence [18, 269, 301] of network formation, and due to specific interac-
tion between the oppositely charged groups or due to formation of hydrogen
bonds [341–343, 345, 346], changing the reaction kinetics (the ratio of the rate
of formation of constituent networks) [18, 295, 347]. It is well established that
the kinetics of formation of constituents of IPNs and their compatibility es-
sentially affect the viscoelastic properties, morphology, and phase continuity
of IPNs [202, 348, 349]. It was proved [18, 90, 295, 347, 350, 351] that by vary-
ing the kinetics one may achieve the compatibility of two networks.

The state of IPNs based on PBA or PBMA and a diallyl network, obtained
by stepwise polymerization (at 333 and 398 K) using two initiators [18] and by
simultaneous polymerization with one initiator, was studied using the DMA
method. It was discovered that in the first case compatible IPNs were formed,
which were characterized by the presence of one very broad maximum of
tan δ, typically what is observed for IPNs. It was supposed that in this case
gross phase separation is impeded due to the peculiar synthesis mode. For
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the second case only one narrow maximum was discovered, its position ly-
ing between the Tg of two homopolymers, as classically found for random
copolymers. The authors supposed that in the second case interfacial graft-
ing proceeded. The reason for this could be the transfer of the growing allylic
radical onto previously formed PBA or PBMA. Consequently, it was shown
that formation of compatible semi-IPNs based on PBA or PBMA and a diallyl
network could be entirely by a free radical mechanism.

PU/polyacrylate IPNs with oppositely charged groups were synthesized
and investigated by SAXS and TEM methods [345]. The results show that
the attraction between positively charged groups and negatively charged
groups improved the miscibility of the two components and their damping
capacity. IPNs composed of PU and poly(styrene–acrylic acid) (PSAA) con-
taining mutual oppositely charged groups, i.e., tertiary amine groups in PU
and carboxyl groups in PSAA, were prepared with different component ratio
PU/PSAA [343]. The DMA of such IPNs shows a single transition peak con-
sistent with SEM observations.

Chemical similarity and H bonding between constituents of IPNs based on
the methacrylated diglycidyl ether of bisphenol A (MADGEBA) and DGEBA
resulted in good compatibility [346]. The miscibility at the molecular level
induced a network interlock effect during IPN formation. This network in-
terlock had a significant influence on the curing behavior of the IPNs and
viscoelastic properties; a single damping peak (tan δ) is observed.

Frisch et al. [295] have studied the kinetics of formation of simultaneous
semi-IPNs based on poly(dimethylsiloxane) urethane and PMMA using DSC
with variation of the parameters determining the kinetics. They discovered
a change in the phase morphology with a change of the rates of network
formation and their cross-linking density. From the experimental data the
conclusion has been drawn that, depending on the kinetic parameters of re-
action at the same component ratio, one can obtain both compatible and
incompatible networks varying only the rate of network formation.

In [90, 347], from the investigation of the reaction kinetics and the kinet-
ics of phase separation for IPNs based on PS and PU, the role of gelation in
the process was established. The authors conclude that if the reaction system
separates into two phases before the gel point of PU, the semi-IPNs are turbid,
whereas if the phase separation proceeds after the gel point the IPNs formed
are transparent.

In [350, 351], the IPNs were obtained using the method of RIM from PU
and unsaturated polyesters. It was shown that by varying the component ratio
and reaction rates a compatible systems may be obtained. The kinetic study
of the formation of simultaneous and sequential acrylic–polyurea IPNs [298]
in the course of RIM allowed us to establish that by variation of the com-
ponent ratio and of the sequence of the reaction it is possible to achieve
various degrees of interpenetration up to the formation of transparent IPNs
with small domain sizes. The degree of transparency of the IPN materials
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depended on the relative proportions and domain sizes of the components
formed during RIM processing, consistent with the differences observed in
reaction kinetics.

6.3
Compatibilization in IPNs Based on PU/PBMA

In some of our works [341, 352] we established the effect of various com-
pounds, which could be potentially considered as compatibilizers, on the
compatibilization of IPNs together with studying the kinetics of IPN forma-
tion in the presence of such additives and the viscoelastic properties. We
supposed that combination of kinetic data and data on the viscoelastic prop-
erties of IPNs can give an approach to understanding the mechanism of
compatibilization.

For this study we chose well-investigated semi-IPNs based on cross-linked
PU and linear PBMA with ratios of components (by mass) of 75 : 25 and 50 :
50. Semi-IPNs were synthesized by the method of simultaneous reactions of
polyaddition to form the cross-linked PU and radical polymerization of BMA.
Components for PU were POPG MM 2000 and the product of interaction of
TMP with 2,4-/2,6-TDI in the ratio 1 : 3.

As potential compatibilizers the following additives were used taken ac-
cording to various principles:

1. Commercial—2-hydroxyethyl methacrylate (HEMA), containing two
functional groups (OH group and double bond) capable of chemical in-
teraction with both components of IPNs.

2. Oligourethane dimethacrylate (OUDM) containing two end double bonds
and a urethane block with MM 1500 (also a potential cross-linking agent
for BMA).

3. Triblock urethane (TBU) containing a urethane block with MM 1500 and
two CH3 – CH2 – O – CH2 – CH2 groups, which do not interact chemically
with each component of the IPNs.

OUDM was synthesized from macrodiisocyanate (MDI) based on POPG
MM 1000, hexamethylene diisocyanate (HMDI), and HEMA in the ratio 1 : 2
at 40 ◦C up to full exhaustion of isocyanate groups according to the scheme:

Scheme 2 Synthesis of OUDM [341]
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TBU was obtained from HMDI and the monomethyl ester of ethylene
glycol (MEE) at a ratio of 1 : 2 in the presence of tin octoate as a catalyst
according to the scheme:

Scheme 3 Synthesis of TBU [341]

All the potential compatibilizers were introduced into the reaction mix-
ture for IPN formation before the beginning of the reaction. To establish the
peculiarities of IPN formation in the presence of compatibilizers, special sim-
ultaneous kinetic investigations of the formation of PU and PBMA in IPNs
were performed using differential calorimetric methods [285].

Under the same reaction conditions for the same systems the effect of com-
patibilizers on the time of onset of phase separation was studied using a laser
light scattering method. The time of the onset of phase separation was deter-
mined from the inflection of the curve of the time dependence of the light
scattering intensity at the reaction temperature. Consider some experimental
results.

6.3.1
Introduction of Internetwork Grafting

It was shown [336–339] that the introduction of grafting agent leads to a di-
minishing degree of phase separation and to formation of phases with smaller
dimensions of phase domains. We have studied the effect of grafting agent,
HEMA, on the kinetics of IPN formation [341, 352]. The onset of phase sep-
aration in the forming IPN depends on the reaction kinetics, which, in turn,
determines the microphase structure. The kinetic data for some compatibiliz-
ers are given in Fig. 78. It is seen that introduction into the reaction system
of 5 mass % HEMA (curves 2, 2′) increases the reaction rate for both BMA
polymerization and PU formation. This effect is supposed to be connected
with chemical interactions between functional groups of HEMA and corres-
ponding groups of the IPN components. One can believe that under these
conditions the formation of grafting is very possible. At the same time, the
possible grafting does not prevent microphase separation. As follows from
Table 18, the time of onset of microphase separation in this case is smaller
and separation begins at lower degrees of conversion of both components as
compared with IPNs formed without additive. As is seen (Table 18), intro-
duction of 5 mass % HEMA leads at 60 ◦C to the fast appearance of system
turbidity (8 min) at conversion degree for PU, αPU = 0.25, and for PBMA
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Fig. 78 Kinetic curves for PU (1–3) and PBMA (1′–3′) formation in semi-IPNs of compo-
sition 75:25 mass %: initial (1,1′), 5 mass % of MEE (2,2′), 5 mass % of TBU (3,3′) [341]

Table 18 Some features of the compatibilizer action on the formation and properties of
IPNs based on PU–PBMA [341]

System Compati- Time of the Conversion degree at Tg Tg
PU/PBMA, bilizer onset of the onset of separation, PU, PBMA,
mass % separation, α ◦C ◦C

min PU PBMA

PU – – – – – 20 –
PBMA – – – – – 75
75 : 25 – 56 0.40 0.05 – 5 60
PU/PBMA

75 : 25 5 mass % 8 0.25 0.01 one Tg = 25
PU/PBMA HEMA

75 : 25 10 mass % no – – one Tg = 25
PU/PBMA OUDM separation

75 : 25 5 mass % 60 0.3 0.04 one Tg = 5
PU/PBMA TBU

50 : 50 – 93 0.38 0.15 0 75
PU/PBMA

50 : 50 5 mass % no – – 0 30
PU/PBMA OUDM separation
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αPBMA = 0.01. The experimental curve of the time dependence of light scat-
tering intensity is characterized by a sharp growth of intensity, testifying to
the high rate of phase separation. As is seen, introduction of grafting agent
into the forming IPN initiates the change in the reaction kinetics of IPN com-
ponents, which in turn reflects on the onset of microphase separation and
viscoelastic properties.

Really, the temperature dependence of the loss maximum tan δ for IPN
components and semi-IPNs (75 : 25) show the existence of two expressed
maxima with glass transition temperatures of – 5 ◦C for the PU phase and
60 ◦C for the PBMA phase. This means that the IPN is typically a two-phase
system.

For IPNs containing 5 mass % of HEMA, Fig. 79a shows only one broad
maximum. The existence of only one maximum may be the result of either
compatibilization leading to the formation of a one-phase system or to the
formation of a heterogeneous system with broad interphase regions between
two phases and with small dimensions of domains of one of the phases. As
microphase separation for the systems with introduced HEMA begins much
faster than that for the IPN without additive, it is evident that this system

Fig. 79 Temperature dependence of tan δ for semi-IPNs (75:25 mass %) with 5 mass % of
MEE (a) and 5 mass % of TBU (b) [341]
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is not a one-phase one. On these grounds the conclusion can be drawn that
possible chemical grafting, following also from kinetic data, facilitates the
formation of the system consisting of small domains and a broad interfacial
region.

6.3.2
Introduction of Compatibilizers

It is generally supposed that compatibilizers improve the degree of com-
ponent mixing and increase the interfacial adhesion between two phases.
We have used two compatibilizers: TBU and OUDM [341, 352]. Introduc-
tion of 5 mass % of TBU, which does not interact chemically with network
components, diminishes both the rates of BMA polymerization and PU for-
mation as compared with the initial semi-IPN (Fig. 78, curves 3, 3′). TBU
does not change the time of the microphase separation onset, which, how-
ever, begins at lower conversion degrees due to reaction rate retardation.
The appearance of turbidity begins after 60 min of reaction. The scattering
intensity curve has more stepwise character pointing to a slower rate of mi-
crophase separation. The turbidity in this system appears at αPU = 0.3 and
αBMA = 0.04 (Table 18). Introduction of TBU results in the appearance of only
one high maximum at – 10 ◦C and a small shoulder in the temperature re-
gion 25–40 ◦C. A combination of kinetic and mechanical data shows that this
IPN is a phase-separated two-phase system where TBU is possibly localized at
the phase interfaces, leading to sharp diminishing of the domain sizes. This
follows from the chemical constitution of TBU containing blocks identical to
IPN components. It is evident that TBU diminishes the degree of phase sep-
aration in the system and as a result only one maximum of tan δ appears
corresponding to a continuous PU phase, which contains discrete inclusions
of the second component.

The most interesting results have been obtained when OUDM was used
as a compatibilizer. This compound containing two end double bonds may
serve as cross-linking agent for BMA. The kinetic curves of polymerization
of BMA and of PU formation in the presence of 10 mass % of OUDM show
that introduction of OUDM slightly decreases the reaction rates for both com-
ponents, which may be ascribed to some increase of viscosity of the reaction
mixture (OUDM is a viscous liquid soluble in monomer). It is important that
in the course of the reaction the system undergoes no phase separation up to
the end of reaction. The temperature dependence of the tan δ shows only one
high maximum with a feebly marked inflection point in the temperature re-
gion 45–55 ◦C (Table 18). From these data the conclusion can be drawn that
introducing OUDM into the reaction mixture really improves miscibility in
such a ternary system. As a result, a ternary compatible IPN is formed. It may
be supposed that OUDM physically interacts with both IPN components, like
TBU; however, in this case some cross-linking of BMA is also possible. The
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system is characterized by one relaxation maximum located between the glass
transition temperatures of two initially incompatible phases.

Similar results were obtained for IPNs with component ratio 50 : 50 by
mass %. It is known that the degree of compatibility of two incompatible
polymers depends on the ratio of components. To establish the effect of the
component ratio on the compatibilization, the experiments have been done
also with 50:50 mass % IPNs. The general regularities for this system are simi-
lar to the preceding one. Introduction of 10 mass % of OUDM into 50 : 50 IPN
shows only one broad relaxation maximum with a high level of mechanical
losses. However, as distinct from 75 : 25 IPN, this maximum is located not be-
tween the glass transition temperatures of components, but in the region of
the PU component.

6.4
Compatibilization in IPNs Based on PU/PS

Research into PU/PS IPNs was focused on the improvement of compati-
bility of two networks by use of three different compatibilizers [339, 340].
The compatibilizers used in this study can best be represented as a kind of
grafted compatibilizer with excellent anchorage, since both ends were incor-
porated into the PS network. The three different compatibilizers comprised,
first, a very short-chained one consisting of the 1,1,3,3-tetramethylxylene
diisocyanate (m-TMXDI) molecule terminated with HEMA (1). This compat-
ibilizer is similar in structure to the hard segment of the PU. The second
compatiblizer (2) consisted of a POPG MM 1025 molecule terminated with
TMI. The third one (3) was TMXDI and one POPG MM 1025.

All compatibilizers were incorporated at a constant level of 10 mass %.
Compatilizer 1 did not have any significant compatibilizing effect. The peak
locations of the PU and the PS transitions did not move and the tan δ values
of the inner transition region were found to remain low. However, the size
and height of the transition peaks suggest that an inversion of the continu-
ous phase took place. This indicates that the 10 mass % compatibilizer went
exclusively into the PS network. Consequently, because of the higher quantity
of PS in the composition and the increased cross-link density, the PS peak was
bigger than the PU peak.

The high molar mass compatibilizer 3 also resulted in inverted tan δ peak
sizes. While the PU transition remained in place, a substantial inward shift of
the entire PS transition could be noticed. This suggests that compatibilizer 3
caused some degree of component mixing, resulting in less pure PS domains.
With respect to the damping ability of the material, no improvement was
made, since the intertransition values also remained low.

A surprising result was obtained with compatibilizer 2. The PS Tg was seen
to split into two transitions, one at 120 ◦C and the other at 70 ◦C. Also, the
intertransition regions between the three peaks were high, so that the tran-
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sition exhibited almost a rectangular shape. Thus, a good damping material
with tan δ values > 0.3 at over 135 ◦C was obtained.

The different performance of the three compatibilizers can be explained
by considering that the PU transition stemmed from the soft segments, the
POPG chains. Compatibilizer 1 was inefficient since it did not have any affin-
ity for the soft segment and was also very short. The high molar mass com-
patibilizer 3 was probably dispersed within the PU/PS interphase and the PS
domains. Some interaction between the π electrons of the aromatic rings of
the diisocyanate and the PS might have decreased the immiscibility with the
latter. Compatibilizer 2 probably increased and broadened the interphase re-
gion around the PS domains, in this way creating the third transition peak.
The PS peak itself was shifted inward to a much lesser degree than for com-
patibilizer 3. This indicates that, because of the strong immiscibility of the
POPG with the PS, only a small fraction of compatibilizer was dispersed in the
relatively pure PS domains.

Interesting results were obtained by Hourston et al. [339, 340] who studied
the compatibilization of IPNs based on immiscible polymer pairs such as
PU and PS. They have shown that introducing various heterofunctional
monomers or compatibilizing agents allows regulation of the degree of com-
patibility from a full one to the system that is characterized by the very broad
temperature transition.

Reaction compatibilization by introducing compatibilizing agents was
thoroughly investigated for the semi-IPNs based on cross-linked PU and PS
in the presence of HEMA and OUDM [310, 311, 353, 354]. Semi-IPNs were
obtained by the simultaneous curing of cross-linked PU in the presence
of styrene at 333 K. PU was based on the MDI consisting of 2,4/2,6-TDI,
POPG MM 1000, and TMP as cross-linking agent. The PU/PS ratio was 70 : 30,
50 : 50, and 30 : 70 by mass.

It was shown that introduction of various amounts of HEMA into the start-
ing system leads to the formation of a semi-IPN which is characterized by
a single temperature transition based on DMA and DSC data [310, 353]. The
position of this transition depends on the system composition and on the
kinetic conditions of the reaction (rates of formation of both components).
The kinetic measurements have shown that during reaction in the presence
of HEMA no phase separation proceeds, as follows from the light scattering
data. In this case the final system has a one-phase structure due to the for-
mation of a thermodynamically miscible ternary system and to the grafting
of PU chains onto PS macromolecules via the third component. The reaction
compatibilization was studied more thoroughly for semi-IPN PU/PS in the
presence of OUDM [311].

The effects of compatibilizing additive OUDM on the kinetics of IPN
formation based on cross-linked PU and linear PS and its influence on mi-
crophase separation and the viscoelastic and thermophysical properties have
been investigated [311, 354]. It was established that 10 and 20 mass % of
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OUDM introduced into the initial reaction system prevent microphase sepa-
ration of the system and lead to the formation of compatible IPNs, as follows
from the data on light scattering. The viscoelastic and thermophysical prop-
erties of modified IPNs (20 mass % OUDM) are changed in such a way that
instead of two relaxation transitions characteristic of phase-separated sys-
tems, only one relaxation transition is present. It is the result of a change
in the morphology of the system. The position of this relaxation transi-
tion depends on the system composition and on the reaction conditions. It
was discovered that introduction of OUDM into the semi-IPN changes the
kinetics of formation of the systems. These changes affect the time of the on-
set of phase separation. Introduction of a small amount of OUDM (2.0 and
5.0 mass %) into the reaction system delays the microphase separation. Both
the conversion degree of styrene and the degree of the reaction completeness
of urethane formation at the onset of phase separation grow compared to the
initial system. Increasing the OUDM amount (10.0 and 20.0 mass %) has as
a consequence the lack of phase separation. It seems to be possible that in-
creasing the additive amount increases the total number of hydrogen bonds
between OUDM and PU, whereas at the same time methacrylate groups par-
tially cross-link PS and partially lead to the formation of branched PS. These
factors may improve the compatibility [311].

In [310, 354] the effect of various compatibilizing agents was studied for
semi-IPNs based on PU and PS. As potential compatibilizing agents, besides
the two already mentioned compounds, oligobutadiene diol rubber and oleic
acid were studied. These compounds alter the reaction kinetics, thus affecting
the phase structure and viscoelastic properties, but do not convert the modi-
fied systems into one phase. The latter results and other data are interesting
also from the following point of view. They show the possibility of regulat-
ing the viscoelastic properties, changing the segregation degree, positions of
two relaxation maxima, and their height. The latter allows us to regulate the
damping properties of IPNs.

6.4.1
DMA Investigation

To estimate the compatibilizing action of OUDM on the viscoelastic proper-
ties of IPNs, we have selected the semi-IPN based on cross-linked PU and
PS at a ratio of components of 70:30 mass % [311]. Figure 80 shows the tem-
perature dependencies of tan δ for the initial semi-IPN PU/PS (a) and for
semi-IPNs containing 5 (b), 10 (c), and 20 mass % of OUDM (d). Values of Tg
are given in Table 19. It is seen from Fig. 80a, that the initial semi-IPN with
component ratio 70:30 mass % is characterized by two sharp maxima corres-
ponding to two phases enriched in one of the components. For IPNs with 5
and 10 mass % of OUDM these two maxima are preserved, although the shape
of the relaxation curves changes. The approaching, broadening, and dimin-
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Fig. 80 Temperature dependence of mechanical losses for semi-IPNs PU/PS 70:30 mass %
([kt] = 0.3×10–5 mol·l–1, [I] = 1×10–2 mol·l–1) with OUDM, mass %: a 0, b 5, c 10,
d 20 [311]

ishing of the height of the relaxation maxima proceed simultaneously. With
increasing amount of OUDM, the glass transition of the PU phase grows from
288 K for IPNs without compatibilizer up to 300 K for the IPN with 10 mass %
of OUDM. The Tg of the PS-enriched phase under the same conditions dimin-
ishes from 408 to 375 K (Fig. 80a–c; Table 19).

Diminishing of the heights of the relaxation maxima of PU and PS con-
stituents, their approaching and broadening, as well the increasing level of
losses between maxima may testify to diminishing amounts of the two phases
due to transition of some part of PU and PS into the interfacial region as
a result of interaction with OUDM.
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An important characteristic of the two-phase systems is the degree of seg-
regation αsegr. Calculation of αsegr has shown that an increasing amount of
OUDM essentially diminishes this value from 0.31 for IPNs without com-
patibilizer up to 0.10 for the IPN containing 10 mass %. This means that the
introduction of the compatibilizing additive OUDM in the course of chemical
reactions of IPN formation prevents microphase separation in the system, i.e.,
increases the compatibility.

The most remarkable change in the relaxation properties occurs under
introduction into the reaction system of 20 mass % of OUDM (Fig. 80d;
Table 19). In this case instead of two maxima one observes only one broad
maximum at 358 K, whereas the maximum corresponding to the PU phase
degenerates and is revealed only as a shoulder (Fig. 80d). Such changes in
the viscoelastic behavior may also be the result of morphological transform-
ation [331]. For the formation of semi-IPNs in the presence of 20 mass % of
OUDM, the compatibility in the system increases.

It is evident that the compatibilizing effect should depend on the ratio
of the components in the IPN. Figure 81 presents the temperature depen-
dencies of the mechanical losses for PU/PS semi-IPNs of various composi-
tions, i.e., 70 : 30 (curve 1), 50 : 50 (curve 2), and 30 : 70 (curve 3), and for
the same compositions but formed in the presence of 20 mass % of OUDM
(curves 1′, 2′, and 3′, respectively). It follows that the initial IPNs are two-
phase systems (curves 1–3). Calculations of the degree of segregation have
shown slight increasing of the value αsegr with diminishing amount of PU
(Table 19).

Introduction of 20 mass % of OUDM in all cases changes the relaxation
properties (curves 1′–3′), especially for PU/PS compositions 50 : 50 (curve 2′)
and 30 : 70 (curve 3′). Instead of two maxima, these systems reveal only one
maximum situated on the temperature scale between temperatures of relax-
ation transitions of separated phases in the initial IPNs. For these modified
IPNs, microphase separation was not observed (Table 19). As is clearly seen
from Fig. 81, the height of the maximum and its temperature position depend
on the component ratio.

It is clear that all the changes described here testify to the formation
of one-phase compatible systems after introduction of a large amount of
compatibilizer, although the final conclusion can be drawn only after thermo-
dynamic measurements of the free energy of mixing. It is worth noting that
increasing the amount of OUDM changes the properties of IPNs stepwise.
However, if the small amounts of additive may be considered as a compat-
ibilizer, the greater amounts (10, 20 mass %) may hardly be described in
the same way. In reality the IPNs with such amounts of additive are three-
component IPNs, and the changes in their properties are determined by
their chemically different structure in relation to the initial two-component
IPNs.
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Fig. 81 Temperature dependence of mechanical losses for initial semi-IPNs (1–3)
and semi-IPNs with 20.0 mass % of OUDM (1′–3′) at various component ratios
PU/PS, mass %: (1,1′) 70 : 30, (2,2′) 50 : 50, (3,3′) 30 : 70 ([kt] = 0.3×10–5 mol·l–1,
[I] = 1×10–2 mol·l–1) [311]

6.4.2
DSC Measurements

It is known that the temperature dependence of heat capacities of two-phase
polymer systems reveals two transition regions corresponding to the coexist-
ing phases. The glass transition regions are divided by the region of nonlinear
change of heat capacity, the latter being ascribed to the smoothly changing
composition profile of the interfacial regions (interphase) [99]. The com-
patibilization of heterogeneous blends usually resulted in the formation of
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interfacial regions with specific characteristics. The thickness of the inter-
phase is estimated as a few nanometers. These questions were thoroughly
studied by Eklind [355].

Introduction of compatibilizers into the two-phase system also increases
the specific area between the phases and may result in a complete change in
blend morphology [333]. Diminishing the dimensions of the phase region is
accompanied by an increasing fraction of interfacial region. In such a way,
the increasing compatibility in polymer blends by compatibilization may be
connected to the formation of an interfacial region between two coexisting
phases. The higher the fraction of this region, the higher should be the com-
patibility.

Studying the thermophysical properties allows us to calculate this fraction
from the data on the heat capacity increments at temperature transition [356].
Hourston et al. [98] have used the Freed equation for this purpose. Experi-
mental data for the system are presented in Table 19. It is seen that the values
of increments of heat capacity for each phase and temperature position of
the transition depends on the ratio of components in the IPNs. DSC data
show that the values of increments of heat capacities for initial PS and PU
are higher than for the same constituents in IPNs (Table 19), in agreement
with the data for polymer blends [100]. Increasing the amount of PS in the
IPN leads to growth of the fraction of PS in the interfacial region, whereas
a change of the PU fraction has a nonlinear dependence on composition,
showing the complicated character of the distribution of IPN components in
the interphase. However, for all the systems growth of the content of PS in-
creases the value of (1 – F) (Table 19), which may indicate improvement of the
compatibility.

As follows from the experimental data (Table 19), introduction of small
amounts of OUDM (2 and 5 mass %) into IPN 70:30 mass % results in an in-
creasing value of (1 – F), i.e., the fraction of the interfacial region increases,
testifying to the increasing system compatibility. Simultaneously the fractions
of PU and PS in the interfacial region increase 1.3 and 4 times as compared
with the initial IPN.

However, by introduction of a higher amount of OUDM (10, 20 mass %)
only one jump in the heat capacity occurs (Table 19). It may be supposed that
with increasing OUDM amount, a larger fraction of PS transits into the inter-
facial region and the PS content in the PU-enriched phase becomes less. On
increasing the PS content in the IPN, Tg shifts to higher temperatures and the
heat capacity increment diminishes (Table 19).

The thermophysical characteristics of the blends containing 20 mass % of
OUDM are markedly changed with component ratio (50 : 50 and 30:70 mass %).
Correspondingly, calculations (1 – F) become impossible, as the system con-
sists of only one phase. Such a system is characterized by only one maximum of
mechanical losses. The appearance of only one relaxation maximum with the
increasing amount of compatibilizer may be interpreted as the transition of all
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the polymers into the “interphase” state, i.e., the border between two phases
fully disappears.

Thus, the experimental data on the introduction into the phase-separating
IPNs of compatibilizing agent allow the following conclusions to be drawn.
Compatibilizer exerts marked effects on the kinetics of formation of both
constituents of the IPN, and in such a way changes the conditions of the phase
separation during the chemical process. Both the time of the onset of the
microphase separation and its rate depend on the amount of compatibilizer
and on the ratio of the IPN components. The degree of segregation of the
IPN components depends on the reaction kinetics, and its change under com-
patibilization inevitably affects this value. Successively increasing the amount
of compatibilizer leads to the rapprochement of the position of two relax-
ation maxima appearing in the phase-separated system. Besides, introduction
of the compatibilizer, increasing the interaction between the two IPN com-
ponents, decreases the segregation degree more the higher the amount of
compatibilizer. This effect depends also on the ratio of the IPN components.

The compatibilizing effect reveals itself also in the increasing fraction of
the interfacial region existing between two phases in the systems where the
phase separation is not completed. The fraction of the interfacial region in-
creases with increasing amount of the compatibilizer.

All the IPNs containing 20 mass % of OUDM do not show any sign of phase
separation, as follows both from the measurement of the light scattering dur-
ing reaction and from the single relaxation maximum. Correspondingly, such
systems, which may be considered as fully compatible, have no interfacial
region and no component segregation. We suppose that the effect of full
compatibilization by the introduction of a large amount of compatibilizer is
connected not only with strongly improving the interactions at the interface
between two phases, but also with the change of the thermodynamic interac-
tions in the ternary system component I–component II–compatibilizer, which
may lead to diminishing of the free energy of mixing in the ternary system.

Thus, the investigation of the effects of some additives, which according to
their chemical constitution could be considered as potential compatibilizers
for IPNs, allows us to establish two different types of compatibilizing ac-
tion. In one case, the additive introduced into initial reaction system prevents
microphase separation of the system. This may mean that the ternary mis-
cible system arises where thermodynamic interactions between components
lead to a diminishing total thermodynamic interaction parameter between
components down to the negative value typical of thermodynamically stable
systems. In this case, the viscoelastic properties are changed in such a way
that instead of two loss maxima characteristic of phase-separated system,
only one maximum is present, which is possibly a result of the formation of
a one-phase ternary system.

In the other case, the additives exert some effect on the reaction kinetics
and because of it accelerate microphase separation in the system, which pro-
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ceeds at lower conversion degrees as compared with pure IPNs. Under such
conditions, thermodynamic compatibility of the IPN components in the pres-
ence of additives decreases. The acceleration of the reaction in the presence of
additives only shortens the time for the onset of phase separation. However,
in this case there proceeds also a transition from the systems with two relax-
ation maxima (two-phase system) to the system with one, broad or narrow,
maximum. This may be the result of concentration of the additive in the in-
terfacial region between two phases. It is evident that the morphology of such
a system also undergoes changes and that instead of discrete phases, a diffuse
structure or structure of the matrix-inclusion type is formed. In such struc-
tures the sizes of the phase domains (inclusions) of the component present in
smaller amounts are rather small to be detected by methods of DMS. In fact,
detection of a single Tg only signifies that the size of the blend domains is very
small [331, 332].

The effect of additives on the kinetics of formation of the IPN components
and on the time of onset of phase separation may serve as a test of the com-
patibilization mechanism. The additive is introduced into the homogeneous
reaction mixture and so is distributed uniformly throughout the whole vol-
ume of it. If the additive acts as a third component improving miscibility, the
onset of the phase separation should be shifted on the timescale to higher
times or should be fully absent. On the contrary, if the additive has no effect
on miscibility or has a negative effect (increasing the thermodynamic interac-
tion parameter of the ternary system), one should suppose that this additive is
concentrated at the interface between two phases, changing the morphology
of the system that is formed in the course of IPN curing.

This effect is of importance, as it was shown that the reaction rates de-
termine the time of the onset of phase separation, the degree of phase sep-
aration, and the fraction of an interphase. Correspondingly, the viscoelastic
properties of compatibilized IPNs depend not only on the presence of the
compatibilizing agent, but also on its effect on the reaction kinetics.

From the experimental data presented above it follows that, as a rule, the
introduction of compatibilizers increases the fraction of an interphase, which
may be interpreted as apparently increasing compatibility. However, the phys-
ical essence of this effect is not connected to real improving compatibility, i.e.,
to increasing thermodynamic stability of the system. Generally, the formation
of an interphase is the result of uncompleted phase separation by which some
part of the system stays in an unseparated (mixed) state partially correspond-
ing to the state of the system before the onset of phase separation (frozen
compatibility). In such a way, the interphase is the region of the thermody-
namic instability and increases the thermodynamic instability of the system.
It is evident that the introduction of compatibilizing agents prevents phase
separation and increases that part of the system which is not phase-separated.
Compatibilizer transfers the system to the less stable state by increasing the
fraction of the system which is not separated.
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28. Dušek K (1967) J Polym Sci C 16:1289
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