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ABSTRACT: The phase state of polyelectrolyte blends
based on acrylic copolymers was investigated with differ-
ential scanning calorimetry, transmission electron micros-
copy (TEM), and wedge microinterferometry as a function
of the blend composition and ionization of polymer func-
tional groups. A copolymer of N,N-dimethylaminoethyl
methacrylate with methyl methacrylate and butyl methac-
rylate was used as a polybase, a copolymer of methacrylic
acid and ethyl acrylate was employed as a polyacid, and
the optional plasticizer was triethyl citrate. A correlation
was established between an earlier described mechanism
of molecular interaction and the behavior of the glass-
transition temperature (T) of the polymer blends. The T,
values of the polyelectrolyte Complexes in the gel phase
were always higher than T, in the sol phase. This fact
implies that intermolecular cohesion dominated the free
volume in the stoichiometric polyelectrolyte complexes

formed in the gel phase, whereas nonstoichiometric com-
plexes formed in the sol phase were characterized with
the predominant contribution of free volume. TEM and
interferograms of polyelectrolyte blends showed the signs
of anisotropic ordered supramolecular structure formation.
A phase-state diagram of the polyelectrolyte blends was con-
structed. The stoichiometric polyelectrolyte complex was
immiscible with parent polymers, forming a separate phase
that became melted at elevation of temperature because of
complex dissociation. Polyelectrolyte miscibility was sup-
posed to result rather from the chemical reaction of the com-
plex formation than from interdiffusion of the polymer
components along the gradient of their concentration. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 122: 2926-2943, 2011
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INTRODUCTION

The phase state and physical properties of polymer
materials are functions of their chemical structure.'™
If a quantitative structure—property relationship
(QSPR) is explored, a number of fundamental physi-
cal characteristics of polymers may be predicted
from their chemical structure.*” Numerous correla-
tions have been reported in the literature between
the chemical structure of polymers®™® and the mech-
anisms of their molecular interactions in blends’ on
the one hand, and the phase state of polymer com-
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posites on the other. In turn, on a macroscopic scale,
the physical properties of polymer materials are gov-
erned by their phase state and, consequently, by
their molecular structure.'®™°

From a practical point of view, knowledge of
QSPR is of considerable importance for the rational
design of new materials with tailored performance
properties. The final goal of our research was the
molecular design of new pressure-sensitive adhe-
sives (PSAs), produced by the blending of nonadhe-
sive polymers. PSAs are viscoelastic polymer materi-
als capable of forming strong adhesive bonds with
substrates of various chemical natures under the
application of a slight pressure (1-10 Pa) over a
short period of time (1-2 s)."® On a molecular level,
pressure-sensitive adhesion is the result of a specific
balance between the high energy of intermolecular
cohesion and a large free volume.'”'®* Hence, to
develop PSAs, rationally we should identify the
molecular structures that meet these usually conflict-
ing requirements.

As recent investigations in our group have shown,
the mechanisms of formation of interpolymer and
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polymer—oligomer complexes can underlie the
molecular design of new PSAs prepared by the
blending of nonadhesive polymers and oligomers.'*°
In polymer blends involving the formation of polye-
lectrolyte complexes between the macromolecules of
a polybase and a polyacid, a high cohesion strength
is provided by hydrogen, electrostatic, or ionic bond-
ing between macromolecules carrying complemen-
tary groups in their main chains, whereas a large
free volume can result from the occurrence of loops
and other defects of a supramolecular network struc-
ture. Although the mechanisms of molecular interac-
tions in the binary and ternary blends of a polybase
and polyacid with and without appropriate plasti-
cizer have been considered in a recent article by our
group,” in this second article of the series, we focus
on the phase state of polyelectrolyte blends involv-
ing polybase—polyacid complex formation. The adhe-
sive, mechanical, and other performance properties
of the PSA based on interpolymer complexes will be
the subject of following publications.

Although a considerable amount of research work
has been performed on the formation and properties
of interpolymer complexes in solutions,”* ™ there is
a lack of experimental data on the phase behavior of
oppositely charged polyelectrolyte blends in a solid
state. Using Fourier transform spectroscopy and dif-
ferential scanning calorimetry (DSC), we recently
studied the impact of competitive hydrogen bonding
on the phase behavior in the triple blends of poly(N-
vinyl pyrrolidone) with oligomeric poly(ethylene
glycol) (PEG) and a copolymer of methacrylic acid
(PMAA) with ethyl acrylate (EA).*> The obtained
results allowed us to gain a molecular insight into
viscoelastic behavior and adhesion of the poly(N-
vinyl pyrrolidone)-PEG-PMAA-co-EA blends.***° In
this study we applied this earlier developed
approach to elicit a relationship between the phase
state and molecular interactions in the blend of a
polybase [a copolymer of poly(N,N-dimethylami-
noethyl methacrylate) (PDMAEMA) with methyl
methacrylate (MMA) and butyl methacrylate
(BMA)], a polyacid (PMAA-co-EA), and a plasticizer
[triethyl citrate (TEC)].

The phase state of polymer blends is so closely
allied to molecular interactions that in some instan-
ces, the amount of hydrogen bonds formed between
blend components can be evaluated from the com-
positional behavior of the glass-transition tempera-
ture (Tg).36_38 The thermodynamic parameters of
pair interactions can be calculated from the phase
diagrams of polymer blends.**" In this connection,
it is quite pertinent to consider the phase state of
polymeric systems as a function of the molecular
interactions between the functional groups of macro-
molecules in the blend. On the basis of the gained
insight into the energetic and geometrical character-
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istics of interpolymer bonds in PDMAEMA-co-
MMA/BMA - PMAA-co-EA blends with and with-
out TEC plasticizer, which were reported in our pre-
vious publication,”! we draw now our attention to
the phase behavior of these blends. Thus, this article
partly fills a gap in information about the phase
behavior of polyelectrolyte complexes in the solid
state.

EXPERIMENTAL
Materials

As a polybase, in this work, we used the copoly-
mer of N,N-dimethylaminoethyl methacrylate
(DMAEMA) with MMA and BMA (PDMAEMA-co-
MMA/BMA, molar ratio = 2 : 1 : 1, molecular
weight ~ 150,000 g/mol). The polybase was com-
mercially available from Roéhm Pharma GmbH
(Darmstadt, Germany) as Eudragit E-100. As a poly-
acid, we employed PMAA-co-EA (molar ratio = 1 :
1, molecular weight ~ 250,000 g/mol), which was
obtained as Eudragit L-100-55 from Evonik Degussa
Corp. (Piscataway, NJ), subsidiary of Evonik RShm
GmbH, Germany. Both polymers were used as
received.

The preparation of polyelectrolytes charged to a
predetermined degree of ionization of ionogenic
groups was provided by the treatment of their
water—alcohol (50 : 50) solutions by aqueous solu-
tions of HCI (for polybase ionization) or NaOH (for
ionization of the polyacid). With this purpose, the
amounts of HCl or NaOH required for full ioniza-
tion of the ionogenic groups was measured in
advance with potentiometric titration. The degrees
of polyelectrolyte ionization of 10 and 50% corre-
sponded to 0.1 and 0.5, respectively, of the gram
equivalents of the HCI and NaOH required for full
ionization of the polyelectrolyte.

According to potentiometric titration data, the ini-
tial PDMAEMA-co-MMA /BMA copolymer contained
no protonated amino groups. At the same time, the
degree of dissociation of the carboxyl groups in the
initial PMAA-co-EA polyacid was 2.5-3%.

The plasticizer for this work was TEC (obtained
from Morflex, Inc., Greensboro, NC). The molecular
structures of the materials employed in our research
are shown in Figure 1.

Preparation of the experimental samples

The films of polybase-polyacid blends with and
without plasticizer were prepared by a casting—dry-
ing method from ethanol solutions. The required
amount of polybase was first dissolved in ethanol
under vigorous stirring (600-700 rpm) with a Cole-
Parmer laboratory mixer (model 50002-25) (Vernon

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Molecular structures of PDMAEMA-co-MMA /
BMA, PMAA-co-EA, and TEC.

Hills, Illinois). The stirring rate was then increased
to 900-1000 rpm, and the PMAA-co-EA polyacid
was slowly added. This mixture was then kept stir-
ring for 16 h until a homogeneous solution was
obtained. The TEC plasticizer was added to the
polymer solution under stirring with a magnetic stir-
rer. The total concentration of polymers in ethanol
averaged 38-40 wt %. As a rule, solutions containing
20 : 1 and 10 : 1 polybase—polyacid weight ratios
were clear, whereas the blends with higher PMAA-
co-EA concentrations were opaque. In some particu-
lar cases, the inhomogeneous solutions of 5:1,2:1,
and 1 : 1 polybase—polyacid weight ratios were fil-
tered for the separation of a sediment (gel fraction)
from a supernatant phase (sol fraction). The pre-
pared solutions were then cast onto a poly(ethylene
terephthalate) casting sheet (PEBAX-600) (Philadel-
phia, PA). A uniform thickness of the films was
obtained with a BYK-Gardner film casting knife
(AG-4300 series) (Columbia, MD), as described ear-
lier.>® The wet film thickness was 0.5 mm, and the
thickness of the dry film was 80-100 pm. The films
were dried overnight at ambient conditions (19-
22°C). Upon drying, the films were covered by a sec-
ond sheet of the PEBAX-600 release liner.

RESEARCH METHODS

Potentiometric titration was performed on Ecotest-
120 pH meter (obtained from Econix, Ltd., Moscow,
Russia). For determination of the gram equivalents
of the HCl and NaOH needed for complete ioniza-
tion of polyelectrolytes, the polyelectrolyte analyte
was first dissolved in a 1 : 1 mixture of ethyl alcohol
with distilled water, and the obtained 1% solution
was then titrated by 0.2N HCl or 0.1N NaOH aque-
ous solutions. The titration curves had a characteris-
tic sigmoidal shape. The section of the curve that
demonstrated the maximum pH change marked the
equivalence point of the titration.

Journal of Applied Polymer Science DOI 10.1002/app
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DSC was used to characterize the phase state of
the polyelectrolytes and their blends. In the DSC
apparatus, the samples were first quench-cooled
with liquid nitrogen from ambient temperature to
—150°C, subjected to isothermal annealing at this
temperature, and then heated up to 220°C at a rate
of 20°C/min. The DSC heating traces were measured
with a Mettler TA 4000/DSC 30 thermoanalyzer, cali-
brated with indium and gallium. In the DSC measure-
ments, the samples of 5-15 mg in weight were sealed
in standard aluminum pans supplied with pierced
lids so that absorbed moisture could evaporate upon
heating. An argon purge (50 mL/min) was used to
prevent moisture condensation at the sensor. All
reported values of the DSC thermograms are the aver-
age of replicate experiments varying less than 1-2%.

The determination of absorbed water amounts in
the blends was done gravimetrically by the termina-
tion of weight loss upon drying in vacuo. In addition,
we also measured the content of water by weighing
the samples before and after DSC scans using a Met-
tler analytical (Columbus, OH) balance (E 240) with
an accuracy of *0.01 mg. The weight loss of the
sample after scanning was compared to the amount
of desorbed water evaluated from the enthalpy
change associated with water evaporation from the
sample by DSC.

Wide-angle X-ray diffraction measurements
(WAXS) were performed with Cu Ko radiation with
a DRON-2 diffractometer (St. Petersburg, Russia)
with an asymmetric focusing curved quartz crystal
monochromator of a primary beam equipped with a
thermocontrolled camera. The diffraction patterns
were recorded in reflectance mode. The scattering
intensity distribution was measured with a step-
scanning device at a step interval of 0.02°, with the
range of twice the Bragg angles from 1 to 50°.

Wedge microinterferometry (WMI) was used to
study the miscibility of the blend components, as
reported earlier.”>***! The custom-made WMI cell
consisted of two mirrors formed by finely polished
glass slides that were coated on one side with nickel
alloy, which permitted 40% light transmittance. The
mirrors faced each other and were separated by two
parallel metal bars of thicknesses 80 pm and 100 pm,
spaced 2 cm apart and forming a wedged gap with
a wedge angle of 0.001 rad. A film sample 5 mm
long and 1 mm wide was loaded into the apparatus
cell with the mirrors left loose. The sample was
heated in the cell at 175°C over 30 min to ensure
good optical contact of the mirrors with the sample.
The system was then cooled to a temperature of
measuring and equilibrated at this temperature for
30 min. The heating cycle did not irreversibly affect
the properties of blends because all of the compo-
nents of the blends were stable within this tempera-
ture range.
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Figure 2 DSC thermograms under the first and repeated heating of the unblended PDMAEMA-co-MMA /BMA polybase,

PMAA-co-EA polyacid, and TEC plasticizer (T =

The cell was mounted horizontally and illumi-
nated from below by a helium—neon laser beam with
a wavelength of 633 nm. The film of other solid
polymer or a drop of liquid TEC was introduced
into the cell, filling the gap between the mirrors and
making contact with one of the film’s edges. Interfer-
ence patterns were observed through an optical micro-
scope at different magnifications, ranging from 60-
to 160-fold, with the objective placed over the film-
solution interface. Photographs were captured with a
black-and-white video camera at specified time points,
and fringe densities were converted to concentration
profiles by methods described elsewhere.*"**

Transmission electron microscopy (TEM) studies
were performed with a Philips EM-301 microscope
(Philips Research High Tech Campus 55656 AE
Eindhoven The Netherlands) under 10* to 10° mag-
nification. Two groups of specimens were prepared.
The first group was represented by interfacial con-
tact zones, obtained by joint pressing and thermal
annealing at 170°C of the two laminated films. The
second group was the films of the 30 : 70 (wt %)
blends, prepared by casting from ethyl acetate solu-
tion onto the surface of mica. For structural investi-
gation, the surfaces of the samples were etched with
HF plasma oxygen discharge at 0.03 Torr, 10 MHz
of frequency, and 4-6 eV of electron energy. A sin-
gle-stage C—Pt replica of the etched surface was
scanned on an electron microscope.

RESULTS AND DISCUSSION

DSC characterization of the phase behavior in the
polybase—polyacid—plasticizer blends

Phase state of the unblended components

During the first heating, the DSC thermogram of the
initial PMAA-co-EA (Fig. 2, Table I) exhibited a T, of
59.4°C [a change of heat capacity at glass transition

temperature).

(AC,) = 0.63 ] g' K™'] and signs of the polymer
decomposition at temperatures above 120°C. AC, is
useful demonstrative indicator as the glass transition
is pronounced. In the second heating, the glass tran-
sition shifted to 104.8°C (AC, = 0.36 ] gfl K™ 1); how-
ever, because of the partial decomposition of this
sample in the course of the first heating, the results
of repeated scanning could not be taken into further
consideration. As 20% of the carboxyl groups of
PMAA-co-EA were ionized by the treatment with
NaOH solution, T, in the first scan increased (T, =
64.1°C, AC, = 083 J g Tt , Fig. 2 and Table D),
whereas the thermal decomposmon of the polymer
occurred at temperatures above 140°C). The PMAA-
co-EA copolymer with 50% ionized carboxyl groups
demonstrated a very broad glass transition that could
be characterized with two Tg's at 52.3°C (AC,
0.67 J g7' K and 87.7°C (AC =057] g ' K" )
respectively. Such a wide glass transition was indic-
ative of the phase inhomogeneity of the partly neu-
tralized polyacid.

Although the earlier described DSC heating ther-
mograms of nonionized and partly ionized PMAA-
co-EA exhibited no absorbed water in the sample,
the fully ionized sodium salt of the polyacid con-
tained 11.9 wt % water (Fig. 2). Against a back-
ground of a broad symmetric water evaporation
endotherm with a peak at 115.6°C, the glass transi-
tion could not be detected. Repeated heating up to
200°C of the sample dried in the course of the first
scanning revealed no glass transition and no eviden-
ces of polymer decomposition. As long as the so-
dium PMAA-co-EA salt was thermally stable, a third
scanning was made, which showed T, at 50.5°C
(AC, = 0.56 ] g ' K, Table I).

The initial PDMAEMA co-MMA/BMA polybase
was supplied in the form of granules. As follows
from the DSC curves presented in Figure 2, it had a
T, of 58.3°C (AC, = 048 ] g K™') and exhibited no

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
T,’s and the Values of AC, for the Initial Polyelectrolytes and the Effect of Functional Group Ionization on the Glass
Transition
Tonized Water content (wt %) T, (°C) AC, J g K™
Polyelectrolyte groups (mol %)  First scan  Second scan  First scan Second scan  First scan  Second scan
PMAA-co-EA 0 0 0 59. 104.8 0.63 0.36
20 0 0 4 425 0.83 0.73
50 0 — 64.1 — 0.67 -
100 11.9 0 52.3 —/50.5% — —/0.56"
?
PDMAEMA-co-MMA /BMA 0 0 0 57. 442 0.32 0.26
20 3.5 0 6 56.5 0.45 0.16
50 7.0 0 58. 91.4 0.43 0.57
100 8.3 0 1 125.9 ? 0.34
59.6

?

@ Third heating.

evidences of thermal decomposition under heating
up to 200°C. Uncharged PDMAEMA-co-MMA /BMA
contained no absorbed water. Under repeated scan-
ning, the polybase demonstrated a lower T, value
(43.3°C, AC, = 024 ] g~' K, Fig. 2). Srrmlar Ty's
were estabhshed for the PDMAEMA -co-MMA / BMA
film obtained by casting and drying frorn an ethyl
alcohol solution: 57.6°C (AC, = 0.32 ] g ' K" and
44.2°C (AC, = 0.26 ] g*1 K™') under the first and
second scannings, respectively (Table I). As 20 mol
% of the DMAEMA recurring units were protonated
by the treatment of polymer with HCI aqueous solu-
tion, the polybase contained 3.5-44 wt % of
absorbed water. In the course of the first scanning, a
wide endotherm of water evaporation at 100°C
obscured the glass transition, which became observ-
able only in the thermogram of repeated heating (T,
= 56.5°C, AC, = 0.16 ] g~' K™'; DSC thermograms
are not presented) If PDMAEMA -co-MMA /BMA
amino groups were protonated by 50 mol %, the
water sorption increased twice as much (7.0 wt %).
The glass transition became apparent as a shoulder
on the peak of water thermodesorption (T, = 59.6°C,
AC, = 043] g*1 K™1); however, the evaluated values
were not reliable. The second heating of the sample
dried under previous scanning demonstrated highly
wide glass transitions between 55 2 and 119.8°C, T, =
119.8°C, and AC, = 0.57 ] g ' K™'. Complete protona—
tion of PDMAEMA-co MMA /BMA amino groups (by
100 mol %) resulted in a further rise of water absorp-
tion (8.3 wt %), which makes the glass transition
undetectable in the first scanning. Repeated scans dis-
played rather a narrow glass transition at T, =
125.9°C and AC, = 034 ] g~ ' K™ (Table I).

The DSC thermogram of the unblended TEC plasti-
cizer (Fig. 2) showed T, at —68.8°C (AC, = 0.65] g*1
K ") and no signs of evaporatlon or thermal decom-
position at heating up to 200°C. Under repeated heat-
ing, this T, value remained unchanged (—68.4°C).

Journal of Applied Polymer Science DOI 10.1002/app

Relation of T, to mechanisms of molecular
interaction

It is known that T, relates to the energy of cohesion
and free volume (vacant space between neighboring
macromolecules) by the following equation:

z(D,)
- M)

where R is the gas constant; z is the coordination num-
ber, a value that is inversely proportional to the free vol-
ume; and (D,) is the total intermolecular cohesion
energy. The ionization of PMAA-co-EA carboxyl groups
affects both the energy of intermolecular cohesion and
the free volume governing the T, behavior. As has been
shown earlier,”” all of the carboxyl groups in the
PMAA-co-EA polyacid were self-associated through
hydrogen bonding, and the interaction energy of the
uncharged carboxyl group was 26.5 kJ/mol. Partial ion-
ization of the carboxyl groups and the appearance of
carboxylate anions led to the hydrogen complex forma-
tion between the uncharged and charged carboxyl
groups. Such a complex was much more energetically
favorable (the complexation energy ranges from 73.5 to
89.9 kJ/mol).>! In accordance with Eq. (1), it was logi-
cally to suppose that the increase in the the cohesion
energy due to partial ionization of the carboxyl groups
may have resulted in the increase of the T, value. On
the other hand, electrostatic repulsion of the negatively
charged carboxylate anions could have caused the
increase of free volume that decreased both the z and T,
values. The observed impact of the carboxyl group ioni-
zation on the glass transition in the partly charged
PMAA-co-EA polyacid was the result of both of these
contributions. The occurrence of two distinct T, values
in the DSC scan of the partly ionized PMAA-co-EA
could be explained by the coexistence of uncharged car-
boxyl groups, their self-associates, free carboxylate
anions, and H-bonded complexes with the uncharged
carboxyl groups.

T, = 0.455
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Figure 3 DSC thermograms of the PDMAEMA-co-MM/BMA blends with PMAA-co-EA under the first and repeated
heating. The polybase—polyacid weight ratios were 20 : 1 (left) and 10 : 1 (right; T = temperature).

As follows from the DSC data shown in Table I,
the protonation of PDMAEMA amino groups led
to a remarkable increase in the polybase T, from
44.2 to 125.9°C; this implied a predominate effect of
the rise of intermolecular cohesion energy over the
increase of free volume. This fact became compre-
hensible once we took into account the mechanisms
of molecular interaction between the amino and
ammonium functional groups in the PDMAEMA
polycation, considered in a recent article of our
research group.”’ As was shown in this article, the
strength of interaction increased in a row: the associ-
ate of an ammonium cation with an uncharged
amino group (46.77 kJ/mol) <« a complex of an
uncharged amino group with an ammonium cation
tightened by a chlorine counterion (421.02 kJ/mol) <
a dimeric complex of two ammonium cations with a
chlorine counterion (666.48 kJ/mol).

In such a way, the ionization of recurring func-
tional groups of polyelectrolytes and the mechanism
of their bonding appreciably affected the phase
behavior of the unblended polymer components.

Phase state of the binary polybase-polyacid blends

Figure 3 illustrates DSC thermograms of the binary
PDMAEMA-co-MMA /BMA polybase blends with
comparatively small amounts of PMAA-co-EA polya-
cid. Within this range of blend compositions, the
DSC thermograms exhibited only a single T,, which
was close to the T, values of both of the unblended
polymers. Thus, in the first scan, the T,’s of the
polybase-polyacid blends taken in weight ratios of
20 : 1 and 10 : 1 were, correspondingly, 58.8 and
59.5°C (AC, = 0.47 and 0.59 J g~' K, respec-
tively). At repeated scanning, T, of the 20 : 1 blend
became lower (T, = 49.9°C, AC, = 0.29 ] g*1 K™,
whereas T, of the 10 : 1 blend remained unaffected
(T, = 59.7°C, AC, = 025 ] g~' K™'). Although
absorbed water is a good plasticizer for polyelec-

trolyte blends, nevertheless, its content in the
PDMAEMA-co-MMA /BMA — PMAA-co-EA blends
was negligible (<0.5 wt %) for a pronounced plas-
ticization effect.

Effect of the TEC plasticizer on the phase behavior
of the polybase—polyacid blends

Being miscible with polymer components and pos-
sessing a very low value of T, (—68.8°C), TEC was a
good plasticizer for the PDMAEMA-co-MMA /BMA
polybase-PMAA-co-EA polyacid blends. As follows
from the data presented in Figures 4 and 5, the T,
value decreased smoothly with the increase of TEC
concentration in the blends. The occurrence of two
distinct T,’s was observed only for the 10 : 1 poly-
base—polyacid blend with 25 wt % TEC plasticizer
under repeated heating (T, = —21.3 and 114.3°C,
AC, = 0.26 and 0.13 ] gf1 K1), which was dried in
the course of the first heating (Fig. 4). The hydrated
blend, containing 0.5 wt % absorbed water, and all
of other blends displayed only a single glass transi-
tion. In this way, the addition of appropriate plasti-
cizers promoted the formation of homogeneous
blends, whereas the increase of the content of nonco-
valent crosslinker, PMAA-co-EA, led to the separa-
tion of the polyelectrolyte complex into individual
phases.

As is evident from the DSC data presented in Fig-
ure 6, the T, values measured in the course of the
first and repeated scanning were very close. This
conclusion was explainable because the content of
absorbed water in the samples did not exceed 0.5 wt
%. Interestingly, the dry 20 : 1 polybase—polyacid
blends containing comparatively small amounts of
TEC plasticizer exhibited lower T, values than the
hydrated blends (Fig. 6, left). Taking into account
that water has a very low T, value and serves as a
good plasticizer for polyelectrolyte complexes, we
expected the lower T, magnitudes for the wet
blends. The implication of this fact became

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Effect of the TEC concentration on the DSC thermograms of the PDMAEMA-co-MM/BMA blends with PMAA-
co-EA under the first and repeated heating. The polybase—polyacid weight ratios were 20 : 1 (top) and 10 : 1 (bottom; T =

temperature).

understandable when we took into consideration the
strong interaction of water molecules with functional
groups in the PDMAEMA-co-MMA/BMA and
PMAA-co-EA macromolecules in the blends, which
was described in our recent article.’’ As was estab-
lished in this study, water forms comparatively
weak H-bonded complexes with the DMAEMA
amino group (energy of complex formation (AE) =
12.3 kJ/mol) and methacrylic acid carboxyl group
(AE = 22,6 KkJ/mol). This fact explains why
PDMAEMA-co-MMA /BMA was drier than PMAA-
co-EA. The energy of H-bonded complex formation
between the amino and carboxyl groups was found
to be 26.2 kJ/mol. At the same time, the energies of
ternary H-bonded complexes formed by the amino
and carboxyl groups involving water molecules
were appreciably higher (AE = 379 and 429 K]/
mol). In the blends containing greater amounts of
TEC plasticizer, the interaction of TEC with
PDMAEMA-co-MMA /BMA (AE = 12.3 kJ/mol) and
PMAA-co-EA (AE = 41.5 kJ/mol) should have also
been taken into account. TEC complexes did not
form stable hydrogen bonds with water molecules.”!
Thus, the data presented in Figure 6 imply that the
contribution of a plasticization effect to the value of
T, may be obscured by the contribution of intermo-
lecular interaction. In view of Eq. (1), it is clear that
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strong interaction increases the esnergy of intermo-
lecular cohesion and, consequently, the T, value.

Analysis of the compositional relationship of T,

To gain an advanced insight into the mechanism of
polymer mixing and interaction, it is often useful to
compare the observed compositional relationship of

60
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So 0.

s
B 20

-40 -

-60 -

0 10 20 30 40 50 60
TEC, % wt
Figure 5 Effect of the TEC concentration on T, of the

PDMAEMA-co-MMA /BMA blends with PMAA-co-EA. The
polybase—polyacid weight ratios were 20 : 1 and 10 : 1.
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Figure 6 Comparison of the Ty values recorded in the course of the first and repeated heating for the polyelectrolyte

blends with various amounts of TEC plasticizer.

T, with the simple rule of mixing, expressed in the
terms of the Fox or Gordon-Taylor equations.***
Any deviations in the T, behavior of a real polymer
system from ideal dependence, described by the
simple rule of mixing, is conventionally treated as a
contribution of strong specific interaction between
the polymer components.’*%*2 In full agreement
with Eq. (1), negative T, deviations are generally
considered as a prevailing contribution of an excess
volume formation under polymer—polymer or poly-
mer-plasticizer mixing,*>>" whereas positive T,
deviations have been reported for so-called ladder-
like interpolymer complexes, wherein the increase of
intermolecular cohesion energy is frequently accom-
panied with a decrease of free volume.”'*?

Figure 7 compares the measured T, dependence
on the content of TEC plasticizer for 20 : 1 and 10 : 1
polybase—polyacid blends with an ideal behavior
expressed in the terms of the Fox equation [Eq. (2)]:

1 . Wpolybase
Tg

Wpolyacid
T,

&polyacid

w Py
plasticizer ( 2)

Tgpolybase &plasticizer

60

TEC,wt%

where w and T, are the weight fractions and glass-
transition temperatures of unblended PDMAEMA-
co-MMA/BMA polybase, PMAA-co-EA polyacid,
and TEC plasticizer. As is evident from the data in
Figure 7, the points relating to the T, values of non-
plasticized polybase—polyacid blends displayed posi-
tive T, deviations from the ideal relationship. The
points referrmg to the ternary blends containing 10 wt
% of the plasticizer exhibited ideal component mixing,
whereas the points corresponding to the blends with
greater amounts of the plasticizer demonstrated appre-
ciable negative T, deviations. The higher the content
of PMAA-co-EA, the larger the deviations.

The implication of found deviations is that the
polybase—polyacid system involved a strong interac-
tion between both polymer components and the
plasticizer. In the strict sense, the T,’s of the
unblended polybase and polyacid could not be taken
as reference values for the T, calculation of their
blends because the formation of strong hydrogen,
electrostatic, or ionic bonds between their comple-
mentary functional groups affected their T, values.
Actually, as is shown previously, the 1ntroduct1on of

TEC, wt.%

Figure 7 Effect of the TEC plasticizer on the T behavior in the PDMAEMA-co-MMA /BMA blends with PMAA-co-EA
taken at weight ratios of 20 : 1 and 10 : 1 (the data of second scanning). The solid line represents the ideal relationship cal-
culated with the Fox equation [Eq. (2)], and the points and dotted line are the measured T, values.
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Figure 8 Impact of the TEC concentration on the T, behavior in the PDMAEMA-co-MMA /BMA blends with PMAA-co-
EA taken at weight ratios of 20 : 1 and 10 : 1 (the data of second scanning). The solid line represents the ideal relationship
calculated with the Fox equation [Eq. (3)], and the points and dotted line relate to the measured T, values.

ionized groups into polybase or polyacid chains led
to an appreciable change of the T,. As the data
of quantum chemical calculations have shown,*' in
the PDMAEMA-co-MMA/BMA - PMAA-co-EA -
TEC system, 35 structures of energetically favorable
intermolecular complexes could be identified,
including also the strong hydrogen-bonded complex
with charge transfer. For this reason, to trace the
impact of plasticizer on the T, behavior in the poly-
base-polyacid blends, the use of T, magnitude of
the polyelectrolyte blend as a reference value was
more appropriate than the use of the T, of
unblended polymer components.

To eliminate the impact of polybase—polyacid
interaction from consideration and to explore the
effect of TEC plasticizer only, Figure 8 shows the
difference between T, behaviors of our real
PDMAEMA-co-MMA /BMA - PMAA-co-EA — TEC
system and ideal mixing, described by the Fox equa-
tion in the following form:

1 Wpolycomplex =~ Wplasticizer
T, T T, @)
8 8§ polycomplex 8 plasticizer

where w and T, are the weight fractions and glass-
transition temperatures of the nonplasticized psoly-
base—polyacid complex and TEC plasticizer, corre-
spondingly. In this case, only negative T, deviations
were observed, which were larger for the 10 : 1 sys-
tem than for the 20 : 1 blend. The data presented in
Figure 8 imply that the blend of the polybase—polya-
cid complex with TEC plasticizer could be treated as
a solution of interpolymer complex in TEC, which
was a good solvent for the PDMAEMA-co-MMA /
BMA complex with PMAA-co-EA.

According to Eq. (1), positive T, deviations signify
the predominant contribution of the increase of
intermolecular cohesion to the T, magnitude. Nega-
tive T, deviations are the evidence of the predomi-
nant contribution of an excess volume formation
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under component mixing, which in turn, is indica-
tive of the formation of free volume. It is clear that
generally, the cohesion and free volume are mutu-
ally contradicting material properties. If the cohesion
is high enough, the free volume is usually small and
vice versa. This brings up the question: because of
what structure factors were the polyelectrolyte com-
plexes capable of coupling the strong intermolecular
cohesion with the large free volume?

The formation of interpolymer complexes pro-
ceeded according to the cooperative mechanism and
led to the occurrence of long sequences of interchain
bonds, which schematically resembled a ladder.
Therefore, this type of complex is frequently
referred to as a ladderlike polycomplex.'**>>>>* As
schematically shown in Figure 9, in blends of com-
plementary polymers including the formation of
interpolymer complexes, a high energy of cohesion
could be provided by the formation of intermolecu-
lar hydrogen, electrostatic, or ionic bonds and the
crosslinking of the chains of the film-forming poly-
mer into three-dimensional network structures. The
cohesive strength of the network was controlled by
the number and strength of interchain junctions.
Two kinds of junctions may be distinguished. Junc-
tions A represented the ladderlike sequences of
interchain bonds, and their strength depended on
the energy and amount of these bonds. Junctions B
emerged via physical entanglements of long macro-
molecules in the blend. Their amount and strength
were affected by the blend concentration and the
length of the polymer chains. The free volume in
the interpolymer complexes, along with other
defects of the supramolecular network structure,
could be produced by loops (C) of free macromolec-
ular chains (Fig. 9). The size and amount of loops or
the conversion of chemical reaction of the interpoly-
mer complex formation in the solid phase were gov-
erned by the content and strength of polymer chain
entanglements (B).
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Figure 9 Schematic presentation of the noncovalently
crosslinked network structure of the interpolymer com-
plexes. (A) Noncovalent crosslinks consisting of sequences
of hydrogen, electrostatic, or ionic bonds formed between
functional groups in monomer units of complementary
macromolecules. (B) Entanglement junctions of long poly-
mer chains. (C) Loops consisting of the segments of mac-
romolecules free of interpolymer bonding.

Effect of the polybase—polyacid ratio on the phase
behavior of the blends with TEC plasticizer

By this means, if polyelectrolyte complexes are
formed in concentrated polymer solutions or by mix-

PDMAEMA-co-MMABMA +45% TEC

EXO0>
EXO0>

Istheat

2935

ing in a melt, accordingly to the hypothesized model
presented in Figure 9, the content of noncovalent
crosslinker in a mixture with a film-forming comple-
mentary polymer and, consequently, the amount of
long chain entanglements, can control the size of
loops and free volume. To test this hypothesis, the
phase behavior of ternary PDMAEMA-co-MMA/
BMA blends with a complementary PMAA-co-EA
noncovalent crosslinker and TEC plasticizer were
studied as a function of the PMAA-co-EA concen-
tration or polybase—polyacid ratio at a fixed TEC
content (45 wt %). Figures 10 and 11 illustrate this
relationship.

As is seen from the DSC thermograms shown in
Figure 10, under the first scanning, the DSC curves
demonstrated endotherms of absorbed water evapo-
ration. Plasticized PDMAEMA-co-MMA/BMA con-
tained no water. With the increase of PMAA-co-EA
content, the amount of absorbed water passed
through a maximum (2.5 wt %) in the 1 : 2 blend.
The blend of PMAA-co-EA polyacid with 45 wt %
TEC contained 0.9 wt % water.

In contrast to homogeneous 20 : 1 and 10 : 1 poly-
base—polyacid blends, all other blends described in
this section and containing more polyacid, including
also the PMAA-co-EA-TEC film, were opaque and
implied a two-phase structure of the blends. Besides
the PMAA-co-EA blend with 45 wt % TEC plasti-
cizer, all of the blends demonstrated, nevertheless,

Istheat
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Figure 10 DSC heating thermograms of the binary and ternary blends of polybase and polyacid with 45 wt % TEC plas-
ticizer. The PDMAEMA-co-MMA /BMA:PMAA-co-EA weight ratio varied from 1: 0 to 0 : 1 (T = temperature).
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Figure 11 Effect of the PDMAEMA-co-MMA/BMA-
PMAA-co-EA weight ratio on T, of the polybase-polyacid
blends containing 45 wt % TEC plasticizer (data of
repeated scanning).

only a single T,. The occurrence of a single T, for
two-phase polymer blends has been really observed
for polymer systems with microphase separation.”
In such systems, the upper T, phase is composed of
finely divided particles, which are uniformly distrib-
uted within a continuous, low-T, phase. The alterna-
tive reason behind single T, existence in opaque
PDMAEMA-co-MMA /BMA blends with higher con-
tents of PMAA-co-EA and TEC plasticizer could be a
compatibilizing effect of the plasticizer.

As is seen from Figure 10, the polyacid mixture
with plasticizer displayed a single T, at —38.5°C in
the first scan but two glass transitions at —59.2 and
24.9°C at the repeated heating. The lower T, in this
blend was thought to characterize the TEC-enriched
phase, whereas the upper T, related most likely to
the PMAA-co-EA enriched phase. Although AC, was
very pronounced for the plasticized PDMAEMA-co-
MMA/BMA polybase (AC, = 0.62 ] g~ K" in the
first scan and 0.43 J ¢! K™! in the second scan), the
glass transitions in the PMAA-co-EA-TEC mixture
were much less expressed (0.11-0.12 ] ¢! K™'). In
the plasticized blends of the PDMAEMA-co-MMA /
BMA polybase with the PMAA-co-EA polyacid, the
AC, decreased smoothly with the rise of the content
of noncovalent crosslinker, PMAA-co-EA.

As follows from the data in Figure 11, the T, of
the ternary PMAA-co-MMA/BMA blends with
PMAA-co-EA and TEC plasticizer decreased only
slightly with the rise of the concentration of nonco-
valent crosslinker up to 10 wt % of the PMAA-co-
EA. Mixing with the polyacid resulted in a more
pronounced T, decrease. Within the range of
PMAA-co-EA concentrations of 36.7-45.8 wt %, the
blend’s T, approached a value that was only 5°C
higher than that featured for the T, of unblended
TEC and then climbed sharply. In this way, espe-
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cially large negative T, deviations from the simple
rule of polymer mixing were observed for the blends
enriched with noncovalent crosslinker (PMAA-co-EA
polyacid); this implied an appreciable free volume
formation in these blends.

Effect of the polyelectrolyte ionization on the phase
behavior of the blends

As was shown in our recent article,?! the ionization
of amino and carboxyl functional groups in the poly-
electrolyte blends of the PDMAEMA-co-MMA /BMA
polybase with the PMAA-co-EA polyacid and TEC
plasticizer had a dramatic impact on the mechanism
of molecular interactions in the blends, as evidenced
by IR-Fourier transform spectra. Quantum chemical
analysis demonstrated that the energy of ionic and
hydrogen bonding diminished in the following
order: multicomponent complexes involving proto-
nated amino groups of DMAEMA (ammonium cat-
ion) in the presence of chlorine counterion with ion-
ized or unchanged carboxyl groups and water
molecules (690-520 kJ/mol) > ternary H-bonded
polyelectrolyte complexes associated with molecule
of water (520420 kJ/mol) > binary ionic complex of
carboxylate anion and ammonium cation (404 kJ/
mol) > H-bonded complex of carboxylate and am-
monium ions (257 kJ/mol) > binary H-bonded com-
plex of uncharged carboxyl group with ammonium
cation (114 kJ/mol) > ternary H-bonded complex of
uncharged carboxyl group, amino group, and water
molecule (43 kJ/mol) > binary H-bonded complex
between nonionized carboxyl and amino groups (26
kJ/mol). The proton-donating capability of func-
tional groups in the studied polyelectrolyte blends
diminished in the following order: HN"(CH3),— >
HOOC— > HO—. It could be significantly improved
in the presence of Cl™ ions, the effect of which may
have been appreciably inhibited when Na* cations
were available in the blend or solution. The proton-
accepting capability weakened in the following
order: uncharged amino groups > carboxylate anion
> uncharged carboxyl groups > hydroxyl groups in
the molecules of TEC plasticizer or absorbed water.
Both the large-strain mechanical and adhesive prop-
erties of the blends were very strongly affected by
the ionization of the polyelectrolyte functional
groups in the range of ionization degree from 0 to
20 mol %.'%2%°® Further ionization did not lead to
any more change in the physical properties.

In contrast, as is seen from the data listed in
Table II, the protonation of PDMAEMA-co-MMA /
BMA amino groups and the ionization of PMAA-co-
EA carboxyl groups in the blends had no appreci-
able effect on the phase behavior. Only a single glass
transition was observed in the blends, the
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TABLE II
T,’s and Values of AC, for Partly Ionized Polyelectrolyte
Blends Containing 25 wt % of TEC Plasticizer

Tonized Tonization AC,
component  degree (mol %) T, (°C) Jg K™
PDMAEMA-co- 0 —-29.0 to —21.3  0.32-0.26
MMA /BMA 5 —-22.0 0.13
10 —20.6 0.15
20 -21.7 0.16
PMAA-co-EA 0 —29.0 to —21.3 0.32-0.26
5 —23.3 0.18
10 -21.7 0.17

The polybase—polyacid ratio was 10 : 1.

temperature of which was practically invariable with
the change of ionization degree of the polyelectrolyte
functional groups, which ranged from 0 to 20 mol
%. This fact implies that the contribution of the
increase in the energy of the intermolecular cohesion
to the value of T, [Eq. (1)] was counterbalanced by
the increase of free volume due to the electrostatic
repulsion of identical positive or negative charges
in the chains of PDMAEMA-co-MMA/BMA and
PMAA-co-EA, respectively.

It is interesting to note that the phase state of the
unblended polybase and polyacid was sensitive to
the ionization of their functional groups (see Phase
State of the Unblended Components section),
whereas the blends of complementary polyelectro-
lytes were much more tolerant. It was apparent that
the specific bonding of carboxyl and amino groups
made the blends more stable to the change of pH.

Phase state of the unplasticized stoichiometric
polyelectrolyte complex

The previously presented data related mainly to the
plasticized 20 : 1 and 10 : 1 polybase—polyacid
blends, in which nonstoichiometric complexes of so-
called scrambled egg structure were typically
formed.”””® In such polyion complexes, only partial
and mainly random charge-compensation occurs,
and when complementary polyelectrolytes are mixed
in an uncharged state, only comparatively short
sequences of interchain H bonds are available. In
contrast, as the polybase—polyacid ratio in the blends
approached 1, stoichiometric complexes of a ladder-
like structure were formed, in which all of the
charged units of polyelectrolyte chains were inter-
nally compensated by oppositely charged units from
the other polyelectrolyte. As a result, the stoichio-
metric complex exhibited properties that were very
distinct from those of the unblended polyelectro-
lytes. Typically, as the complex formation occurred
in a common solvent, a stoichiometric polyelectro-
lyte complex precipitated; this indicated that it
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became incompatible both with the parent polyelec-
trolytes and the solvent. In this section, we consider
phase behavior of the inhomogeneous 5 : 1, 2 : 1,
and 1 : 1 PDMAEMA-co-MMA/BMA - PMAA-co-
EA blends, prepared by casting—drying from ethanol
solutions in the absence of plasticizer. With this pur-
pose, the sol fraction, composed mainly of a
scrambled egg polyelectrolyte complex, was sepa-
rated by filtration from the insoluble gel fraction of
a ladderlike complex, and the phase states of both
fractions upon drying were characterized separately.

As follows from DSC thermograms presented in
Figure 12 and the data listed in Table III, T, of the
ladderlike complex in the gel phase was higher by
30—40°C in the first heating scans and by 50-60°C in
the second scans than the T, values of the scrambled
egg complex in the sol fraction. In view of Eq. (1),
this was an indication that the density and, conse-
quently, the cohesive strength of the network of non-
covalent bonds in the gel phase were significantly
higher than in the sol fraction. In other words, the
length of the ladderlike network junctions in the
stoichiometric complex of the gel phase was much
greater.

This conclusion was confirmed with the TEM data
presented in Figure 13. As follows from the electron
microphotographs shown in this figure, the particles
of the 70 : 30 polyelectrolyte complex separated
from the sol fraction demonstrated a lamellar struc-
ture that is typical of the nonstoichiometric complex
of the scrambled egg morphology possessing a large
free volume. In contrast, the particles of the 50 : 50
stoichiometric complex formed in the gel phase had
a fibrillar network structure, which is more typical
of the ladderlike polyelectrolyte complex, wherein
intermolecular cohesion energy dominates free
volume.

With the increase of the concentration of the non-
covalent crosslinker (polyacid) from 5:1to1:1, T,
of gel fraction tended to decrease by approximately
10°C in the first scan and to increase by about the
same value in the thermograms of the second heat-
ing (Table III). The difference in the results of the
two scannings implied most likely that the structure
of the ladderlike polyelectrolyte complex was a sub-
ject of appreciable relaxation under heating. For the
sol fraction, the increase of polyacid concentration
resulted in an appreciable decrease of the T, value
(by about 20°C) under the first heating only. In the
thermograms of the second scanning, the T, change
could not be reliably established because the DSC
thermogram of the 1 : 1 complex demonstrated two
T, values of 40.4 and 79.1°C, correspondingly. It is
worth noting that the upper T, value was close to
the value found for the gel fraction (Table III).

The characteristic feature of the DSC thermograms
of the gel fractions in the 5 :1,2:1, and 1 :1
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in the gel (left) and sol (right) phases (T = temperature).

polybase—polyacid blends, shown in Figure 12, was
the presence of high-temperature endothermic
peaks, which resembled the endotherms of melting.
These peaks were observed in the thermograms of
the first heating only and tended shifting to lower
temperatures for the 5 : 1 and 2 : 1 blends compared
to the 1 : 1 complex. Although the crystallinity has
been really reported for stoichiometric polyelectro-
lyte complexes of perfect ladderlike structure,” this
is not the case for the system considered in our
study. As the WAXS data in Figure 14 demonstrate,
the samples of the polyelectrolyte blends, showing
high temperature endotherms in DSC thermograms
of the first heating, were fully amorphous. The X-ray
diffraction patterns of the gel phase of the 5: 1 and
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DSC thermograms of unplasticized 5: 1,2 : 1, and 1 : 1 PDMAEMA-co-MMA /BMA-PMAA-co-EA complexes

2 : 1 polybase—polyacid complexes in Figure 14 ex-
hibit an amorphous halo and the lack of sharp peaks
typical for crystalline polymers. The intensities of
the highest peaks in Figure 14 are comparable with
noise amplitude and show no correlation with suffi-
ciently great changes of enthalpy for the endotherms
at 137 and 128°C for the 5 : 1 and 2 : 1 blends in Fig-
ure 12 (enthalpy of endotherms (AH) = 14 and 20 J/
g, respectively). By this means, the most plausible
origin of the high-temperature endotherms in Figure
12 was the relaxation of the polyelectrolyte complex
structure, which occurred as the intermolecular
interactions fell off and the molecular mobility of the
polymer chains increased with the elevation in
temperature.
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TABLE III
Characteristics of DSC Heating Thermograms for the 5:1,2: 1, and 1: 1 PDMAEMA-co-MMA/BMA Polybase-
PMAA-co-EA Polyacid Complexes Obtained from the Sol and Gel Phases of Ethanol Solution in the Absence of

Plasticizer
First scan Second scan
Glass High-temperature Glass High-temperature
Polybase— transition peak transition peak

polyacid ratio T, (°C) AC, (J/gK) T (°C) AH (J/g) T, (°C) AC, (J/gK) T (°C)s AH (J/g)
5:1 Gel 81.8 0.70 137.0 14.3 929 0.38 — —

Sol 55.4 0.32 — — 464 0.28 — —
2:1 Gel 75.7 0.62 125.7 19.6 93.7 0.31 — —

Sol 472 0.51 — — 359 0.35 — —
1:1 Gel 72.1 1.16 — — 104.2 0.37 — —

Sol 35.5 0.28 77.5 422 404 0.17 — —

79.1 0.21

T = temperature.

It is widely believed that the structure and physi-
cal properties of polyelectrolyte complexes are
poorly reproducible because of the cooperative
mechanism of complex formation, impossibility to
provide complex dissociation at high temperatures
and a large number of variables that determine com-
plex formation. All of these properties are known to
be influenced not only by the relative molecular
weights and stereochemical fitting of polyelectrolyte
chains, charge densities, and so on but also by sec-
ondary experimental conditions such as the concen-
trations, the order of polyelectrolyte mixing, their
mixing ratio, ionic strength, pH, temperature of the
solution, and stirring rate. In this connection, it is
pertinent to note that experimental conditions of
complex preparation, accepted in present research,
make quite reproducible (with accuracy of 2-5°C)
the T,’s of the complexes of different compositions.
This was indirect evidence in favor of the uniformity
of the polyelectrolyte blends.

Phase-state diagram of the polybase—polyacid
blends

WMI study of polybase—polyacid mixing

The principles underlying the WMI technique have
been described in detail elsewhere.*>***! Briefly, this
technique uses information provided by evolving in-
terference fringe patterns of light transmitted
through a sample whose thickness varies gently
along the one axis and whose composition varies
perpendicular to that axis. Uniform samples exhibit
equally spaced interference fringes perpendicular to
the axis of increasing sample thickness, whereas the
composition gradients in the perpendicular direction
cause sharp bending and crowding of the fringes.
When all of the components of the polymer blend
are miscible, the composition gradient and fringe
density are large at early times, following the initial

confrontation at the interface, but later relax to a
uniform composition, with an associated parallel
fringe pattern. When some of the components are
immiscible, however, a sharp phase boundary
between the two polymer components will appear.

Figure 13 TEM microphotographs of the PDMAEMA-co-
MMA /BMA-PMAA-co-EA complex particles in the sol 70
: 30 (top) and gel 50 : 50 (bottom) phases.
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Figure 14 X-ray diffraction patterns of unplasticized 5 : 1 (left) and 2 : 1 (right) PDMAEMA-co-MMA /BMA-PMA A-co-
EA complexes in the gel phase. The relevant interplane distances (A) are indicated in the figure.

This phase boundary may block light transmission
and will show up as a dark band in the interfero-
gram. At equilibrium, parallel fringes are expected
on both sides of the interface, but fringe spacings on
the two sides will not be the same because of differen-
ces in the refractive index. Typical WMI interferograms
of the contact interface between the PDMAEMA-co-
MMA/BMA polybase and PMAA-co-EA polyacid at
the temperatures above and below complex melting
(172°C) are shown in Figure 15. At high tempera-
tures, the interference fringes had a smooth charac-
ter; this implied gradual changes in the refraction
index and blend composition throughout the inter-
diffusion zone and a transition from one polymer
component to another. The width of the transitional
zone increased continuously with the rise of obser-
vation time. Such interference patterns are typical
for miscible polymer systems.

At temperatures below 170°C (Fig. 15, bottom), the
interference images demonstrated phase separation
and the occurrence of a disperse phase formation along
the polybase-polyacid contact interface. This inhomo-
geneous transitional zone containing inclusions of dis-
perse phase was separated from both parent polymers
with distinct phase borders. The width of the transi-
tional zone increased nonlinearly with time, and the
moving of the phase boundaries gradually slowed
down. Such kinetics of interphase boundary moving
was most likely due to the chemical reaction of the pol-
yelectrolyte complex formation rather than the result
of interdiffusion of the polybase and polyacid compo-
nents along the gradient of their concentrations.

Clearly, the particles of the polyelectrolyte com-
plex were immiscible with both parent polymers
and formed a separate phase. The interference
fringes became straightened, and a jump of the
refraction index diminished as a result of the capture
of the polybase and polyacid phases with the par-
ticles of the formed polyelectrolyte complex. Under
elevation of temperatures higher 172°C, the phase
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boundaries and polyelectrolyte complex particles
vanished, and a jump of refraction index arose anew
and indicated the reversibility of phase transition
due to the melting of the polyelectrolyte complex.
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Figure 15 Typical microinterferograms of the contact
interface between the PDMAEMA-co-BMA/MMA poly-
base (left) and the PMAA-co-EA polyacid (right) at tem-
peratures above 170°C (top) and below 170°C (bottom). (I)
PDMAEMA-co-MMA/BMA polybase, (II) interdiffusion
zone, and (II) PMAA-co-EA polyacid. Lines A and B
denote the borders of the interdiffusion area. The circle in
the bottom interferogram indicates the area observed with
the electron microscope (see Fig. 17).
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Figure 16 State diagram of the polybase PDMAEMA-co-
MMA/BMA blends with the PMAA-co-EA polyacid. (I)
Mixture of the polyelectrolyte complex with the
PDMAEMA-co-MMA /BMA polybase. (II, III) Nonstoichio-
metric polybase—polyacid complex and (IV) mixture of the
nonstoichiometric complex with PMAA-co-EA polyacid.
The central zone is occupied by a stoichiometric polyelec-
trolyte complex of a ladderlike structure (T = temperature;
T,, = melting temperature).

Now, let us turn back to the Figure 12 data, where
DSC thermograms of the gel fraction revealed the
occurrence of high-temperature endotherms that
resembled endotherms of melting. Although the
WAXS data did not confirm the presence of crystal-
line phase (Fig. 14), in view of the optical microscopy
results obtained in the course of WMI examination
(Fig. 15, bottom), which demonstrated the melting of
the disperse phase of the stoichiometric polyelectrolyte
complex, we can now suppose that the high-tempera-
ture endotherm in the DSC scan was due to complex
dissociation at high temperatures. Actually, with the
rise of temperature, hydrogen bonds between the func-
tional groups in the polybase and polyacid macromo-
lecules became weaker and were eventually destroyed;
this resulted in the melting of the disperse phase of
the polyelectrolyte complex. The difference in the tem-
perature of the complex melting (172°C in interfero-
grams, shown in Fig. 15, bottom, and 120-150°C in the
DSC thermograms, presented in Fig. 12, left) could be
explained by the difference in the sample preparation
for the WMI and DSC studies. Although the samples
of the polyelectrolyte complex for DSC examination
formed in solution, those for WMI study were
obtained in melt above 172°C followed by cooling.

The characteristic feature of the microinterference
images presented in Figure 15 was a splitting of the
fringes due to a birefringence effect. The difference in
the refraction indices was not so large (0.003-0.004)
but was very reproducible. This effect occurs if the
structure of a material is anisotropic and implies an
ordered structure of the polyelectrolyte complex.
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State diagram of the blends of the PDMAEMA-co-
MMA /BMA polybase with the PMAA-co-EA
polyacid and suﬁmamolecular structure of the
solid-state polyelectrolyte complex

On the basis of the WMI data, a phase-state diagram
of the PDMAEMA-co-MMA/BMA - PMAA-co-EA
blends was constructed and is presented in Figure
16. In the vicinity of the 1 : 1 polybase-polyacid
composition, the blend was characterized by the
presence of stoichiometric complex of an ordered
ladderlike structure and fibrillar morphology (Fig.
13 bottom) with a melting temperature of about
172°C. To the left and right of the stoichiometric lad-
derlike polyelectrolyte complex area, the liquidus
lines were located, which separated the solid phase
of the nonstoichiometric complex from the liquid
(molten) phase of the nonstoichiometric complex
mixture with parent polymer components. Above
the liquidus curve, the area of the homogeneous sin-
gle-phase blends was located, and below this line, the
blends were inhomogeneous two-phase blends. These
heterogeneous blends revealed the morphology of a
matrix-inclusion type, where the disperse phase was
composed of the particles of the polyelectrolyte
complex.

To elicit the supramolecular structure of the polye-
lectrolyte complex formed in the solid state under
interfacial polybase—polyacid contact, Figure 17 illus-
trates the electron microphotograph made within the
area under the left branch of the liquidus line of the
PDMAEMA-co-MMA /BMA-PMAA-co-EA state dia-
gram, shown in Figure 16, and within the area
denoted by a circle, we present the microinterfero-
gram presented in Figure 15 (bottom). It was evident
that the disperse phase particles of the stoichiometric
ladderlike polyelectrolyte complex had a fibrillar
structure. These particles were incorporated into the

Figure 17 TEM microphotograph of the polyelectrolyte
complex supramolecular structure in the area under the
left liquidus line: (I) PDMAEMA-co-BMA/MMA polybase,
(IT) interphase contact zone, and (II) stoichiometric poly-
base—polyacid complex.
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continuous PDMAEMA-co-MMA/BMA  polybase
phase, and the border between the phases of the
complex and parent polybase was rather nonuni-
form; this resulted, most likely, from the growth of
the ordered complex phase. This behavior was in
good accordance with the mechanism presented pre-
viously of the polyelectrolyte complex formation.

CONCLUSIONS

The value of T, is an indicator of the ratio between
the energy of intermolecular cohesion and free vol-
ume of polymer blends. The growth of cohesion
results generally in the increase of T, value, whereas
the rise of free volume leads to the T reduction. The
blends of the PDMAEMA-co- MMA/ BMA polybase
with the PMAA-co-EA polyacid and TEC plasticizer
exhibited the occurrence of a single T,, notwith-
standing that only the 20 : 1 and 10 : 1 plasticized
polybase—polyacid blends were single phase,
whereas the blends of the polybase with higher
amounts of the polyacid displayed the signs of
microphase separation. The composition behavior of

T, in the PDMAEMA-co-MMA/BMA - PMAA-co-
EA blends with TEC plasticizer demonstrated a pre-
dominant contribution of a large free volume forma-
tion into the T, value. Within the framework of a
concept of polyelectrolyte complexation, the increase
of cohesion was a consequence of the formation of
the network of noncovalent interpolymer bonds,
whereas the free volume arose as a result of loop
formation. It was surmised that polyelectrolyte mix-
ing in the solid state or in concentrated solutions,
which led to polymer chain entanglements, favored
the formation of the loops of the polymer chains,
which were free of intermolecular bonding. The ioni-
zation of polyelectrolyte functional groups appreciably
affected the phase state of the unblended components
but had only an inappreciable impact on the T, behav-
ior in the polyelectrolyte blends. The measured T, val-
ues were fairly reasonably correlated with earlier
established mechanisms of molecular interaction in the
PDMAEMA-co-MMA/BMA - PMAA-co-EA - TEC
blends.”!

The phase state of the polyelectrolyte complexes
of a so-called scrambled egg structure in the sol frac-
tion and the ladderlike network complex in the gel
fraction were characterized with T,. The T, values
were always higher for the stoichiometric ladderlike
complex than for the nonstoichiometric polyelectro-
lyte complexes of the scrambled egg structure. This
fact was a direct confirmation that the intermolecu-
lar cohesion dominated the free volume in the lad-
derlike complex, whereas in the slightly crosslinked
complexes of scrambled egg structure, the free vol-
ume due to loop formation dominated the energy of
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intermolecular cohesion. When the polyelectrolyte
complexes were not separated by the filtration of
casting solution before dry blend preparation, the
scrambled egg complex formed a continuous phase
of lower Ty, whereas the finely divided particles of
the ladderlike complex in dispersed phase with
upper T, had microscopic sizes and did not show a
separate T, value. The supramolecular structures of
the nonstoichiometric and stoichiometric polyelectro-
lyte complexes were studied with electron micros-
copy. A nonstoichiometric scrambled egg complex in
the sol phase exhibited a lamellar structure, whereas
a stoichiometric ladderlike complex in the gel phase
formed a well-developed fibrillar network structure
that resembled a nanosized web.

A state diagram of the polybase-polyacid blends
revealed areas of partial component miscibility and
the formation of the complex of the scrambled egg
structure, which were separated by a field occupied
by the ladderlike polyelectrolyte complex of stoichio-
metric composition, which was immiscible with both
parent polymers at temperatures below 172°C. The
melting of the ladderlike complex and polybase-pol-
yacid miscibility above this critical temperature was
thought to result from the complex dissociation at
high temperatures when intermolecular hydrogen
bonds did not exist any longer.

The authors are thankful to Y. M. Korolev and E. M. Antipov
for WAXS measurements.
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