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ABSTRACT: Correlations have been established between
mechanisms of molecular interaction, the energy of inter-
molecular bonds, nanoscopic free volume, phase state, and
such macroscopic physical properties as linear and large-
strain viscoelasticity, relaxation, water-absorbing capacity,
and adhesive joint strength of pressure sensitive adhesives
based on nonstoichiometric polyelectrolyte complexes. The
polyelectrolyte complexes are formed by mixing of a poly-
base, copolymer of N,N-dimethylaminoethyl methacrylate
with methyl methacrylate and butyl methacrylate
(PDMAEMA-co-MMA /BMA), with a polyacid, copolymer
of methacrylic acid and ethyl acrylate (PMAA-co-EA) in
the presence of triethyl citrate (TEC) as a plasticizer. Rub-

ber-like elasticity and pressure sensitive adhesion of the
polyelectrolyte complexes on the macroscopic level have
been demonstrated to be the result of specific coupling of
such generally conflicting properties of polymer materials
as sufficiently strong intermolecular cohesion energy with
comparatively large free volume (vacant space between
neighboring macromolecules) at the nanoscopic scale.
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INTRODUCTION

Phase state and physical properties of polymer mate-
rials relate to their chemical structure.'™ If a quanti-
tative structure-property relationship (QSPR) is
explored, a number of fundamental physical charac-
teristics of polymers may be predicted from their
chemical structure.*” Numerous correlations have
been reported in literature between chemical struc-
tures of polymers,®® mechanisms of their molecular
interactions in blends’ on the one hand, and the
phase state of polymer composites on the other. In
turn, on a macroscopic scale the physical properties
of polymer materials are governed by their phase
state and, consequently, by the molecular struc-
ture.'" In particular, the examination of the rela-
tionship between rheological properties of polymers
and their molecular structure is the subject of a
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longstanding interest. During the past two decades,
the comprehension of this relationship has been con-
siderably improved, particularly owing to the devel-
opment of molecular-dynamics theories.'"” Theoreti-
cal models relating molecular structures and
dynamics to the macroscopic viscoelastic behavior of
polymers are of obvious academic interest. On the
other hand, careful experimental characterization of
the structure-viscoelasticity relationship is highly im-
portant for the industry of polymer materials.
Actually, processing of polymer materials as well as
their end-use performance properties are directly gov-
erned by their rheological behavior. By this means,
bridging a gap separating molecular and nanostruc-
tures of polymer materials with their macroscopic per-
formance properties is a problem of greatest funda-
mental and practical significance. In its turn, a
pathway from nanostructure toward macroscopic
properties of polymers passes through their phase
behavior and their microscopic physical properties.

While correlations between viscoelastic properties
and molecular structure of polymers is relatively
well explored and described in literature,'® there is a
lack in fundamental knowledge on similar relation-
ships linking molecular structures to pressure sensi-
tive adhesion of polymer composites.'”*
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From practical point of view, knowledge of the
QSPR is also of considerable importance for rational
design of new materials with tailored performance
properties. The final goal of our research is an inno-
vative molecular design method for rational devel-
opment of new pressure-sensitive adhesives (PSA)
with tailored performance properties, which can be
produced by blending of nonadhesive hydrophilic
functional polymers. The PSA are viscoelastic poly-
mer materials capable of forming strong adhesive
bonds with substrates of various chemical nature
under application of a slight pressure (1-10 Pa) over
a short contact period (1-2 s).*!

To establish polymer molecular structures responsi-
ble for pressure sensitive adhesion, in our recent
research® we employed the relationships between ad-
hesion and viscoelastic behavior of the PSAs, which
have been a subject of numerous investigations.?**>**

General characteristic feature of all the PSAs is
that they demonstrate large tensile deformations and
fibrillation of adhesive layer during debonding pro-
cess in the course of peel”*?> or probe tack tests.”*
These fibrils elongate up to a few hundred and even
thousands of percentages compared with the thick-
ness of intact adhesive layer. In this sense it is of no
wonder that direct relationship occurs between 180°
peel force (P) and uniaxial tensile stress—strain
behavior of the PSAs, which is described by eq. (1):
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where b and [ are the width and thickness of the ad-
hesive film, o and ¢ are the tensile stress and rela-
tive elongation, g, is the maximum elongation of the
film at the break, and k is a constant that takes into
account the contributions of backing film deforma-
tion and interfacial interaction between the adhesive
and the substrate. If we compare the peel adhesion
of various adhesives using the same backing film
and a standard high-energy substrate, we can accept
k ~ 1. Assuming further that the deformation of the
adhesive film in the course of both debonding and
uniaxial drawing follows the linear elastic law, the
eq. (1) can be written as:
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where the G, is the ultimate tensile strength and E is
an approximate tensile modulus of the adhesive ma-
terial. For the PSAs this is not a bad approximation
because they usually soften and then harden at
large strains. The eq. (2) is similar to the well-known
Kaelble equation®:

b-l.-c?
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where oy is a critical value of ultimate stress at a
fracture of PSA material under debonding from a
substrate with a fixed rate. The implication of the
similarity of egs. (2) and (3) is that the Kaelble eq.
(3) holds for any types of pressure sensitive adhe-
sives. Thus, the rule described by egs. (2) and (3) is
universal.

The eq. (2) relates adhesion to macroscopic large-
strain tensile properties of polymer materials. How-
ever, this equation can be easily modified to express
the peel adhesion (P), as an explicit function of the
relaxation time (1) and the self-diffusion coefficient
(D) of a PSA polymer chain segment. Indeed, let us
assume in the first approximation that a PSA repre-
sents a viscoelastic material that can be described
with a Maxwell model characterized with a single
apparent relaxation time (t) and a microviscosity (or
monomer-monomer friction coefficient of polymer
chain), n. Taking into account that according to the
Maxwell model E = 3n/1, we obtain:

T
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The viscosity of the Maxwell model can then be sub-
stituted by the classical Einstein expression™:

kT
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n
where N is a number of monomer units of size a in
a segment of polymer chain and D is the self-diffu-
sion coefficient of polymer segment. Substitution of
obtained values into the eq. (4) yields the eq. (6) that
relates adhesion to the microscopic (molecular
dynamic) properties of polymers:

a-D-t

P=b-l-—m o} (6)

where a represents now the size of polymer chain
segment, k is the Boltzmann constant, and T is
temperature.

Equation (6) is, of course, only qualitatively illus-
trative, because it makes many crude approxima-
tions including ignoring the existence of the spec-
trum of relaxation times. It is inappropriate for
quantitative calculations of peel force, because it
includes immeasurable terms like a (the size of the
diffusing polymer segment). Nevertheless, it predicts
qualitatively the significance of diffusion and relaxa-
tion processes (both of which require molecular mo-
bility) for the adhesive behavior of polymers when
their debonding is dominated by the formation of
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fibrils. Equation (6) was derived on the basis of the
analysis of the deformation contribution to peel ad-
hesion without resorting to the so-called diffusion
theory of adhesion, earlier offered by Voyutskii.”'
Thereby, the rheological approach based on the anal-
ysis of viscoelastic deformation of the adhesive ma-
terial under debonding process, has more universal
character than others mechanisms of adhesion, con-
sidered in Ref. *°.

According to the eq. (6), pressure sensitive adhe-
sion requires a coupling of high molecular mobility,
embedded by the high value of the self-diffusion
coefficient of adhesive polymer segment (D), with
long-term relaxation processes outlined by large val-
ues of the relaxation time (1), and a high cohesive
strength of adhesive polymer, expressed in the terms
of ultimate tensile stress at the break of the stretched
adhesive under uniaxial drawing (cy).

On a nanoscopic scale, high molecular mobility is
a manifestation of large free volume. A fundamental
quantity that underlies a high value of the self-diffu-
sion coefficient at molecular level is a fraction of free
volume (f,)**

D:A-exp[—B/fv] @)

where A and B are constants. The free volume is
defined as the unoccupied space, or vacancies, avail-
able for segmental motion and diffusion of polymer
chains. In such a manner, the eq. (6) bridges the gap
between macroscopic adhesive properties and nano-
structure of polymer materials.

A specific feature of all pressure sensitive adhe-
sives is that they should combine a high energy of
cohesive interaction with a large free volume. Most
commonly, strong cohesive interaction between mac-
romolecules causes a drastic decrease in the free vol-
ume, which explains why the pressure sensitive ad-
hesion is comparatively rare phenomenon.

Although both the diffusion coefficient and the
relaxation time are the measures of molecular mobil-
ity, they do vary in opposite directions under the
transition from glassy polymer to viscous liquid.
Indeed, the longest relaxation times are featured for
glasses, whereas low-molecular-weight liquids relax
almost instantaneously. In contrast, the lowest diffu-
sion coefficients are observed for glasses, whereas
the highest diffusion coefficients are observed in
liquids and gases. According to eq. (6), maximum
peel strength (P), relates to the maximum magnitude
of the (1 - D - op) product. Evidently, this product
achieves its maximum magnitude in a certain range
of values of relaxation time and diffusion coefficient,
which are intermediate between those inherent for
liquids and glasses. The materials coupling the prop-
erties of the liquids and the solids are in a visco-
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elastic state, which is why all PSAs are viscoelastic
materials.

A question arises: What magnitudes of diffusion
coefficient (D), relaxation time (1), and ultimate ten-
sile strength under uniaxial drawing of adhesive
films (o) are in favor of high adhesion? In the series
of our recent publications we have already consid-
ered the significance of high diffusivity”® and longer
relaxation times® > for high adhesion.

In accordance with egs. (6) and (7), pressure sensi-
tive adhesion is the result of specific balance
between high energy of intermolecular cohesion and
large free volume. Hence, to develop PSA rationally
we should identify the molecular structures that
meet these usually conflicting requirements.

As recent investigations in our group have shown,
mechanisms of formation of interpolymer and poly-
mer-oligomer complexes can underlie the molecular
design of new pressure-sensitive adhesives prepared
by blending of nonadhesive polymers and oligomers
bearing complementary functional groups at both
ends of their short chains.”’*” Mechanisms of molec-
ular interactions as well as energetic and geometric
characteristics of hydrogen bonds providing the for-
mation of polymer—oligomer complexes were the
subject of our recent research.*’ In next article of this
series we examined the effects of intermolecular
bonding on the phase state, mechanical properties
and adhesion of the PSAs based on the polymer—
oligomer complexes.*' At last, in the most recent ar-
ticle we analyzed the effects of intermolecular
hydrogen bonding and nanostructure on mechanical
and adhesive properties of the polymer—oligomer
complexes.*?

In polymer blends involving the formation of pol-
yelectrolyte complex between macromolecules of a
polybase and a polyacid, high cohesion strength is
provided by hydrogen, electrostatic, or ionic bond-
ing between macromolecules carrying complemen-
tary reactive groups in recurring units of their main
chains, whereas large free volume can result from
the occurrence of loops and other defects of supra-
molecular network structure. Although a consider-
able amount of research work has been performed
on the investigation of formation mechanisms and
properties of interpolymer and polyelectrolyte com-
plexes in solutions,**™? there is a lack of experimen-
tal data on the phase behavior of oppositely charged
polyelectrolyte blends in a solid state. Relationship
between mechanisms of molecular interactions in
the binary and ternary blends of polybase and poly-
acid with and without appropriate plasticizer, and
the phase state of polyelectrolyte blends involving
nonstoichiometric and stoichiometric polybase—poly-
acid complex formation have been considered in
details in two recent papers of our group.’**> Nano-
structure and free volume in the PSAs based on the
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nonstoichiometric polyelectrolyte complex are also
examined.”® In the present and concluding article of
this series we attempt to bridge a gap between nano-
structure, phase state and macroscopic, adhesive
and mechanical properties of PSAs based on solid-
state nonstoichiometric polyelectrolyte complexes,
and gain a molecular insight into adhesion and
viscoelastic behavior of these innovative PSAs. With
this purpose, here we first summarize the most im-
portant results of our earlier studies of intermolecu-
lar cohesion energies,® nanostructure,” and phase
state® of the PSAs formed in plasticized polybase—
polyacid blends. In order to establish the values of
intermolecular cohesion energy, the size and relative
fraction of the free volume, favoring good adhesion,
we then compare these data to adhesion, linear vis-
coelasticity, and large-strain tensile properties of the
polyelectrolyte complexes.

EXPERIMENTAL
Materials

As a polybase in this work we used the copolymer of
N,N-dimethylaminoethyl methacrylate (DMAEMA)
with methyl methacrylate (MMA) and butyl methac-
rylate (BMA) (PDMAEMA-co-MMA/BMA), molar
ratio = 2 : 1 : 1, molecular weight ~ 150,000 g/mol.
The polybase is commercially available from Rohm
Pharma GmbH (Darmstadt, Germany) as Eudragit®
E-100. As a polyacid, we employed a copolymer of
methacrylic acid (MAA) with ethyl acrylate (EA)
(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 Rohm GmbH, (Germany).
Another polyacid used in present research was a co-
polymer of maleic acid with methylvinyl ether (PMA-
co-MVE), molar ratio = 1 : 1, molecular weight
~ 1,980,000 g/mol, obtained as Gantrez S-97 BF from
ISP Corporation (Wayne, NJ). All the polymers were
used as received. Tackifier Regalite R9110 (glycerol
ester of tall oil rosin) was obtained from Hercules
(Wilmington, DE).

Preparation of polyelectrolytes charged to a prede-
termined degree of ionization of ionogenic groups
was provided by the treatment of their water—alco-
hol (50 : 50) solutions by aqueous solutions of HCI
(for polybase ionization) or NaOH (for ionization of
polyacid). With this purpose the amounts of HCI or
NaOH required for full ionization of the ionogenic
groups was measured in advance by means of
potentiometric titration. The degrees of polyelectro-
lyte ionization of 10 and 50% corresponded 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 con-
tained no protonated aminogroups. At the same
time, the degree of dissociation of the carboxyl
groups in initial PMAA-co-EA polyacid was 2.5-3%.

Plasticizers, employed in this work, were triethyl
citrate (TEC), tributyl citrate (TBC), acetyltriethyl ci-
trate (ATEC) and acetyltributyl citrate (ATBC),
obtained from Morflex (Greensboro, NC).

Preparation of experimental samples

The films of polybase—polyacid blends with and with-
out plasticizer were prepared by casting-drying
method from ethanol solutions. Required amount of
polybase was first dissolved in ethanol under vigor-
ous stirring (600-700 rpm) using a Cole-Parmer (Ver-
non Hill, IL) laboratory mixer (model 50002-25). Stir-
ring rate was then increased to 900-1000 rpm and the
PMAA-co-EA  polyacid was slowly step-by-step
added. This mixture was then kept stirred for 16 h
until a homogeneous solution was obtained. TEC
plasticizer was added to the polymer solution under
stirring on a magnetic stirrer. The total concentration
of polymers in ethanol averaged 38-40 wt %. Solu-
tions containing 20 : 1 and 10 : 1 polybase—polyacid
weight ratios were clear. Then they were cast onto a
poly(ethylene terephthalate) casting sheet (PEBAX-
600 from Arkema Inc., Philadelphia, PA). A uniform
thickness of the films was obtained by using the
BYK-Gardner film casting knife (AG-4300 Series, Co-
lumbia, MD) as described earlier.”” The wet film
thickness was 0.5 mm and the thickness of dry film
was 80-100 pm. The films were dried overnight at
ambient conditions (19-22°C). Upon drying, the films
were covered by the second sheet of the release liner.

For Probe Tack adhesion measurements, all the
PSA films of 100-110 pm in thickness were prepared
by casting their solutions onto glass slide previously
cleaned with ethyl alcohol, followed by drying at
60°C until constant weight was achieved (24-36 h).

For DMA measurements the unsupported PSA
films were prepared by casting the solutions onto
the Loparex PET siliconized release liner (Eden, NC)
of 50 pm in thickness.

Research methods

FTIR spectra

FTIR spectra of the films from the blends and parent
components were recorded within the range of
wavelengths 4000-400 cm ' using Bruker IFS-113v
and IFS-66 v/s spectrometers (Ettlingen, Germany)
with a resolution of 1 cm™' as earlier described.”
Four hundred scans were done for each spectrum.
Films used as specimens were cast on Si plates from
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15 to 20% ethanol solutions followed by drying for
24 h at ambient temperature. The thickness of dry
films was 10-15 pm. The spectra were treated using
GRAMS program (Microsoft) and OPUS (Bruker).

Quantum chemical calculations

Quantum chemical calculations™ were performed

with complete optimization of geometric parameters
by means of minimization of energy within the
frameworks of Chem Office 2004 using MOPAK
software. Evaluation of charges at the atoms and
interaction energy was performed with GAUSSIAN
semiempirical approach in DFT approximation.58

Free volume measurements

Positron ~ Annihilation Life-Time Spectroscopy
(PALS)>® was used to assess the number density and
size distributions of free-volume holes in polyelec-
trolyte complex PSA as a function of temperature.
For PALS measurements, the polymer films were
prepared by dissolving the mixture of polymers in
ethanol followed by casting the solution onto alumi-
num plates and drying for 2 days at ambient tem-
perature (20-22°C). Films were subsequently dried
for 7 days under vacuum at 28°C. PALS experiments
were performed using positron sources both by a
*Na-radioisotope and by a variable mono-energy 30
keV positron beam at the Kiel University (Germany).

Differential scanning calorimetry

Differential Scanning Calorimetry (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 isother-
mal annealing at this temperature and then heated
up to 220°C at a rate of 20°C min '. The DSC heat-
ing traces were measured with a Mettler TA 4000/
DSC 30 thermoanalyzer (Greifensee, Switzerland),
calibrated with indium and gallium. In the DSC
measurements the samples of 5-15 mg 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
avoid moisture condensation at the sensor. All
reported values of DSC thermograms are the aver-
age of replicate experiments varying less than 1-2%.

Potentiometric titration

Potentiometric titration was performed with Ecotest-
120 pH-meter, obtained from Econix (Moscow, Rus-
sia). For determination of gram equivalents of the
HCI and NaOH needed for complete ionization of
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polyelectrolytes, the polyelectrolyte analyte was first
dissolved in 1 : 1 mixture of ethanol with distilled
water and obtained 1% solution was then titrated by
0.2N HCl or 0.1N NaOH aqueous solutions. Titration
curves had a characteristic sigmoid shape. The sec-
tion of the curve that demonstrates the maximum
pH change marks the equivalence point of the
titration.

Adhesive properties

Adhesive properties were studied with probe tack
tests as earlier described®® using TA.XT.plus texture
analyzer from Stable Micro Systems (Godalming,
Surrey, UK) equipped with thermal chamber for
measurements at temperature above and below am-
bient. The probe tack test can be divided in two
stages. The first stage is compression where the flat
stainless steel probe of 4 mm in diameter penetrates
into adhesive film with constant rate of 0.1 mm s
and stops, when compressive bonding stress
achieves a value of 0.8 MPa. After 1 s of a contact,
the probe is detached from the adhesive layer at a
constant rate of 0.1 mm s '. Compliance of the
probe tack tester was 9.79 pm N .

The probe used in this test was a standard, cylin-
drical, polished stainless steel probe obtained from
Stable Micro Systems. The probe was cleaned with
acetone after each test. Such cleaning procedure was
adequate to obtain meaningful and reproducible
results. Force vs. time and displacement vs. time
curves were thus directly obtained from this test.

For each experimental condition, we carried out
three to five tests. The specific stress—strain curves
shown in this article are representative of one of
these individual tests while the mechanical parame-
ters such as the maximum stress G, and the maxi-
mum extension £m,,, are average values.

Rheological properties in the linear viscoelastic
regime

Rheological properties in the linear viscoelastic re-
gime were measured on a parallel plate Dynamical
Mechanical Analyzer DMA 861 from Mettler Toledo
(Greifensee, Switzerland).” The amplitude of shear
deformation was chosen to be in the linear regime of
the elastic modulus G’ over the whole range of tem-
peratures. This zone corresponded to a deformation
of 3 um. All DMA measurements were performed at
the temperatures ranged from —80 to 100°C and at 1

Hz frequency. The heating rate was 3°C min ™.

Tensile strain—stress behavior

Tensile strain-stress behavior of the polyelectrolyte
complex adhesive films was studied with the
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TA XT.plus texture analyzer at ambient temperature.
Dumbbell-shaped samples of the total length of 21
mm with a nip-to-nip distance of 10 mm were cut
from the films of 0.5-0.7 mm in thickness. The width
of a necked region was 5 mm. The tensile strength
of the samples was determined at fixed cross head
speed ranging from 10 to 100 mm min ', 10 N full
scale load. The nominal tensile stress was defined as
a stretching force normalized by the original cross-
section area of the sample.”” The ultimate tensile
strength being the maximum force applied (to break-
ing) divided by the cross-sectional area of the sam-
ple. Elongation at break is calculated by dividing the
distance that the crosshead of the tensile tester had
traveled to sample break by the original length of
the sample. All reported stress—strain curves were
reproduced in replicate experiments, varying less
than 10%.

Relaxation properties

Relaxation properties of the polyelectrolyte complex
were studied simultaneously with the evaluation of
probe tack adhesion at the conditions imitating ad-
hesive bond formation under compressive load as
earlier described.’® To evaluate the relaxation prop-
erties of adhesive material under bonding pressure
and adhesion the probe tack test is most appropri-
ate. The probe tack experiment was performed in
the way, when the probe tack test includes the relax-
ation of compressive stress during contact formation,
while the probe position (and material deformation)
remains fixed with contact time. In this case, the
probe test can be divided into three successive
stages.

The first stage is compression, when the flat cylin-
drical probe approaches the adhesive layer with a
constant velocity, penetrates 0.1 mm into its depth,
and then stops.

The second is the stage of relaxation, when the ad-
hesive material under the probe relaxes during the
predetermined contact time (we varied contact times
from 1 to 1000 s). If a shear strain is fixed and a
stress relaxation occurs, the relaxation process is
described by equation:

i=n

Gt = Geq + Z Giexp(—t/t) (8)
i=1

where G4 is the equilibrium relaxation modulus, t;
is the relaxation time and G; is the relaxation modu-
lus associated with .

The third stage is debonding, when the probe is
removed with a constant debonding rate of 0.1 mm/
s. Nominal stress (o,) and strain (g) curves are
obtained using the values of the initial film thickness

(ho) and the initial contact area (A): ¢ = F(t)/A and ¢
= (h(t) — ho)/ho.

Water-absorbing capacity

Water-absorbing capacity of the PSAs based on poly-
electrolyte complexes were evaluated in the terms of
swell ratio and sol fraction using gravimetric sol-gel
analysis. The swell ratio (o) was calculated according
to eq. (9):
S

o= mid’ (9)
where m; is the weight of the swollen sample and
my is the weight of the sample dry gel fraction. The
content of the sol fraction (S, %) was calculated with

eq. (10):

(mo — my)
mo

S= -100, (10)

where m, is the initial sample weight and m, is the
weight of gel fraction dried after swelling.

RESULTS AND DISCUSSION
Used terminology

In further description the following terminology will
be used in accordance with the definitions set out
below. The term “crosslinked” herein refers to a
composite material containing intramolecular and/
or intermolecular crosslinks, arising through nonco-
valent bonding of complementary functional groups
in polymer chains. Noncovalent bonding includes
both hydrogen bonding and electrostatic (ionic)
bonding between reactive functional groups in
recurring units of polybase and polyacid macromole-
cules. The term complex or interpolymer complex
refers to the association of macromolecules of two or
more complementary polymers that forms as a result
of favorable interactions between their macromole-
cules. The term ladder-like defines the complex or
the mechanism of complexation leading to the asso-
ciate of complementary macromolecules, wherein
specific interaction occurs between the complemen-
tary functional groups in the repeating units of poly-
meric backbones. Because of entropic reasons, func-
tional groups are linked together not separately but
in a cooperative manner, thus forming relatively
long sequences of tough interchain bonds. The sche-
matic structure of such complex resembles a ladder.
Therefore, in polymer science literature this type of
complexes is frequently referred to as “ladder-like”
polycomplexes.*>*>#6536061 Tn general, the interpoly-
mer complex between the film forming polymer and
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the ladder-like crosslinker is formed by hydrogen
bonding, electrostatic bonding, ionic bonding, or
their combination. The ladder-like complexes are
crosslinked due to specific interactions between reac-
tive groups in complementary macromolecules and
thus represent "networks". In the context of present
description the term "network" is used interchange-
ably with the term "complex”, but refers more specif-
ically to the supramolecular structure of the interpol-
ymer complex.

In the PSAs based on polyelectrolyte complexes,
the same polymer component may be used as either
the film-forming polymer (FFP) or as the ladder-like
noncovalent crosslinker (LLC) since both the FFP
and LLC represent the same class of functional poly-
mers, which bear reactive groups, capable to hydro-
gen, electrostatic or ionic bonding in the repeating
units of polymer backbones. Their function and role
in the composition will be determined by the
amount of polymer component presented in the
blend. Here the component is present in the greatest
quantity functions as the film-forming polymer, i.e.,
the difference between FFP and LLC is an issue of
their concentration. While the predominant compo-
nent is typically referred to as the film-forming poly-
mer, the minor component is referred to as the lad-
der-like noncovalent crosslinker. Thus, for the
purposes of the PSA materials based on polyelectro-
lyte complexes, it is not critical what polymer—poly-
base or polyacid—serves as the major FFP, and what
serves as the LLC. Nevertheless, it must be noted
that in present research the FFP is always polybase
(PDMAEMA-co-MMA /BMA), whereas the LLC is
polyacid (PMAA-co-EA).

The energies of intermolecular bonds in polybase-
polyacid blends with and without plasticizer

As has been shown in the first paper of this series,”*
FTIR-spectroscopy allows identification of interact-
ing functional groups in the polyelectrolyte
PDMAEMA-co-MMA /BMA—-PMAA-co-EA  blends.
To evaluate the structure and formation energies of
the variety of interpolymer complexes that involve
both hydrogen and ionic bonding, quantum chemi-
cal calculations have been performed. The results of
quantum chemical calculations facilitate appreciably
the interpretation of FTIR-spectra. Thus, they pro-
vide an explanation for the width and indented pro-
file of several bands in FTIR-spectra indicating that
this effect results from a variety of complex struc-
tures and proximity of interaction energies between
the same functional groups of complementary mac-
romolecules. Comparison of the molecular mecha-
nisms of polybase—polyacid interaction on the values
of complexation energies gives an insight into most
energetically favorable interaction mechanisms
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between complementary functional groups of the
polymers in blends.

According to the quantum analysis of more than
300 polyelectrolyte complex structures examined in
our study,’ the energy of ionic and hydrogen bond-
ing diminishes in the order: Multicomponent com-
plexes involving protonated aminogroup of
DMAEMA (ammonium cation) in the presence of
chlorine counterion with ionized or unchanged car-
boxyl groups and water molecules (690-520 kJ/mol)
> Ternary H-bonded acid-base complexes associated
with molecule of water (520-420 k] mol™') > Binary
ionic complex of carboxylate anion and ammonium
cation (404 k] mol™") > Hydrogen-bonded complex
of carboxylate and ammonium ions (257 kJ mol ') >
Binary H-bonded complex of uncharged carboxyl
group with ammonium cation (114 kJ mol ') > Ter-
nary H-bonded complex of uncharged carboxyl
group, aminogroup and water molecule (43 kJ
mol~') > Binary H-bonded complex between non-
ionized carboxyl and amino groups (26 k] mol ). In
this way, the ionic complexes formed with participa-
tion of charged polyelectrolyte functional groups
(ammonium cation and carboxylate anion) are in 16—
4 times more energetically favorable than the strong-
est H-bonded complexes of uncharged complemen-
tary polybase and polyacid groups. The examples of
structures and energies of most typical polyelectro-
lyte complexes are presented in Table I. These ener-
gies control both the phase state and cohesive
strength of the PSAs based on the polyelectrolyte
complexes.

The PSAs based on polyelectrolyte complex repre-
sent a new generation of water-absorbing adhesive
materials. For this reason, the structures including
water molecules, associated with polymer functional
groups, were also taken into consideration in the
course of quantum chemical analysis. As it follows
from Table I, molecules of absorbed water are not
competitors but rather helpers for the formation of
stable,  energetically  favorable polyelectrolyte
complexes.”*

Proton-donating capability of functional groups in
the studied polyelectrolyte blends diminishes in the
order: HN*(CH3),” > HOOC™ > HO". The proton-
donating capacity can be significantly improved in
the presence of CI” ions, the effect of which may be
appreciably inhibited if Na* cations are present in
the solution. Proton-accepting capability weakens in
the order: Uncharged aminogroup > Carboxylate
anion > Uncharged carboxyl group > Hydroxyl
group.™

The functional groups in our model PDMAEMA-
co-MMA /BMA —PMAA-co-EA system are typical of
variety of polyelectrolytes that motivates fundamen-
tal significance of obtained results for the science of
polyelectrolyte complexes.
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Comparative Strength of Ionic and Hydrogen Bonding Between Amino Groups of Polybase, Carboxyl Group of
Polyacid, and Hydroxyl Group of Plasticizer

Complex Formation
Complex type structure energy, kJ/mol
Complex of uncharged carboxyl group with R 689.46
two ammonium cations and chlorine =0
counterion ?
H
| 31{"0"'11\1}‘
ax o,
1 CH3
Ternary complex of wuncharged carboxyl CHsl CH 650.23
group, ammonium cation and water in the 2.68A N:R
presence of chlorine counterion 2,313‘”]{ :-33 !
A
R-C S
~O0-H"2558
Oy
H
Hydrogen bonded complex of carboxylate CH; CH 644.02
anion and ammonium cation, R—C- N aae
stabilized with chlorine counterion oxita: @
~1.32 Rl
cr
Ternary charge transfer complex of ionized CH 593.06
carboxyl group, ammonium R— 0.98 251_{ /CH3
cation and water g N
f2.84 R
1
O~H
H
Ternary H-bonded complex of ammonium cat- O CH . CH 524.04
ion with carboxylate anion and water in the R—C" N
: : < 217 3BN—
presence of chlorine counterion nt /1 o4 R
3162 0] -
0.
/
W H
Ionic complex of carboxylate and ammonium /0 CH;3 404.36
counterions R—({\;) IN-R
" CH3
H-bonded complex of carboxylate and ammo- /O +,CH3 257.50
nium ions R—C_. N— CH3
(0] ""I‘I/ R:
Ternary complex of wuncharged carboxyl o 152.43
group, ammonium cation and water 2.18A (‘)
’ O-an/
R- ~H3
0 ...H—j'N\R1
o
3.07A ol
H-bonded complex of uncharged carboxyl . /CHs 114.00
group with ammonium cation R—C/\ JH N\‘R1
\H Cl'Is
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TABLE 1. Continued

Complex Formation
Complex type structure energy, kJ/mol
Complexes of carboxyl group and carboxylate /0 (0] 89.91
anion R—C \\C—R
« -
O-H-§
2,126 A
R_C//O b\ 7351
C-R
“0-H-10%
1.970A
H-bonded TEC complex with carboxyl group R'O(0)CCH, H 47.57
' —C— N R
R'O(0)C—C O\H-“ 6\(":/
R'O(0)CCH, (0
Ternary complex of uncharged carboxyl C//O o CH 42.89
group, aminogroup and water R/O \_ 2.353A7 R3
2.12A/0_H"_ N-%
H CH;
|
(0]
~H
H-bonded complex between uncharged amino //0 26.2
and carboxyl groups R—C\ H;
on™~ 1:'1\ R
(H3
H-bonded complex of TEC with aminogroup R'O(O)CCH, g CH; 19.73
/ e/
R'O(0)C—C— N—R;

R'O(0)CCH, éH3

Impact of intermolecular cohesion on free
nanovolume in polyelectrolyte complex PSAs

As has been noted above, strong intermolecular
cohesion and cooperative mechanism of interpoly-
mer polyelectrolyte complex formation lead to dras-
tic decrease in the distance between neighboring
complementary macromolecules and therefore to the
free volume reduction. Hence, in order to reconcile
the strong intermolecular bonding with large free
volume, that is prerequisite of pressure sensitive ad-
hesion,”* special technological practice should be
applied. Figure 1 presents schematic illustration of
such methods.

As schematically shown in Figure 1, in blends of
complementary polymers including the formation of
interpolymer complexes, high cohesion energy can
be provided by the formation of intermolecular
hydrogen, electrostatic, or ionic bonds, crosslinking
the FFP chains into three-dimensional network struc-
tures.”® Cohesive strength of the network is

Journal of Applied Polymer Science DOI 10.1002/app

controlled by the number and strength of interchain
junctions. Two kinds of junctions may be distin-
guished. Junctions A represent the ladder-like
sequences of interchain bonds, and their strength
depends on the energy and amount of these bonds,
i.e., on the length of the ladder-like bond sequences.
Junctions B emerge owing to physical entanglements
of long FFP macromolecules in the blend. Their
amount and strength are affected by the FFP concen-
tration in blend and the length of the FFP chains.
Free volume in interpolymer complexes, along with
other defects of the supramolecular network struc-
ture, can be produced by loops (C) of unbonded
macromolecular chains (Fig. 1). The size and amount
of loops, or the conversion degree in cooperative
chemical reaction of interpolymer complex formation
in solid phase, are governed by the content and the
strength of polymer chain entanglements B. Thus,
we can more likely expect that the free volume in
polyelectrolyte blends will be rather provided by the
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Figure 1 Schematic presentation of non-covalently cross-
linked network structure of interpolymer complexes. A:
Noncovalent crosslinks consisting of sequences of hydro-
gen, electrostatic or ionic bonds formed between functional
groups in monomer units of complementary macromole-
cules. B: The entanglement junctions of long polymer
chains and C are the loops consisting of the segments of
macromolecules free of interpolymer bonding.”

specific features of polyelectrolyte PSA preparation
method, than as a result of interpolymer bonds cohe-
sion energy.

Really, as our most recent data of PALS measure-
ments have shown,”® the value of hole free volume
for the polyelectrolyte complex PSA at 20°C has
been found to be 179 A® (x2 A3), whereas for others
typical PSAs it ranges from 145 to 183 A® (=2 A®).
Thus, in spite of the fact that the intermolecular
cohesion energy of the polyelectrolyte complex PSA
is essentially higher, than for other typical represen-
tatives of the PSA family, the behavior of free vol-
ume quite conform to the values which are observed
for typical PSAs of other chemical compositions.

Phase state of polyelectrolyte complex PSAs as
function of intermolecular cohesion and free
nanovolume

As has been shown in the second article of this se-
ries,”® the value of glass transition temperature (Ty)
is an important indicator of the ratio between the
energy of intermolecular cohesion and the free vol-
ume of polyelectrolyte blends. The growth of cohe-
sion results generally in the increase of T, value,
while the rise of free volume leads to the T, reduc-
tion. The blends of PDMAEMA-co-MMA /BMA pol-
ybase with PMAA-co-EA polyacid and TEC plasti-
cizer exhibit occurrence of a single glass transition
temperature, notwithstanding that only 20 : 1 and 10
: 1 plasticized polybase—polyacid blends are single-

phase, whereas the blends of the polybase with
higher amounts of the polyacid LLC display the
signs of microphase separation. The composition
behavior of the T, in PDMAEMA-co-MMA/BMA
blends with PMAA-co-EA and TEC demonstrates
predominant contribution of a large free volume for-
mation into T, value. It is surmised that polyelectro-
lyte mixing in a solid state or in concentrated solu-
tions, which leads to polymer chain entanglements,
favors the formation of the loops of polymer chains,
which are free of intermolecular bonding.

Ionization of polyelectrolyte functional groups
affects appreciably the phase state of unblended
components but has only inappreciable impact on
the T, behavior in the blends. Measured T, values
are in fairly reasonable correlation with earlier estab-
lished mechanisms of molecular interaction in the
PDMAEMA-co-MMA /BMA blends with PMAA-co-
EA and TEC as a plasticizer.”*>

Mixing the polybase with the polyacid in solution,
in vicinity of 1 : 1 concentration ratio, results in for-
mation of a sol and gel fractions. The sol fraction con-
sists predominantly of the nonstoichiometric complex
of so-called “scrambled egg” structure. In contrast,
the gel fraction represents the stoichiometric ladder-
like network polyelectrolyte complex. The T, values
are always higher for the stoichiometric ladder-like
complex than for the nonstoichiometric polyelectro-
lyte complexes of the “scrambled egg” structure. This
fact is a direct confirmation that intermolecular cohe-
sion dominates free volume in the stoichiometric lad-
der-like polyelectrolyte complex, while in the
slightly crosslinked nonstoichiometric complexes of
“scrambled egg” structure, the free volume dominates
the energy of intermolecular cohesion due to loop for-
mation. When the stoichiometric and nonstoichiomet-
ric polyelectrolyte complexes are not separated by the
filtration of casting solution prior to dry blend prepa-
ration, the “scrambled egg” complex forms continu-
ous phase of lower T,, while the finely divided par-
ticles of the ladder-like complex in dispersed phase
with upper T, have microscopic sizes and do not
show separate T, value. Supramolecular structures of
nonstoichiometric and stoichiometric polyelectrolyte
complexes have been studied with electron micros-
copy. Nonstoichiometric “scrambled egg” complex in
sol phase exhibits lamellar structure, while stoichio-
metric ladder-like complex in gel phase forms well-
developed fibrillar network structure that resembles a
nanosized web.”

State diagram of polybase—polyacid blends reveals
the areas of partial component miscibility and the
formation of the nonstoichiometric complex of
“scrambled egg” structure, which are separated by a
field occupied by the ladder-like polyelectrolyte
complex of stoichiometric composition that is immis-
cible with both parent polymers at temperatures
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Figure 2 Temperature behaviors of the storage modulus
G, loss modulus G” and tan $ for the PSA based on plasti-
cized polyelectrolyte complex. The PSA represents 20 : 1
polybase—polyacid blend with 45 wt % TEC plasticizer.
Reference deformation frequency is 1 Hz.

below 172°C. Melting of the ladder-like complex and
polybase—polyacid miscibility above this critical tem-
perature is thought to be result from the complex
dissociation at high temperatures, when intermolec-
ular hydrogen bonds do not exist any longer. The
plasticized polybase—polyacid blends of 20 : 1 and 10
: 1 concentration ratios, demonstrating pressure sen-
sitive adhesion, relate to the area of the phase dia-
gram which corresponds to the nonstoichiometric
polyelectrolyte complex of the “scrambled egg”
structure. The stoichiometric ladder-like polyelectro-
lyte complex in the blends of 1 : 1 polybase—polyacid
composition ratio with plasticizer exhibits no
adhesion.

Linear viscoelastic properties of the
polyelectrolyte PSAs

Let us consider now macroscopic physical properties
of the polyelectrolyte PSAs. As DMA data demon-
strate in Figure 2, glass transition of the polyelectro-
lyte complex based PSA occurs at —35°C. At this
temperature the loss modulus curve (G”) reveals a
maximum and the curve of storage modulus (G)
shows an inflection point. Loss tangent peak (tan &
= 1.13) is observed at 6°C. Distinctive feature of
PEC-based PSA is a lack of viscoelasticity plateau.
This behavior is explicable, because with an increase
in temperature the interpolymer bonds, forming
three-dimensional noncovalent network, become
looser and finally break. Accordingly, the blend
transforms into fluid state.

As seen from Figure 2, the storage modulus
achieves the values below 0.1 MPa at temperatures
above 40°C. According to well-known the Dahlquist
criterion of tack, within this particular temperature
range we can expect the best adhesive properties of
the polyelectrolyte blends. The Dahlquist criterion
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stipulates that the shear elastic modulus G’ at bond-
ing frequency of 1 Hz must be lower than 0.1 MPa
for an adhesive layer to be able to form a good ad-
hesive contact with a substrate within the contact
time of 1-5 s and, consequently, to exhibit good ad-
hesive strength.62 At ambient temperatures, the con-
tribution of the energy of intermolecular cohesion in
the polyelectrolyte complex dominates that of the
free volume. Elevation of temperatures leads to loos-
ing of noncovalent bonds, shifting the balance
between cohesion strength and free volume towards
domination of the latter, and creates conditions
favoring the pressure sensitive adhesion. Tempera-
ture relationship of probe tack adhesion in the poly-
electrolyte complexes is considered in section “Tem-
perature Relationship of Adhesion” of this article.

Large-strain tensile properties of the
polyelectrolyte PSAs

The PSAs based on polyelectrolyte complexes contain
three obligatory components: the film-forming poly-
mer (FFP, which is the polybase PDMAEMA-co-
MMA/BMA in our particular case), its noncovalent
ladder-like crosslinker (LLC, PMAA-co-EA polyacid)
and plasticizer (TEC). As it is noted above, direct cor-
relation occurs between adhesion and large-strain ten-
sile properties of the PSAs. In this way, consideration
of the tensile behavior of the PSA allows us to estab-
lish and illustrate the role and function of each com-
ponent in the polyelectrolyte blend. Since stretching
is the main type of deformation of PSAs during adhe-
sive joint failure,”**%° the study of the mechanical
characteristics of polymer materials during the uniax-
ial drawing to break is of utmost importance.

As is seen from Figure 3, the stress—strain curve
for the binary blend of the FFP (polybase) with 25

20
o FFP+LLC+25 % TEC
&
= L0
D‘r.'
0.5 -
FFP + 25 % TEC
0.0 L e e . i T '_|\' T
1 2 3 4 £ 6 T 8
e

Figure 3 Nominal stress—strain curves for uniaxial draw-
ing of the mixture of FFP with 25 wt % TEC plasticizer
and the nonstoichiometric polyelectrolyte complex
([FFP]:[LLC] = 10 : 1) plasticized with the same amount of
TEC. Drawing rate is 20 mm/min.
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Figure 4 Effect of plasticizer concentration on tensile
stress—strain curves of polyelectrolyte blends (FFP/LLC =
10/1). TEC content is indicated. Drawing rate is 20 mm/min.

wt % plasticizer is typical for the deformation of
viscoelastic liquids, such as entangled linear macro-
molecules and noncrosslinked rubbers. The incorpo-
ration of even small amounts of the polyacid
(PMAA-co-EA; polybase : polyacid = 10 : 1) causes
dramatic changes in the type of deformation and in
the profile of the curve. This type of extension
becomes typical for densely crosslinked rubbers. In
this case, the breaking strength of the films grows
by a factor of 6.6, while the maximum elongation
decreases by a factor of 4.3. The ultimate stress at
fracture is a direct measure of the cohesive strength
of the deformed material, whereas the maximum
elongation at break is proportional to the content of
free volume, as measured by positron annihilation
spectroscopy.42

Our experimental data show that the polyacid in
the blend with polybase plays the role of the nonco-
valent ladder-like polymer crosslinker (LLC),
thereby increasing the cohesive strength of the mate-
rial and decreasing its free volume.

Figure 4 illustrates the effect of the plasticizer con-
tent on the tensile stress—strain curves of the polye-
lectrolyte blend. The stress—strain curves for the
blend under study are similar in shape to the corre-
sponding curves for lightly crosslinked elastomers,
among which are all PSAs. This is manifested by
high ultimate strains (g;) typical for rubbers, as well
as the occurrence of ductile or “plastic flow” regions
characteristic of plastic deformation. As has been
earlier shown under phase state study of the polye-
lectrolyte complexes,” TEC is a good plasticizer of
PDMAEMA-co-MMA /BMA blends with PMAA-co-
EA. This conclusion is now confirmed by the analy-
sis of tensile stress—strain curves. With an increase in
the concentration of plasticizer, the ultimate tensile
strength and the work of viscoelastic deformation to
break (the area under the stress—strain curve)

decrease, whereas the maximum elongation
increases. Pertinently to remind once again, that
both former values are the indirect measures of
cohesion strength, whereas the latter relates directly
to the content of free volume.*?

In this manner, varying the composition of FFP-
LLC blends with plasticizer provides easy tuning of
mechanical properties. The ultimate strength and
ductility of the blends are such that they can be use-
ful in many practical applications.

Alternative tool to manipulate tensile properties of
the nonstoichiometric polyelectrolyte complex PSA
is varying the drawing rate. As follows from com-
parison of the tensile stress—strain curves (Figs. 4
and 5), the effect of increase in plasticizer concentra-
tion is equivalent to the effect of decrease in stretch-
ing rate. The effect of deformation rate is a manifes-
tation of the contribution of relaxation to large strain
mechanical properties and adhesion of the polyelec-
trolyte PSA, which is considered in following sec-
tions of this research article. The relationship
between adhesion and relaxation properties of the
PSAs follows from eq. (6) presented in Introduction.

Adhesion of the PSAs based on nonstoichiometric
polyelectrolyte complexes

Impact of PSA free volume and cohesion strength on
Probe Tack curves

In development of novel PSAs, Probe Tack Test is a
most informative and highly illustrative tool that
enables not only characterizing an adhesive joint
strength, but also gaining a qualitative insight into
relative contributions of the cohesive molecular
interaction energy (E;) and the free volume (f,) to
adhesion. As E. contribution dominates that of f,,
Probe Tack curve has a shape illustrated in Figure 6
by the Curve 1, which is typical for debonding of
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28] 100 mmimin
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Figure 5 Effect of drawing rate on tensile stress—strain
curves of 10 : 1 PDMAEMA-co-MMA /BMA-PMAA-co-EA
complex containing 45 wt % TEC plasticizer.
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Figure 6 Typical Probe Tack curves for solid-like PSA
(high E/f, ratio; Curve 1), liquid-like adhesive (low E/f,
ratio; Curve 2) and the PSA with optimized adhesion
(intermediate value of E /f, ratio, Curve 3).

solid-like PSAs. This curve is characterized by a
sharp maximum at rather low strains and a very
small area under the stress—strain curve. Adhesive
joint failure in this case proceeds through interfacial
crack propagation between the probe and adhesive
film surface and is called “adhesive debonding.”’

At the other extreme, as the f, prevails, Probe
Tack curve has a view shown by the Curve 2 (Fig.
6). This type of adhesive joint failure is characteristic
feature of fluid PSAs,***> which demonstrate compa-
ratively low cohesion strength, indicated by lower
peak of debonding stress (o), coupled with relatively
high value of elongation (¢). In this case, the adhe-
sive joint breaks by the cohesive fracture within the
bulk of adhesive layer, and the debonding process is
governed by viscous flow. This type of debonding is
also called “cohesive debonding,” where some resi-
dues of adhesive are left on the probe at the end of
the test.

In between these two cases, when high E. is prop-
erly equilibrated with large f,, the area under Probe
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Tack curve, defined as the practical work of adhe-
sion, achieves its maximum value. Debonding pro-
ceeds via cavitation and fibrillation of adhesive
layer, which are typical for the PSAs with optimized
adhesion (Curve 3 in Fig. 6). The curve shows a
peak of debonding stress followed by a more or less
pronounced plateau. The curve finally ends up by a
gradual or sharp decrease of detaching force to zero.
Detachment in that case occurs at the interface
between the probe and the adhesive layer.”” No
macroscopic residue occurs on the probe at the end
of the test. When material strain-hardening in fibrils
is observed just before the final detachment, the
Probe Tack stress—strain curve can demonstrate a
slight increase in the stress or a second peak.

Effect of noncovalent polymer crosslinker

The probe tack profiles (Fig. 7) are informative on
the mechanism of debonding process. The PSAs are
known to couple the properties of liquid-like and
solid-like materials and the shape of the stress—strain
curves illustrates qualitatively this dualism. In probe
tack curves, the liquid-like behavior relates to the
material capability of developing very high values of
maximum elongation (¢ ~ 10-40) under compara-
tively low levels of applied detaching stress (less
then 0.1 MPa). In contrast, solid-like behavior is evi-
dent when debonding occurs at relatively small val-
ues of maximum elongation (¢ < 1) and is provided
by high values of debonding stress.

Figure 7 illustrates the effect of LLC on probe tack
curves of the polyelectrolyte complex at two concen-
trations of plasticizer 25 and 35 wt % TEC. As fol-
lows from the curves (Fig. 7), the ladder-like nonco-
valent cross-linking of FFP (PDMAEMA-co-MMA /
BMA polybase) with LLC (PMAA-co-EA polyacid)
results in a dramatic change in debonding mecha-
nism, from that typical of liquid PSAs (observed for

06| FFC:LLC=20:1 b
W=92 Jim’
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w
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Figure 7 Probe tack curves of the PDMAEMA-co-MMA /BMA polybase (FFP), and its polyelectrolyte complexes with
LLC (polyacid, PMAA-co-EA). FFP:.LLC = 20 : 1 and 10 : 1. The rate of probe detachment is 0.1 mm/s. Corresponding val-
ues of the practical work of adhesion (debonding energy) are indicated in the Figure. A: 25 wt % of TEC plasticizer. B: 35

wt % of TEC plasticizer.

Journal of Applied Polymer Science DOI 10.1002/app



POLYELECTROLYTE COMPLEX BASED PRESSURE-SENSITIVE ADHESIVES 461

0.5

Stress, MPa

Figure 8 Effect of triethyl citrate concentration on the de-
formation mechanism of the adhesive layer in the 10 : 1
polyelectrolyte complex of PDMAEMA-co-MMA/BMA
with PMAA-co-EA. The rate of probe detachment is 0.1
mm/s. The TEC concentrations are indicated in Figure.

plasticized FFP) to more elastic and solid-like, fea-
tured for ternary PDMAEMA-co-MMA /BMA blends
with PMAA-co-EA and TEC. Such LLC behavior,
observed also on the data of tensile test (compare
Figs. 7 and 3), implies the domination of intermolec-
ular cohesion over the free volume (Fig. 6).

In Probe Tack curves, the stress peak relates to the
cavitation of the adhesive material under detaching
tensile force.**”*® The major factor providing dissi-
pation of a great amount of energy in the course of
debonding of PSAs is the fibrillation of the adhesive
layer, which is observed by the appearance of a pla-
teau on stress—strain curves. Adhesive joints of solid
adhesives fail predominantly via the mechanism of
cavitation that is not followed by fibrillation. The
typical shape of their probe tack stress—strain curves
is a symmetric peak. In the probe tack experiment,
the maximum stress is generally considered as a
measure of tack, the value of plateau stress charac-
terizes the cohesive strength of fibrils, and the area
under the stress—strain curve relates to the total
amount of mechanical energy needed for adhesive
bond failure. In this way, the value of practical work
of adhesion (W) is a measure of adhesive strength.

As illustrated in the Probe Tack curves [Fig.
7(ab)], a binary blend of PDMAEMA-co-MMA/
BMA containing 25 and 35 w/w% of plasticizer TEC
and no polyacid cross-linker is a tacky liquid that
debonds cohesively at relatively high values of elon-
gation, leaving significant amount of adhesive at the
surface of the probe. The higher the TEC concentra-
tion, the more the PSA is liquid-like that is obvious
from the values of maximum adhesive layer stretch-
ing in the point of debonding, emax. At 35 wt % TEC
in blend, mixing the FFP with complementary LLC
in the ratios of [FFP];[LLC] = 20 : 1 and 10 : 1 leads
to an immediate change in the debonding mecha-

nism from cohesive to adhesive. Ladder-like cross-
linking of FFP decreases the work of debonding
from 126 to 92 and 31 ] m 2, respectively. The 20 : 1
nonstoichiometric polyelectrolyte complex demon-
strates the better balance between elastic and plastic
behaviors. Although debonding energy is somewhat
decreased as compared with uncrosslinked FFP, this
lightly crosslinked PSA exhibits adhesive type of
debonding. Further increase of the LLC concentra-
tion results in following decrease of both maximum
debonding stress and adhesive layer stretching.
Thus, domination of the cohesion interaction over
free volume space is produced by the ladder-like
cross-linking of FFP, which affects the adhesion
properties.

Effects of plasticizers and tackifier

As is seen from Figure 8, upon introduction of plas-
ticizer into the PDMAEMA-co-MMA /BMA-PMAA-
co-EA  polyelectrolyte complex, the deformation
mechanism typical of solid adhesives (25 wt % TEC)
changes to that inherent to viscoelastic adhesives.
With an increase in the plasticizer concentration, the
maximum stress of debonding grows, passes
through a maximum at 3545 wt % TEC, and finally
declines (Fig. 9). The appearance of the plateau in
the Probe Tack curves indicates the contribution of
adhesive layer fibrillation. The maximum elongation
of fibrils tends to increase with an increase in the
plasticizer content (Fig. 9). As it has been recently
shown in** for a PSA based on polymer—oligomer
complex of high-molecular weight poly(N-vinyl pyr-
rolidone) with short-chain poly(ethylene glycol), the
value of maximum stretching of adhesive layer in
the course of debonding process increases linearly
with the increase of free volume content. The work
of adhesive joint failure passes through a maximum
at 50-55 wt % of plasticizer (Fig. 10). At the same
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Figure 9 Impact of plasticizer concentration on the val-
ues of maximum debonding stress (Gmax) and maximum
adhesive layer stretching (emax) for the PSAs based on 10 :
1 polyelectrolyte complex.
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Figure 10 The practical work of adhesion as a function
of TEC concentration in FFP:LLC = 10 : 1 polyelectrolyte
complex.

time, the Probe Tack curve obtained for the blend
containing 50 wt % of plasticizer suggests the adhe-
sive type of adhesive joint failure and indicates that,
for the blend containing 60 wt % TEC, detachment
of the adhesive layer from the steel probe surface
proceeds according to the cohesion mechanism. The
adhesive bond failure in the Probe Tack curves man-
ifests as a sharp drop of the debonding stress,
whereas the cohesion mechanism is characterized by
a gradual decrease in the stress of probe debonding
in the final section of the curve (Fig. 8).

As it is clear from Figure 11, the hydrophilicity of
the plasticizer significantly affects the failure mecha-
nism of adhesive joints of the FFP-LLC polyelectro-
lyte complex. The higher is the plasticizer hydrophi-
licity, the higher the adhesion. The work of probe
detachment from the adhesive film surface grows
with an increase in plasticizer hydrophilicity in the
sequence: acetyltributyl citrate (ATBC) < tributyl ci-

0.8

ATBC

~ W= 24 Jim’

0.6

(v
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= . 2
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g
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Figure 11 Impact of plasticizer hydrophilicity upon
Probe Tack curves of the blends composed of the 10 : 1
polybase complex with polyacid. Plasticizer content is 45
wt %.
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Figure 12 Comparative effects of plasticizer (TEC) and

tackifier on Probe Tack stress—strain curves of adhesives
based on the polyelectrolyte complex (FFP : LLC=10 : 1).

trate (TBC) = acetyltriethyl citrate (ATEC) ~ triethyl
citrate (TEC). If blends with hydrophobic plasticizers
(ATBC and TBC) behave as solid adhesives and are
destroyed without fibrillation of the adhesive layer,
the blends of the polyelectrolyte complex with
hydrophilic plasticizers (ATEC and TEC) demon-
strate the existence of fibrillation, which is most pro-
nounced in the case of the most hydrophilic plasti-
cizer—TEC.

Owing to the presence of an appreciable amount
of hydrophobic monomer wunits in cationic
PDMAEMA-co-MMA /BMA and anionic PMAA-co-
EA copolymers, adhesives based on acid-base poly-
mer complexes are miscible with nonpolar tackifiers
(rosins) and conventional acrylic PSAs employed in
the adhesive industry. As illustrated by the Probe
Tack curves (Fig. 12), the addition of tackifier (glyc-
erol ester of tall oil rosin) improves significantly the
tack of plasticized ladder-like polyelectrolyte
complex.

Stress, MPa

20

Figure 13 Effect of temperature on Probe Tack curves of
the PSA based on 20 : 1 polybase—polyacid blend with 45
wt % TEC plasticizer. Debonding rate is 0.1 mm/s.
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Figure 14 Maximum debonding stress (Gumax) and practi-
cal work of adhesion (W) as functions of temperature for
20 : 1 polyelectrolyte complex with 45 wt % TEC
plasticizer.

Temperature relationship of adhesion

As is noted in section “Linear Viscoelastic Properties
of the Polyelectrolyte PSAs” of this article, based on
comparison of temperature dependence of the stor-
age modulus of the polyelectrolyte complex with the
values predicted with the Dahlquist criterion of tack,
the best adhesive properties of the polyelectrolyte
blends can be expected at temperatures above 40°C.
Let us check this supposition.

Figure 13 illustrates Probe Tack curves of the poly-
electrolyte PSA at different temperatures of debond-
ing. At 0°C brittle-like mechanism of adhesive joint
failure is observed. Elevation of temperature till
23°C leads to brittle—ductile transition and the onset
of fibrillation process, which is evidenced by appear-
ance of a plateau in Probe Tack curves. At tempera-
tures relating to elastic type of the polyelectrolyte
PSA deformation in the course of debonding, the
maximum strength of adhesive joint is observed at
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Figure 15 The effect of partial ionization of amino

groups in PDMAEMA-co-MMA /BMA copolymer on Probe
Tack curves of a ladder-like interpolymer complex plasti-
cized with TEC. Ionization degrees are indicated in Figure.
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Figure 16 The effect of partial ionization of LLC by
NaOH solution on the tack of polyelectrolyte complex con-
taining 25 wt % plasticizer TEC.

60°C (Fig. 14). We do not consider and discuss here
the reasons behind high values of practical work of
adhesion at low temperatures, because it was done
in Ref. . Really, the PSAs are viscoelastic polymers,
functioning at 40-100°C above their glass transition
temperatures. The behavior of PEC-based PSA satis-
fies this requirement only above 30°C. Temperature
relationship of debonding stress peak (Gmax) follows
the pattern shown by the practical work of adhesion
(W, Fig. 14).

When the viscoelastic behavior in Figure 2 is com-
pared with that of adhesion (Figs. 13 and 14), it is
apparent that the brittle-ductile transition at 23°C
relates to G’ = 0.34 MPa and tan 6 = 0.85. Corre-
spondingly, maximum of adhesion has been estab-
lished to occur at G’ = 0.02 MPa and tan § =1.41,
i.e., in an area predicted with the Dahlquist criterion
of tack. Thus, although chemical composition of the
polyelectrolyte complex PSA has nothing to do with
the composition of typical PSAs, the adhesion
behavior of this innovative PSA is described by the
same general lows, which are established for classi-
cal PSAs.”

Impact of the type of intermolecular bonds on adhe-
sion of polyelectrolyte complexes

Partial ionization of polybase or polyacid in the
blend, achieved with the addition of a strong inor-
ganic acid (HCI) or base (NaOH), also improves the
adhesive properties and changes the mechanism of
debonding from fibrillar to solid-like (Figs. 15-17).
The implication of these Probe Tack data is that the
adhesive properties are affected by a mechanism of
specific interaction between the components of the
polyelectrolyte complex (hydrogen or ionic bond-
ing), which governs the structure of the complex
and determines the balance between cohesion
energy and free volume. The electron-donating
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Figure 17 Effect of way of ionization of components of
polyelectrolyte complex on Probe Tack stress—strain
curves. TEC content was 35 wt %.

amino groups of PDMAEMA-co-MMA/BMA poly-
base are capable of forming hydrogen bonds with
the proton-donating carboxylic groups of PMAA-co-
EA polyacid (see section The Energies of Intermolec-
ular Bonds in Polybase—Polzaad Blends with and
Without Plasticizer, Table I)°

N+ HOOC—" —= YN +++HOOC
CH; CH;

According to the quantum chemical modeling data
listed in Table I, such H-bonded complexes of
uncharged complementary functional groups are
characterized with formation energy of ~ 26 kJ/
mol. Inclusion of water molecule into the bonding
makes the complex more stable (AE = 43 K]
mol™!). Treatment of PDMAEMA-co-MMA/BMA
by HCI in aqueous solution causes partial ioniza-
tion of the polybase and the formation of ammo-
nium cations, which can interact with the carboxyl
groups of PMAA-co-EA through the exchange
reaction®**:

H3
& @ae + HOOC‘@ 5— . e>ooc~€ +0%+ 0P

Ionic bonds are much stronger than the hydrogen
bonds (Table I). Their energy ranges between 251 and
404 k] mol ™!, and involving of the associated water
molecule into the ionic complexes enhances inter-
molecular bonding energy up to 524-650 kJ mol *.>*
As the data presented in Figure 15 illustrate, the
increase in the energy of interpolymer bonding leads
to the increase in both the energy of cohesion and
adhesion. This allows us to suppose that the free
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volume in the LLC involving ionic bonds increases
accordingly. Electrostatic repulsion of cationic ammo-
nium groups in ionized PDMAEMA-co-MMA /BMA
macromolecule leads to the increase in free volume.

Partial neutralization of the carboxylic groups of
LLC (PMAA-co-EA-polyacid) by treatment with
NaOH solution, results in the formation of carboxy-
late anions that are unable to interact with
uncharged amino groups of FFP (PDMAEMA-co-
MMA /BMA-polybase) and therefore do not contrib-
ute to the increase in cohesion energy. However,
electrostatic ~ repulsion between these anions
increases the free volume. As a result, adhesion
increases, illustrated by Probe Tack data (Fig. 16).
Finally, the combined effect of ammonium cations in
FFP and carboxylate anions in the LLC enhances ad-
hesion (Fig. 17).

The PSAs based on ionic polyelectrolyte com-
plexes, described in this section, represent an exam-
ple of “smart” pH-responsive PSAs. They can be
employed in various areas of industry and in medi-
cine as electroconductive adhesives.

Impact of the nature of noncovalent polymer
crosslinker

PDMAEMA-co-MMA /BMA polybase and PMAA-co-
EA polyacid are not unique FFP and LLC suitable
for the preparation of adhesives based on the mech-
anism of the ladder-like polyelectrolyte complex for-
mation. As Figure 18 illustrates, replacement of
PMAA-co-EA polyacid by the copolymer of maleic
acid with methylvinyl ether (PMA-co-MVE) increases
adhesion appreciably, implying that the approach
illustrated in this research article has a general
character.

0.64 25% TEC
6.8 % PMA-co-MVE
G -
B 0.4 B . 10 %| PMA-co-MVE
=
e 19
g .0 X
o ’ i
£ 7 '
0.2 i y
¥ 1
B |
5.8 % PMAA-co-EA Y
0.0 . . . s . ;
0l 02 03
€

Figure 18 Probe Tack behavior of interpolymer complexes
containing the ladder-like cross-linkers of different hydro-
philicity and hydrogen-bonding capability: PMAA-co-EA
and PMA-co-MVE. TEC content in blends was 25 wt %.
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Figure 19 Values of maximum debonding stress and the
practical work of adhesion vs. plasticizer concentration for
PSA adhesive based on a polybase-polyacid complex.
Contact time is 1 s, debonding rate is 0.1 mm s~ .

Relaxation and adhesion of polyelectrolyte
complexes

Effect of plasticizer concentration

Figure 19 illustrates the influence of TEC content on
the values of maximum stress and the practical
work of adhesion for the interpolymer complex.
Whereas Gp,ax is a decreasing function of the plasti-
cizer content, the work of adhesion passes through a
maximum at 35 wt % TEC. The adhesive behavior of
the blend with 35 wt % TEC corroborates the fact
that the pressure-sensitive type of adhesive behavior
requires a specific balance between solid-like and
liquid-like properties.

Relaxation curves obtained in the course of adhe-
sive joint formation between an adhesive layer and a
probe are illustrated in Figure 20. The results of fit-
ting the relaxation curves with eq. (8) are presented
in Table II. There is a sharp transition in the relaxa-
tion behavior of the blends that contain 30 and 35

1.6 4
25 % TEC

1-2-‘ 30 % TEC

o, MPa

0 50 100 150 200
Time, sec

Figure 20 Relaxation curves obtained in the course of ad-
hesive joint formation for the polyelectrolyte complex with
different amounts of plasticizer (TEC). Contact time is 200 s.

wt % of TEC. Although the interpolymer complexes
containing 25 and 30 wt % TEC demonstrate a
highly pronounced residual stress on the relaxation
curves, which is a characteristic feature of cross-
linked and ordered structures, the relaxation curves
of the polyelectrolyte blends with 35 wt % TEC and
more demonstrate a gradual decrease in stress that
is rather typical of viscous liquids. Adequate fitting
of the relaxation curves in Figure 20 with eq. (8) is
possible using a sum of three exponents. The effect
of TEC concentration on relaxation times is illus-
trated in Figure 21. The longer relaxation time is a
decreasing function of plasticizer content. Accord-
ingly, the values of the equilibrium relaxation modu-
lus reduce with the increase in TEC concentration
(Table II). Faster relaxation processes, t; and 1, are
unaffected by the concentration of the plasticizer
(Fig. 21) that controls the adhesive properties (com-
pare with the data in Fig. 19). On the basis of this
observation, a logical deduction can be drawn that
the large-scale relaxation processes, characterized by
the value of the longer relaxation time, contribute
more to the polyelectrolyte PSA performance. This
experimental conclusion confirms theoretical predic-
tion made on the basis of eq. (6), signifying the im-
portance of the longer relaxation times for high pres-
sure-sensitive adhesion.

Effect of contact time on adhesion

Figure 22 illustrates the impact of contact time on
the typical curve of nominal compressive stress
relaxation during adhesive bond formation, followed
by the debonding process, for the model adhesive
based on polyelectrolyte complex and plasticized
with 35 wt % TEC. The variation in contact time
does not change the mechanism of the debonding
process. The curve presented in Figure 22 is typical
and relates to the blend that exhibits the best adhe-
sion (compare with Fig. 19).

Figures 23 and 24 demonstrate the effect of contact
time on the value of the practical work of adhesion
and maximum stress. Both o,,,, and W achieve their
limiting values at contact times about ~ 50 s. This
time corresponds to the beginning of the domination
of slow relaxation processes (compare with Fig. 20)
and, as a consequence, to the onset of large-scale
rearrangements within the supramolecular structure
of the adhesive network polyelectrolyte complex.
However, this tendency is less pronounced for the
blend that contains 45 wt % TEC (Figs. 23 and 24).
Indeed, this blend exhibits a liquid-like behavior
that is characterized by a faster relaxation. The Gpax
values increase with increasing contact time,
whereas the increase in plasticizer concentration in
the polyelectrolyte complex results in a decrease of
maximum stress values (Fig. 23). The values of Gpax
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TABLE 1I
Relaxation Properties of a Model PSA Made Up of Polybase-Polyacid Nonstoichiometric Interpolymer Complex
Containing Different Amounts of Plasticizer (TEC)

LEVADA AND FELDSTEIN

TEC wt % Geq, MPa Gy, MPa Ty, S Gy, MPa Ty, S G3, MPa T3, S
25 1.342 = 0.004 0.051 = 0.003 1.29 + 0.13 0.091 = 0.002 12.54 = 0.56 0.164 = 0.002 161.12 = 8.35
30 1.238 + 0.004 0.110 = 0.004 2.84 +0.13 0.186 *+ 0.003 16.29 + 0.57 0.106 *+ 0.002 145.8 = 15.18
35 0.515 = 0.003 0.135 = 0.002 0.66 = 0.02 0.314 = 0.006 20.83 + 0.38 0.415 = 0.003 111.99 + 3.14
40 0.354 *+ 0.002 0.058 = 0.003 0.67 = 0.08 0.376 = 0.002 11.3 = 0.15 0.526 + 0.001 105.27 += 1.31
45 0.180 = 0.004 0.252 + 0.011 255 + 0.22 0.421 = 0.009 16.18 = 0.77 0.377 = 0.009 91.33 = 4.64

Observation time is 200 s.

for the blend containing 35 wt % TEC for a contact
time longer than ~ 50 s are higher than for other
blends. It is important to note that the dependence
of adhesion parameters on contact time for the blend
that contains 45 wt % TEC is less pronounced than
that for blends with a lower plasticizer content.
Indeed, the relaxation of the most liquid blend con-
taining 45 wt % TEC occurs much faster than for
other blends. The values of practical work of adhe-
sion for the blend containing 45 wt % TEC are much
lower than for the blends containing 30 or 35 wt %
TEC (Fig. 24). On the other hand, the interpolymer
complexes with lower plasticizer contents demon-
strate solid-like behavior, with a highly pronounced
maximum on the debonding curve and a low value
of maximum elongation.

Figure 25 illustrates the general conclusion that
can be derived from the analysis of this work.
Large-scale relaxation processes within the polymer
system, characterized by the values of the longer
relaxation time (t3) predominantly govern pressure
sensitive adhesion performance. This result confirms
the prediction of eq. (6), which states that longer
relaxation times are of particular importance for
high adhesion. The best adhesion is observed for
polyelectrolyte complex with longer relaxation times
between 100 and 145 s. These values are appreciably
longer than those obtained earlier for a range of

120 -
[ 1:3
D
- 901
= ]
60 -

25 30 35 40 45
TEC,wt.%

Figure 21 Relaxation times vs. TEC concentration in a
polyacid—polybase interpolymer complex.
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commercial adhesives” that possess a somewhat
higher adhesion at a comparable observation time of
200 s.

Water-absorbing capacity of PSA hydrogels based
on nonstoichiometric polyelectrolyte complexes

Owing to formation of three-dimensional network of
noncovalent intermacromolecular bonds, the PSAs
based on nonstoichiometric ladder-like polyelectro-
lyte complexes are partially water insoluble, swelling
rubber-like gels, which are capable to absorb great
amounts of the water. As illustrated by the data in
Figure 26, the polyelectrolyte complex formation
leads to a loss in solubility of the polymer blend in
water, expressed in terms of sol fraction (S), and a
reduction of swell ratio (o), defined as the weight of
the material in a swollen state divided by the dry
weight of its gel fraction. The swell ratio is a funda-
mental characteristic of cross-linked polymeric gels
that relates to the density of network junctions. The
higher the density of the ladder-like network, the
lower the swell ratio value.”” The increase in LLC
concentration (i.e., the decrease in FFP : LLC ratio)
makes the ladder-like network denser and signifi-
cantly decreases both the solubility (Sol Fraction)

0.5-
g 0.0 "‘\. " r"'l k \
=
g 0.5
-0~
|'g
1.5
0 50 100 150 200
Time, sec

Figure 22 Effect of contact time on the curves of bonding
stress relaxation, followed by probe separation from adhe-
sive film surface under detaching force for interpolymer
polybase—polyacid complex containing 35 wt % TEC.
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Figure 23 Effect of contact time on the maximum values
of probe detaching stress (Gpay) for a plasticized interpoly-
mer polybase—polyacid complex.

and the swelling of the researched interpolymer
complex. As Figure 27 illustrates, the density of
cross-links, expressed in terms of the swell ratio,
controls the solubility of the ladder-like interpolymer
complex. The reduction of both values is more pro-
nounced at comparatively small LLC concentrations
(below 40 wt %) (Fig. 26). Further increase in LLC
content has only a negligible effect on dissolution
and swelling properties

The swell ratio and the content of soluble fraction
in the ladder-like nonstoichiometric complex of
PDMAEMA-co-MMA/BMA  with  PMAA-co-EA
depend on plasticizer concentration (Fig. 28). And
also, the higher the hydrophilicity of the plasticizer,
the greater the sol fraction and swell ratio values of
the blends (Fig. 29). The 10% ionization of
PDMAEMA-co-MMA /BMA and PMAA-co-EA poly-
mers increases their solubility in water (Fig. 30).
This behavior is also typical for their ladder-like
nonstoichiometric complex containing 25 wt % TEC
that exhibits a solid-like mechanism of debonding in

0 100 150 200
Contact time, sec

Figure 24 Effect of contact time on the practical work of
adhesion (W) for the plasticized polyelectrolyte complex.
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Figure 25 Effect of TEC content on the values of longer
relaxation time (t3) and practical work of adhesion (W) for
the PSA based on polyelectrolyte complex.

a Probe Tack test (Fig. 8). However, the blend with
35 wt % TEC, which reveals transitional probe tack
profile from solid-like to fibrillar type of adhesive
bond failure, demonstrates decreased solubility with
10% ionization of amino groups and an insignificant
effect with the ionization of carboxyl groups (Fig.
30). In full agreement with the established mecha-
nism of FFP-LLC interaction (see section The Ener-
gies of Intermolecular Bonds in Polybase-Polyacid
Blends with and Without Plasticizer), 10% ionization
of amino groups in FFP causes the drop in swell ra-
tio, whereas the ionization of carboxyl groups of the
LLC does not contribute to the swell ratio value or
to the density of the interpolymer network (Fig. 31).
For the complex containing 25 wt % plasticizer, no
effect of 10% ionization of amino and carboxyl
groups on the swell ratio value has been observed.
Replacement of PMAA-co-EA for more hydro-
philic copolymer of maleic acid with methylvinyl
ether (PMA-co-MVE) increases dramatically both the
swell ratio (Fig. 32) and the sol fraction of their
blends with PDMAEMA-co-MMA /BMA. The con-
tent of soluble fraction in this case is 88 and 49% for

100 10.0
45 % TEC

Sol Fraction, %
omry [aMmS

LLC content,wt. %
Figure 26 Effect of LLC concentration on sol fraction (S)
and swelling ratio (o) of polyelectrolyte complex with 45
wt % TEC in water; pH 5.6.
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Figure 27 The content of the soluble fraction in the poly-
electrolyte complex as a function of the value of swell ra-
tio; pH 5.6. The plasticizer concentration was 45 wt %.
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Figure 28 Effect of plasticizer concentration on solubility
and water-sorbing capacity of the polyelectrolyte complex
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Figure 30 Sol fraction of plasticized interpolymer com-
plex at 10% ionization of amino and carboxyl groups
(FFP:LLC= 10 : 1); pH 5.6.
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Figure 31 Swell ratio of plasticized polyelectrolyte com-
plex with at 10% ionization of the amino (in FFP) and car-
boxyl (in LLC) groups.
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blends with different ladder-like crosslinkers: PMAA-co-
EA and PMA-co-MVE.
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the complexes with 6.8 and 10 wt % PMA-co-MVE,
respectively.

In this way, the adhesive, mechanical and water-
absorbing properties of polyelectrolyte blends can be
easily manipulated by changing the relative compo-
sition of various copolymers in the blends and the
ionization of their functional groups. Coupling adhe-
sive properties with high water-absorbing capacity,
typical for hydrogels, characterize the polyelectrolyte
PSAs as innovative class of polymer composites
with unique combination of performance properties.
Owing to the presence of polar (ionic) and nonpolar
groups in the copolymers, the materials based on
polyelectrolyte complexes may be classified as
“amphiphilic” adhesives. Such adhesives are com-
patible with both hydrophilic and hydrophobic sub-
stances and can be developed for diverse applica-
tions in various fields of industry, particularly in
pharmacy for controlled drug delivery.

CONCLUSIONS

In this article, we have investigated the fundamental
relationship linking molecular interaction mechanisms
with nanostructure, phase behaviour and, finally, with
a variety of unique physical properties of adhesive
polyelectrolyte blends that absorb water and become,
essentially, water-absorbing rubber-like adhesive
hydrogel materials. Favorable properties such as abil-
ity to swell but yet retain both cohesiveness and tack,
combined with processability, suggest a wide range of
application of these materials, not only in industry
but particularly in the biomedical and cosmetic fields.
Bridging the gap between nanostructure and macro-
scopic physical properties of the polymer composites,
based on nonstoichiometric polyelectrolyte complexes,
along with gained molecular insight into macroscopic
physical properties, allowed us to establish the func-
tion of every component in blend, and to lay the foun-
dations for molecular design of innovative adhesive
materials with tailored performance properties.
Notwithstanding the fact that chemical composi-
tion of the polyelectrolyte complex PSAs has nothing
to do with the composition of typical PSAs, the ad-
hesion behavior of these innovative PSAs obeys the
same general lows, which are established for classi-
cal PSAs. The innovative PSAs based on polyelectro-
lyte and interpolymer hydrogen-bonded or electro-
static-bonded complexes can be easily produced by
mixing complementary functional polymers in a
common solution or in a melt state. Tackiness of ini-
tial polymer components is not obligatory condition
for the production of adhesive composites. Taking
into account many hundreds of functional homopol-
ymers and copolymers, which are suitable to serve
as the components of innovative PSA composites,
the approach described in this article lays the foun-

dation for the new area of the industry of adhesive
polymer materials.

The PSAs based on ionic polyelectrolyte com-
plexes represent an example of “smart,” pH-respon-
sive adhesive materials. They can be employed in
various areas of industry and in medicine as electro-
conductive adhesives. New generation of the PSAs,
described in this paper, opens numerous ways to
the development of a wide variety of highly promis-
ing innovative industrial and pharmaceutical prod-
ucts on their basis.

The authors are thankful to Dr. M.B. Novikov, Mr. G.A.
Shandryuk, and B.E. Gdalin for a range of measurements.
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