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a  b  s  t  r  a  c  t

Adhesion  of  noncovalent  complexes  formed  between  complementary  polymers  bearing
functional  groups  capable  of  hydrogen  bonding  or ionic  interactions  is reviewed.  The  ratio-
nal design  of  novel  adhesive  materials  with  tailored  properties  requires  a molecular  insight
into the  mechanism  of  their  self-assembly.  At the  most  fundamental  molecular  level,  strong
adhesion  is  the  result  of  a delicate  balance  between  two generally  conflicting  properties:
high  energy  of intermolecular  cohesion  and  large  free  volume.  These  conflicting  properties
can be  achieved  in  self-assembling  interpolymer  complexes.  The  adhesive  and  mechani-
cal  properties  of the  polymer  blends  can  easily  be controlled  by  blend  composition  and
the  type  of  intermolecular  bonding  (hydrogen  bonding  or ionic  interactions  or combina-
tion  of both),  whereas  their  solubility  and  water  absorbing  capacity  are  dictated  by  the
hydrophilicity  of  the parent  components.  Innovative  self-adhering  pressure  sensitive  adhe-
sives are  based  either  on nonstoichiometric  interpolymer  complexes  or on  stoichiometric
complexes  of long-chain  polymers  with  telechelic  oligomers.  Once  the  molecular  mecha-
nism of self-assembly  of  adhesive  materials  has  been  established,  the  molecular  design  of

new  adhesives  with  tailored  properties  becomes  feasible.  The  number  of  functional  poly-
mers suitable  to  serve  as  parent  components  for  producing  novel  adhesives  is  very large,
suggesting  that  the  polymer  blending  approach,  based  on  molecular  design  considerations,
may  revolutionize  the  adhesive  industry  in  the  coming  decades.
©  2014  Elsevier  Ltd.  All  rights  reserved.
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 swell ratio
. What are pressure sensitive adhesives?

Hydrogen or ionically bonded polymeric network struc-
ures, readily produced in a melt or in solution by
er Science 42 (2015) 79–153 81

mixing complementary polymers bearing functional
groups, possess unusual physical and chemical proper-
ties not found in parent and conventional polymers. These
new materials are finding innovative practical applications
and have generated much interest in widely diverse scien-
tific and engineering fields [1–5]. This review summarizes
the formation, adhesive and viscoelastic behaviors of such
self-assembling noncovalently crosslinked supramolecular
structures and briefly outlines their applications.

Our everyday life is inconceivable without pressure-
sensitive adhesives (PSAs). Applications of PSAs expand day
by day in various areas of industry and medicine. They
are widely used as surface protection films, as a com-
ponent of pressure-sensitive tapes, labels, note pads or
automobile trim. Also they serve as skin-contact adhesive
platforms in medical plasters, wound dressings, transder-
mal  patches, and a variety of other products. PSAs are
designed for either permanent or removable applications.
Removable PSAs serve to form a temporary bond and
ideally can be removed after months or years without
leaving residue on the surface of an adherend. Innova-
tive PSAs with tailored properties can be produced by
physical mixing of nonadhesive parent polymers bearing
complementary reactive functional groups in their recur-
ring units and (or) at the opposite ends of their short
chains.

PSAs are a special class of viscoelastic polymers that
form strong adhesive joints with substrates of varying
chemical nature under application of light external bond-
ing pressures (1–10 Pa) over short periods of time (1–5 s).
To be a PSA, a polymer should possess high molecular
mobility and fluidity under applied bonding pressure in
order to form good adhesive contact, coupled with high
intermolecular cohesive strength and elasticity. The latter
requirement is necessary for resistance to debonding stress
and for dissipation of the mechanical energy of adhesive
bond failure under a detaching force.

According to definition of the Pressure Sensitive Tape
Council [6], PSAs are aggressive and permanently tacky,
adhere to different adherends (substrates) without the
need of more than finger or hand pressure during very short
time (a few seconds), require no activation by heat, solvent
or water, and exert a strong holding force. PSAs have suf-
ficient cohesive strength and elasticity so that they can be
removed from smooth surfaces without leaving a residue.

PSAs are designed with a balance between flow and
resistance to flow. The bond forms because the adhesive
is soft enough to flow, wetting the adherend. The adhesive
bond has strength because the adhesive is hard enough to
resist flow when detaching stress is applied to the bond [7].

After some early uncertainty in the literature about
the nature of the pressure sensitive adhesive bond [8],
Dahlquist related the elasticity modulus data to the time-
temperature tack dependence and established that the
compression (shear) modulus of the adhesive had to be less
than about 0.1 MPa  before any adhesive tack was observed
[9–11]. This was  explained as the highest modulus that

still allowed the adhesive to be sufficiently compliant to
come into molecular contact with a substrate and form
dispersive interfacial bonds. Investigators who followed
Dahlquist have accepted this requirement [12–17], termed
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Table 1
Common PSA polymer classes.

Inherently tacky Need tackification

Polyalkylacrylate
copolymers

Natural rubber

Poly(vinyl ethers) Polyisobutylene (PIB)
Polyalphaolefins Styrene–isoprene block copolymers

Styrene–butadiene block copolymers

Styrene–butadiene random copolymers
Polysiloxanes

the “Dahlquist Criterion of Tack”, even though the true cri-
terion is defined as a dimensionless quantity.

Another general criterion for pressure sensitivity is that
the glass transition temperature of the adhesive should be
below ambient temperature, most frequently room tem-
perature. Broadly speaking, the Tg of a PSA should be
about 30–70 ◦C below the room temperature, depending on
the base polymer and the added modifiers [7,14,15]. This
observation implies that all PSAs are viscoelastic rubber-
like polymers [17,18]. Based on this criterium, Chu [19] and
Chang [20] have suggested that the first step in designing
a PSA is to tailor an adhesive to a predetermined Tg and
modulus window.

The first PSA was natural rubber. The era of modern
PSA technology was ushered in during the 1930s with the
appearance of synthetic rubbers. The list of currently com-
mercially available elastomers that can be formulated into
PSAs is presented in Table 1. Two subsets are differenti-
ated in Table 1: those polymers that are inherently tacky,
and those that require modification with tackifiers to meet
the Tg and modulus criteria to become a PSA.

As is evident from Table 1, commercially available
PSAs are mainly hydrophobic polymers. A common draw-
back of the hydrophobic adhesives is a lack of adhesion
toward wet substrates [21,22]. Indeed, if an adhesive mate-
rial is incapable of absorbing water, any accumulation
of moisture at the adhesive–substrate interface will ren-
der the adhesive untacky [23]. In recent years PSAs have
found ever-widening application in transdermal [24,25]
and transmucosal [26,27] therapeutic systems for con-
trolled drug delivery, wound dressings [28–30], topical
drug plasters [24], tooth whitening strips [30], and as skin-
contact adhesives for attachment of medical catheters and
diagnostic electrodes [24]. Regrettably, hydrophobic PSAs
have not yet been applied as broadly as the biomedical
community initially hoped it would. The major limiting fac-
tor is the lack of adherence toward wet biological tissues
that secrete moisture during the lifetime of adhesive joint,
a factor that limits long-term wear of adhesive patches on
skin. Thus, development of hydrophilic water-absorbing
PSAs is vitally important.

The history of hydrophilic PSA technology abounds
in numerous examples of mixing hydrophobic adhesives
with hydrophilic absorbents of moisture [31–37]. The
hydrophobic PSA therewith forms a continuous phase,
whereas a disperse phase is formulated from the moisture-

absorbent material. Upon contact with relatively large
amounts of moisture, the hydrophilic polymer particles
swell and cause the adhesive platform to phase sepa-
rate. As a consequence, adhesion vanishes [31]. A radical
er Science 42 (2015) 79–153

resolution of this challenge could be achieved by
developing water-absorbing PSAs based on hydrophilic
polymers. Rational design of novel PSAs with tailored
performance properties requires gaining an insight into
the molecular structures responsible for pressure-sensitive
adhesion of viscoelastic polymers. Thus the present review
is focused on recent progress achieved in elaboration of
the PSAs of controlled hydrophilicity and water absorp-
tion capacity and describes the molecular structures of the
hydrophilic PSAs and states the principles for controlling
their major performance properties. To avoid republication
of earlier presented data, the present discussion considers
the data of general significance, while for details a reader
is referred to original publications.

2. Molecular theory of pressure sensitive adhesion

Pressure sensitive adhesion is very complex phe-
nomenon including a variety of contributions. Because our
final goal is rational development of innovative PSAs, in
this review we  mainly consider the bulk properties and
supramolecular structures of adhesives, leaving aside the
interfacial contributions which relate mainly to the prop-
erties of substrates (e.g., surface energy and roughness).

What are the molecular structures that control
pressure-sensitive adhesion of polymers and polymer com-
posites? By default, until recently this reasonable question
was  considered to be irrelevant and unanswerable because,
as is seen from Table 1, existing PSAs exhibit markedly dis-
similar chemical compositions and structures. As has been
quite recently shown [38], the 180◦ peel force, P (N), to
debond a PSA film from a rigid substrate is related to the
factors defining pressure-sensitive adhesion of a PSA at the
molecular level by Eq. (1) [38]:

P = kbl
�NaD�

kBT
�2
b (1)

where b and l are the width and thickness of the adhesive
film, k is a dimensionless constant that takes into account
the contributions of a backing film deformation and the
interaction between the adhesive and the substrate, N is
the number of segments of size a in a polymer chain, D
is the self-diffusion coefficient of a polymer segment, � is
apparent relaxation time of the adhesive polymer, �b is
the ultimate tensile stress of the PSA film under uniaxial
extension, kB is Boltzmann’s constant, and T is tempera-
ture (◦K). The dependence of peel force on the adhesive
layer thickness and the material properties of the backing
film in hydrophilic PSAs were considered by Chalykh et al.
in Ref. [39].

Eq. (1) is not useful for quantitative calculations of peel
force due to a range of crude assumptions made in its
derivation [38]. Nevertheless, Eq. (1) predicts qualitatively
the significance of diffusion and relaxation processes (both
of which require molecular mobility) for the adhesive prop-
erties of polymers. According to Eq. (1), pressure sensitive
adhesion requires coupling of high molecular mobility (D)

with long term relaxation processes (�) and high cohe-
sive strength of an adhesive polymer (�b). At the most
fundamental, molecular level, cohesive strength is gov-
erned by intermolecular cohesion energy. The energy of
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ntermolecular cohesion and the molecular mobility are
utually conflicting properties, as most commonly a

tronger intermolecular cohesion lowers the molecular
obility. This explains why pressure sensitive adhesion is

 comparatively rare phenomenon.
High molecular mobility is a manifestation of a large

ree volume defined as the vacant space between neighbor-
ng macromolecules [40]. The self-diffusion coefficient of a
olymer segment increases with the free volume fraction

v. Hence, Eq. (1) shows that at the molecular level pressure
ensitive adhesive capability of polymer materials requires
oth a high cohesive energy, as reflected by �b, and a large
ree volume.

As the molecular theory of pressure sensitive adhesion
redicts [17,38,41], strong adhesion requires a high value
f cohesive strength (�b), a large diffusion coefficient (D),
nd a long relaxation time (�). Both the diffusion coefficient
nd the relaxation time are measures of molecular mobility,
lthough they do vary in opposite directions as molecular
obility increases in the course of transition from a glassy

olymer to viscous liquid, e.g., with the increase of tem-
erature or the content of a plasticizer. Indeed, the longest
elaxation times are featured for glasses (years, decades
r centuries), whereas low molecular weight liquids relax
lmost instantaneously. In contrast, the lowest diffusion
oefficients are observed for glasses, while the highest dif-
usion coefficients are demonstrated in liquids and gases.

According to Eq. (1), maximum peel strength, P, is
elated to the maximum magnitude of the product D·�·�b

2.
vidently, this product achieves its maximum magnitude
ver a limited range of values of relaxation times and dif-
usion coefficients, which are intermediate between those
nherent for liquids and glasses. Materials exhibiting prop-
rties of both liquids and solids are viscoelastic [18] and
hat is why all PSAs are viscoelastic materials. Hence, the

olecular theory of pressure sensitive adhesion predicts
hat adhesion strength goes through a maximum with the
hange of PSA molecular mobility as an adhesive material
omposition or temperature is varied [17,38,41].

As with any useful theory, the molecular theory of pres-
ure sensitive adhesion not only explains the mechanisms

nderlying adhesion phenomenon but also has predictive
ower. High strength of PSA joints requires a compromise
etween two mutually conflicting factors, namely a high
nergy of intermolecular cohesion and a large free volume.

ig. 1. Chemical structures of poly(N-vinyl pyrrolidone), poly(N-vinyl caprolacta
omplexes formed with poly(ethylene glycol) oligomer, PEG-400.
er Science 42 (2015) 79–153 83

To test the predictive capacity of this theory, we consider
molecular structures of polymers that can fulfill this com-
promise. Successful combination of polymers chosen on
this basis would provide strong evidence in favor of the the-
ory, with accompanying insights toward molecular design
of new PSAs with optimized performance properties.

3. Pressure sensitive adhesives based on
stoichiometric complexes of high molecular weight
polymers with telechelic oligomers

The derivation of Eq. (1) [38] and its forerunners [17,41]
was based on consideration of a model PSA behavior, i.e.,
the blends of high MW poly(N-vinyl pyrrolidone), PVP,
with oligomers of poly(ethylene glycol), PEG, ranging in
molecular weight from 200 to 600 g/mol. In this connec-
tion it is quite logical to begin a discussion of polymer
structures combining high molecular mobility and inter-
molecular cohesion strength with these model systems.

3.1. Peel adhesion of PVP–PEG and PVCL–PEG blends

Our earlier research established that blends of high
molecular weight, glassy poly(N-vinyl amides) (PNVAm),
such as poly(N-vinyl pyrrolidone) (PVP, Mw = 1,000,000
g/mol; Mn = 360,000 g/mol) [39,42] or poly(N-vinyl capro-
lactam) (PVCL) [43], with liquid poly(ethylene glycol) (PEG,
Mw = 400 g/mol) demonstrate excellent pressure sensitive
adhesion [38,39,42,43]. PVP has been shown to be easily
soluble in low molecular weight PEG, yielding single phase
homogeneous blends [44–46]. The miscibility of blended
polymers is known to result most frequently from a specific
favorable interaction between the macromolecules [47].
Since, as illustrated in Fig. 1, both PNVAm’s and PEG con-
tain only electron donating groups in the recurring units
of their backbones, they would normally be expected to be
immiscible.

At ambient temperature, PVP is immiscible with high
molecular weight fractions of PEG (Mw > 600 g/mol) [45].
Miscibility of 400 MW PEG with PVP is therefore attributed

to hydrogen bonding between the proton donor OH end
groups on PEG with the PVP electron donating carbonyl
groups. Such interactions are confirmed by Fourier trans-
form infrared (FTIR) spectroscopy [44,48,49]. A schematic

m) and schematic presentation of the corresponding network H-bonded
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Fig. 2. 180◦ Peel adhesion of PVP–PEG blends as a function of PEG con-
centration and the content of absorbed water (percent water absorbed
per 100% PVP + PEG). Peeling rate is 10 mm/min. A low-density polyethy-
lene (PE) film of 100 �m in thickness, crystallinity ∼45%, surface energy

2

Fig. 3. A photomicrograph of PVP–PEG (36 wt. %) hydrogel adhesive joint
failure with PE substrate viewed from the side. Initial thickness of adhesive

[51]. This curve is characterized by a sharp maximum at
28.5 mJ/m is employed as a standard substrate.
[39], Copyright 2002. Reproduced with permission from Taylor & Francis.

view of the proposed structure of the PNVAm–PEG com-
plexes is illustrated in Fig. 1.

Because every PEG chain bears two reactive terminal
OH-groups, PEG acts as an H-bonding reversible crosslinker
of longer PNVAm macromolecules and as a spacer between
the PVP or PVCL chains.

In Fig. 2, the 180◦ peel adhesion, P, is plotted against
PVP–PEG blend composition and content of water absorbed
as vapor from the surrounding atmosphere [39]. Although
neither parent component, PVP or PEG, demonstrates
inherent pressure sensitive adhesion on its own, high adhe-
sion appears in PVP blends with the PEG content in a narrow
range around 36 wt.%. This finding is of critical industrial
importance. Commonly, novel PSAs are produced by chem-
ical synthesis or modification of initially tacky polymers.
From Fig. 2 it is now evident that innovative PSAs can be
also produced by physical mixing of nonadhesive polymers.

Properties of polymer blends are usually intermedi-
ate between those of the constituent polymers [47]. New
properties, atypical of the pure components, arise most
frequently from specific interactions or chemical reac-
tions [50]. In polymer blends such interaction products
are frequently interpolymer complexes which demon-
strate properties alien to the parent components [1–5].
For blended PVP/PVCL–PEG PSAs mixing PVP or PVCL with
PEG leads to formation of an H-bonded network complex
shown schematically in Fig. 1. The cohesive strength of
this complex is provided by hydrogen bonding between
carbonyls in PNVAm recurring units and both terminal
hydroxyl groups at opposite ends of PEG short chains. The
large free volume is due to the length and flexibility of
PEG crosslinks. In this way, self-assembled PVP–PEG and

PVCL–PEG network complexes behave as new individual
supramolecular structures and exhibit a tack that is not
found in either parent component.
layer is 250 �m.  Prior to bonding the PVP–PEG adhesive was  exposed to
RH  = 50% and absorbed 13% water.
[39], Copyright 2002. Reproduced with permission from Taylor & Francis.

Debonding of pressure-sensitive adhesives in peel or
probe tack tests has been found to occur not through the
initiation and propagation of cracks in the plane of the
adhesive layer along a PSA–substrate interface but rather
through the formation of progressively extended fine fib-
rils in the tensile direction which span a joint prior to its
complete separation. The fibrils may  consume a reason-
able portion of the force required to remove adhesive tape
from the substrate. This general mechanism is typical of
the PVP–PEG PSA joint fracture as well [39,42], exhibiting
several important peculiarities, as is readily visible under
the microscope when one observes the debonding process
in the course of peel testing (Fig. 3) [39].

Similar to other PSAs, the PVP–PEG adhesive joints fail
by elastic stretching of the adhesive bulk up to a critical
value of tensile strain of ε = 1000–1500%, where a fracture
occurs. The entire layer of the adhesive is thus subjected
to elongational flow as fibrils which provides resistance
to detachment and energy dissipation. Thus viscoelastic
deformation of an adhesive in extension is a major energy
dissipating mechanism in the course of adhesive bond fail-
ure.

3.2. Probe tack behaviors of PVP–PEG and PVCL–PEG
PSAs

When developing novel PSAs, the probe tack test
is a most informative and highly illustrative tool that
enables not only characterization of an adhesive joint’s
strength, but also development of qualitative insight into
the relative contributions of the intermolecular cohesion
energy (Ec) and the free volume fraction (fv) to adhesion.
When the contribution of Ec dominates that of fv, the probe
tack stress–strain curve has a shape illustrated in Fig. 4 by
curve 1, which is typical for debonding of solid-like PSAs
rather low strains and a small area under the stress–strain
curve. Adhesive joint failure in this case proceeds through
interfacial crack propagation between the probe and the
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Fig. 4. Typical probe tack curves for solid-like PSA (high Ec:fv ratio, curve
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Fig. 5. Effect of PEG content on probe tack adhesion of PNVAm blends with
PEG-400. The amount of absorbed water is 7 wt. %. The PEG concentrations

sition to a more ductile type of deformation is observed
), liquid-like adhesive (low Ec:fv ratio, curve 2), and the PSA with opti-
ized adhesion (intermediate value of Ec:fv ratio, curve 3).

dhesive film surface and is called “adhesive debonding.”
t the other extreme, when fv prevails, the probe tack
urve is as that shown by curve 2 in Fig. 4 [51]. This type
f adhesive joint failure is characteristic of fluid PSAs
52,53], which demonstrate comparatively low cohesion
trength, indicated by a lower peak of debonding stress, �,
oupled with a relatively high value of elongation, ε. In this
ase, the adhesive joint breaks by cohesive fracture in the
ulk of the adhesive layer and the debonding process are
overned by viscous flow. This type of debonding is called
cohesive debonding,” where some residue of adhesive
re left on the probe at the end of the test.

In between these two cases, when a high Ec is accom-
anied by a large fv, the area under the probe tack curve
chieves its maximum value. Debonding proceeds via cav-
tation and fibrillation of the adhesive layer, which is typical
or PSAs with optimized adhesion (Fig. 4, curve 3) [51].
he curve shows a peak of debonding stress followed by a
ore or less pronounced plateau, and then either gradual

r sharp decrease of the detaching force to zero. Detach-
ent in that case occurs at the interface between the

robe and the adhesive layer [52,53], with no macroscopic
esidue left on the probe. When strain hardening in fibrils
s present just before the final detachment, the probe tack
tress–strain curve may  demonstrate a slight increase in
he stress or a second peak.

Fig. 4 provides a key for molecular insights into the
robe tack behavior. In Probe Tack curves, the stress peak
elates to the cavitation of adhesive material under the
etaching tensile force [54–56]. The major factor providing
issipation of a large amount of mechanical energy in the
ourse of debonding of PSAs is the fibrillation of the adhe-
ive layer that is observed by the appearance of a plateau
n the stress–strain curves (Fig. 4, curve 3). Adhesive joints
f solid adhesives fail predominantly via the mechanism of
avitation that is not followed by fibrillation. The typical
hape of their probe tack stress–strain curves is a sym-
etric peak (Fig. 4, curve 1). In a probe tack experiment,

he maximum stress is generally considered as a measure
f tack, the value of plateau stress characterizes the cohe-
ive strength of fibrils, and the area under the stress–strain
urve corresponding to the practical work of adhesion (Wa)

s related to the total amount of mechanical energy needed
or adhesive bond failure, and hence is a measure of adhe-
ive strength.
are  indicated in the Figure. Inset: Effect of blend composition on the values
of  the practical work of adhesion, Wa (J/m2), and maximum stress, MPa.
A:  PVP–PEG blends; B: PVCL–PEG blends.

PSAs are known to possess the properties of both liquid-
like and solid materials and the shape of stress–strain
curves reflects this dualism [38]. In probe-tack curves,
the liquid-like behavior relates to the material capability
to develop very high values of maximum elongation
(ε ≈ 10–40) under a comparatively very low level of applied
detaching stress (much lower than 0.1 MPa). In contrast,
the solid-like behavior is evident when the debonding
occurs at relatively small values of maximum elongation
(ε < 1) provided by high values of tensile stress.

Taking into account that poly(N-vinyl caprolactam),
PVCL, is a close homologue of PVP (containing respectively
seven- and five-membered lactam rings in side-chains of
their backbones, Fig. 1), it is logical to expect that blends of
PVCL with PEG will also exhibit adhesive properties.

As follows from the data in Fig. 5, the curves for 25, 31,
and 34 wt.% of PEG-400 in blends with PVP and 30% and
40% PEG in blends with PVCL are typical of solid-like PSAs,
wherein the contribution of cohesive interaction energy
dominates that of free volume. The debonding mechanism
is adhesive when no macroscopic residue of an adhesive
layer remains on the surface of a steel substrate. The tran-
for 34 wt.% of PEG in the blend with PVP and 45% in the
PVCL–PEG blend. The curves for the higher PEG content
in PSAs correspond to liquid adhesives and the cohesive
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Fig. 6. Tensile properties of PVP–PEG blends as a function of PEG content.
A:  Tensile stress–strain curves to break the PVP–PEG blends, containing
31, 34, 36, 39, and 41 wt% PEG-400 at 8–9% degree of hydration. The draw-
ing rate is 20 mm/min. B: Total work of viscoelastic deformation to break
the PVP–PEG film, Wb, the ultimate tensile strength, �b and the break
elongation, εb as a function of PEG concentration in blends. C: Effects of
PVP–PEG composition on 180◦ peel force, P, and the work of viscoelastic
86 M.M. Feldstein et al. / Progress

mechanism of debonding. The PVP–PEG blend contain-
ing 36 wt.% of PEG-400 and PVCL blend with 50% PEG
demonstrate the debonding behaviors typical of PSAs when
the contributions of cohesive interaction energy and free
volume are properly counterbalanced. As the molecular
theory of pressure-sensitive adhesion predicts [38], adhe-
sive strength, evaluated in the terms of practical work of
adhesion (area under the probe tack stress–strain curve,
Wa), goes through a maxima at 45 and 40 wt.% of PEG-400
in the PVP–PEG and PVCL–PEG blends, respectively. As fol-
lows from Fig. 5, probe tack adhesion and mechanism of
PVP–PEG and PVCL–PEG model PSA debonding can be eas-
ily tuned by varying the PSA composition. Note that the
results of peel and probe tack tests need not be identical
as in the course of an 180◦ peel test the major mechanism
of PSA deformation is extension [54] while the probe tack
testing also involves an appreciable contribution of shear
[7,14,55,57–60].

Pressure sensitive adhesion is an interfacial property.
When the fibrils detach from the probe (or substrate) inter-
face rather than failing cohesively, it is described as a
“clean detachment”. An adhesive (clean) detachment is
often preferable over having high tack energy.

3.3. Tensile properties of PVP–PEG blends

The Ec:fv ratio also reflects such fundamental quanti-
ties of polymers as solubility parameter, glass transition
temperature, or elastic modulus, G′ [38]. In this connection
it is of no surprise that adhesive properties of PSAs relate
closely to their linear viscoelastic behaviors. This relation-
ship is thoroughly examined and described in [51]. Here
we consider the role of large tensile strain in the peel test
behavior.

Because the major mode of deformation of an adhesive
under high angle peeling is extension (Fig. 3), while the con-
tribution of shear is negligible [57], it is logical to examine
stress–strain curves of the model PVP–PEG adhesive blends
under uniaxial extension up to fracture, and to compare the
behaviors of peel force and work of deformation [38].

Fig. 6(A–C) illustrates the effect of PEG content on the
stress–strain behavior to break for films formed from vari-
ous of PVP–PEG blends [38,61]. In general, the stress–strain
curves (Fig. 6A) resemble those of lightly crosslinked high
molecular weight polymers [62]. PEG is a good plasticizer
for PVP and addition of PEG results in increased elongation
at break (εb). With increasing PEG concentration, the value
of εb increases linearly, as shown in Fig. 6B [38,61]. For PVP
blends containing <36% PEG, the ultimate tensile strength,
�b, is comparatively high and practically unaffected by PEG
content. For PEG concentrations >36%, �b declines rapidly
with PEG content. The transition from ductile to tight defor-
mation occurs over a fairly narrow range, between 36% and
34% PEG (Fig. 6A). This range corresponds to the transition
from the fibrillar type of adhesive joint failure (36% PEG and
higher) to brittle-like fracture without fibrillation [38,42].

The area under the stress–strain curve, Wb, which is the

total work of viscoelastic deformation required to break the
PVP–PEG adhesive blends, correlates well with both peel
[39] and probe tack [42] behaviors and reveals a maximum
at 36% PEG concentration for the blend demonstrating best
deformation of the adhesive film up to break, Wb, under uniaxial exten-
sion. The peel and drawing rates are 20 mm/min.
[61], Copyright 2003. Reproduced with permission from Elsevier Ltd.

adhesion (Fig. 6C). An evident correlation between peel
adhesion and work of viscoelastic deformation, illustrated
in Fig. 6C, signifies the controlling contribution of vis-
coelastic deformation to adhesive performance [38]. In a
similar manner with probe tack adhesion (Fig. 5), the ten-

sile behavior of PVP–PEG PSA is easily controlled by the
change of blend composition.

Fig. 7 illustrates the effect of PEG content on the
stress–strain behavior of PVP–PEG blends under drawing
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Fig. 7. Tensile stress–strain curves under uniaxial drawing to break with the rates of 10 (A) [39] and 100 (B) mm/min for PVP blends of 3.5% hydration with
3 ].
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1,  36 and 41 wt.  % of PEG-40 [unpublished data by Novikov and Feldstein

ith extension rates of 10 and 100 mm/min  [61]. With
 lower drawing rate the PSA has enough time to relax
n the course of uniaxial extension and the shape of the
tress–strain curves is typical of rubbery polymers. Transi-
ion from elastic to brittle-like deformations occurs within

 very narrow range of PVP–PEG composition. The ductile
train involving the fibrillation is typical of cohesive fail-
re and high tack, exemplified by the blend containing 41%
EG, while the PVP blend with 36 wt.% PEG has been found
o manifest the transitional type of adhesive bond fracture.
n the transition point the intermolecular interaction forces

ithin the adhesive polymer are properly counterbalanced
y the force of adhesive–substrate interaction.

At higher tensile rate (Fig. 7B) the PSA no longer has
ime to relax in the course of stretching and behaves as

 cohesively stronger adhesive. Likewise, the increase in
ensile rate is equivalent to the decrease in PEG plas-
icizer concentration and the decrease of temperature.
n this case the PVP blend with 36 wt.% PEG exhibits
rittle-like fracture, whereas the blend containing 41 wt.%

EG-400 demonstrates strain-hardening and behaves as a
lightly crosslinked elastomer. A tenfold increase in draw-
ng rate affects the ductile-tight behavior of a hydrogen
onded PVP–PEG adhesive to a much greater extent than
that of conventional hydrophobic adhesives (see Fig. 41
in [38]). In other words, the ductile-tight transition in
the styrene–isoprene–styrene (SIS) and polyisobutylene-
based adhesives is much wider than that in the PVP–PEG
blends [61].

Thus, the behavior of hydrogen bonding is very depen-
dent on the speed at which the materials are tested.
H-bonds do not play the role of crosslinks if they have
time to relax (slow debonding speed or slow speed of
stretching) while they play the role of chemical crosslinks
at high extension rates. Under slow extension the inter-
molecular H-bonds in PVP–PEG blends have time to rupture
and reform anew at another place during deformation and
do not contribute appreciably to the resistance to strain
until the onset of a critical, strain hardening region, where
the final rupture of H-bonded crosslinks between the PVP
chains occurs. In contrast, at higher extension rates the
H-bonds have insufficient time for rearrangement at new
locations and behave like pseudo cross-links, which have
to be ruptured in order to deform the polymer. The sharp

transition from ductile to tight stretching with increased
drawing rate corresponds to a well-defined rate of the
rearrangement of the H-bonded network under drawing
the PVP–PEG adhesive. The sharp transition between the
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Fig. 8. Water vapor absorption isotherms for PVP and its blends wi
[39], Copyright 2002. Reproduced with permission from Taylor & Francis

ductile and tight deformation modes with the change of
extension rate is observed only for H-bonded PVP–PEG sys-
tem and is not typical of SIS and PIB based adhesives [38,61].

It is worth emphasizing the distinction between the
PVP–PEG adhesive and a classical rubber/tackifier PSA
system. Rubbers have low Tg values, that are increased
by addition of tackifier while the plateau modulus is
decreased. For the PVP–PEG hydrogels, the base polymer
(PVP) has a high Tg. The PEG or water decrease Tg and
plateau modulus simultaneously [60,62]. Although these
additives produce tack, they are not acting as “tackifiers” in
the classical sense because they do not increase Tg. Instead
they are acting strictly as plasticizers. It is useful to make
the point that PEG produces a higher deformation work (at
a given Tg) than a lower molecular weight water plasticizer
so that the peel force is higher [41].

Insights gained into the molecular structures respon-
sible for pressure sensitive adhesion enable molecular
design of new PSAs with optimized performance proper-
ties. The fundamental basis for molecular design has been
established using PVP–PEG binary blends as a model PSA.
Commonly, novel PSAs are produced by chemical synthe-
sis or modification of initially tacky polymers. However,
the data presented here show that innovative PSAs can
be obtained by physical mixing of nonadhesive polymers
bearing complementary functional groups that form non-
covalent bonds. Adhesive and mechanical properties of PSA
composites can be tuned by changing blend composition,
once the function of each polymer blend component is
understood. Thus, in the PVP–PEG model PSA, high MW
PVP is the most important component that serves as a
film forming polymer (FFP). Short chain PEG is a minor
complementary component, which acts as a noncovalent
crosslinker, NCC, i.e., as a curing agent. The NCC function is
instrumental in forming the 3-dimensional supramolecular
network structure and in enhancing the cohesive strength
of the PSA. Owing to the low glass transition temperature
and a telechelic structure, i.e., due to location of comple-

mentary hydroxyl groups at opposite ends of short chains
(Fig. 1), PEG also acts as a plasticizer, increasing free vol-
ume  and reducing Tg. Together, the PVP and PEG build up
a PSA with ideally tailored performance properties.
00 at ambient temperature as a function of relative humidity, p/ps .

3.4. Water absorbing properties of PVP–PEG blends

PVP is a highly hygroscopic polymer [41,63–66] and
macroscopic physical properties of its blends with PEG
depend on how much water vapor was absorbed. For this
reason we consider first the water absorbing capacity of the
PVP blends with PEG-400.

Being composed of typical hydrophilic polymers,
PVP–PEG compatible blends absorb a large amount of
water when exposed to water vapor at various relative
humidities (RH) (Fig. 8) [39]. As a rule, the higher the PEG
content, the higher the hydration, a trend that is espe-
cially prominent at higher RH. Unblended PVP is evidently
an exception to this rule and a characteristic shoulder on
the PVP isotherm within the lower RH region is tradition-
ally attributed to the polymer degree of hydration, where
the PVP undergoes a transition from a glassy to rubbery
state [67–71]. Annealing PVP at 200 ◦C, followed by slow
cooling with a rate lower than 1 ◦C min−1, has been shown
to cause the shoulder at the low relative water vapor pres-
sure p/ps to vanish but does not affect appreciably the rapid
growth in water uptake in the upper RH region. This obser-
vation is attributed to the presence of the thermal history
that relates to unrelaxed hole-free volume in glassy PVP.
An absorbed water may  accumulate within the holes [68].

The amount of absorbed water vapor, expressed as the
number of water molecules absorbed in blends per one
PVP unit, is plotted in Fig. 9 against the blend composition.
The latter is expressed in terms of the number of PEG-
400 macromolecules available in the blends per one PVP
recurring unit [63]. All the plots in Fig. 9 are unequivocally
linear with the intercepts relating to the number of water
molecules associated with the PVP recurring unit at zero
PEG concentration and with the slopes determining the
average number of water molecules per PEG-400 macro-
molecule, [H2O]/[PEG-400]. The degree of water binding
with the PVP units, [H2O]/[PVP], is found by subtraction of
the quantity of water associated with PEG (the slope) from

the total amount of absorbed water and shown to coin-
cide exactly with the relevant intercepts. Only at RH = 20%
is all the absorbed water solely associated with PVP units
because the slope of this plot (Fig. 9) is zero. At higher RH
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ore water molecules are associated with PEG. The plot
inearity provides evidence that hydrogen bonding of PEG
ydroxyls to the carbonyls in PVP units proceeds directly
ia the water molecules located near PVP units and hence
oes not cause appreciable desorption of water. This con-
lusion also is confirmed by independent data obtained by
TIR spectroscopy in addition to quantum chemical model-
ng of the PVP hydrogen bonding with PEG-400 and water

olecules (see Section 3.10 and Table 3 below [38,49,72]).
s has been shown in this research, the most stable com-
lexes in the PVP–PEG–H2O system are those formed by
he water molecules associated with the PVP monomer
nits in the first hydration shell [67,72]. Absorbed water

s not a competitor but rather an assistant in the pro-
ess of PVP–PEG H-bonded complex formation. In this
espect the mechanism of PVP–PEG interaction in hydro-
els may  be treated as the binding of PEG terminal groups
o hydrated PVP units. In other words, the ternary blend
VP–PEG–water may  be regarded as a binary blend formed
y PEG and equilibrium hydrated PVP [63].

.5. Phase state of PVP–PEG and PVCL–PEG blends

We  consider now the molecular mechanism, thermody-
amics and stoichiometry of PNVAm complex formation
ith short chain telechelic PEG. Insight into these issues
as obtained from the analysis of PNVAm–PEG phase

ehavior.
In many polymer systems, a homogeneous phase is

btained because of the existence of specific favorable
nteractions between different polymer components as
he interactions allow mixing on a molecular scale. One
uch favorable interaction is hydrogen bonding as has
een reported for many polymer blends [47,50]. Polymers
ontaining ternary amide groups such as PVP are poten-

ially good proton acceptors due to the basic nature of the
unctional groups [64,65]. At the same time, short-chain
EG carries two proton-donating hydroxyl groups at the
hain ends [73] (see Fig. 1). Unlimited PVP solubility in
%  PEG-400.
[80], Copyright 2000. Reproduced with permission from Elsevier Ltd.

liquid PEG is well established [45,66], and the PVP-PEG
blends may  be therefore treated as the solutions of high
molecular weight PVP in liquid oligo(ethylene glycols).

The most unambiguous experimental evidence of poly-
mer  miscibility is the occurrence of a single glass transition
temperature that is intermediate between the two Tg’s
corresponding to the blend components [74]. In miscible
blends, the glass transition temperature generally depends
on blend composition through a simple rule of mixing out-
lined by the Fox equation [75]. On the other hand, blends
of immiscible polymers that segregate into distinct phases
exhibit glass transitions identical to that of the unblended
components. In the intermediate cases of partial polymer
miscibility or if the size of the dispersed phase is very small,
the Tg’s of individual components may  be shifted. The tem-
perature shifts obscure the distinction between miscible
blends and systems of partial miscibility. An elevation of
the low-Tg transition temperature and a depression of the
high-Tg transition in a two-phase polymer blend may  indi-
cate that the system is very close to being miscible.

Miscibility of high-MW PVP with PEG oligomers has
been thoroughly studied with DSC [63,76–81] and optical
microinterference [45,46] techniques. Despite the unlim-
ited solubility of PVP in oligomers of ethylene glycol,
unequivocally established with wedge optical microinter-
ferometry, the PVP–PEG system demonstrates two  distinct
and mutually consistent temperatures of relaxation tran-
sitions within a certain concentration region. In DSC
thermograms these relaxation transitions resemble heat
capacity jumps at the glass transition temperature and in
this case we use the same symbol Tg for designation of
their temperatures. As is evident from the data in Fig. 10
[80], the composition dependence of the upper Tg satis-
fies a simple weight-average rule of mixing such as the
Fox equation [75], indicating that the upper Tg-phase can

be unambiguously attributed to a homogeneous PVP–PEG
blend. As has been shown in the final research paper
[80] of the series [63,76–81], the lower Tg unambiguously
relates to some amorphous PVP–PEG interaction product
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Fig. 11. Involvement of terminal hydroxyl groups in stoichiometric PVP
complex formation with telechelic oligomers as a function of composi-
tion expressed in the terms of OH groups available in the blends per PVP
carbonyl. A: The percentage of PEG-400 macromolecules crosslinking PVP
units. Open symbols denote DSC data from reference [79], whereas solid
symbols correspond to the values obtained using Temperature Modulated
Differential Scanning Calorimetry (TM-DSC) technique [80]. B: The num-
ber  of hydroxyl groups in a plasticizer molecule participating in hydrogen
bonding with PVP units over the composition range for various nonco-
valent crosslinkers: ethanol, water, PEG-400 and glycerol [80]. C: The
compositional behavior of the percentage of PVP repeat units crosslinked
through PEG-400 chains into a hydrogen-bonded network complex.
[80], Copyright 2003. Reproduced with permission from Elsevier Ltd.
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(polymer–oligomer complex) which nucleates and grows
within the homogeneous upper Tg-phase.

The glass transition temperature, Tg, is one of the
most fundamental parameters of polymers. The Tg directly
relates to the cohesive energy and packing density
[38,82,83]. The simple rule of mixing, stated by the Fox
equation [75], neglects specific interactions between a
polymer and a plasticizer and infers a complete unifor-
mity of intermolecular forces. In practice, the plasticization
effect often involves specific interactions or excess volume
formation upon mixing a polymer and a plasticizer (sol-
vent) so that the effect leads to negative Tg deviations.
Large negative Tg deviations from the Fox equation have
been observed for PVP blends with the plasticizers bear-
ing two or more hydroxyl groups per molecule (PEG and
glycerol) [78,79]. It has been found that the plasticization
effect relates more to the fraction of hydroxyl groups in a
blend than to the plasticizer weight fraction. Negative devi-
ations of the blend Tg from the relationship predicted with
the original form of the Fox equation were shown to be
in direct proportion to the number of hydroxyl groups in
plasticizer molecule [78].

Qualitatively the phase behavior of PVCL blends with
PEG-400 is similar to the PVP–PEG phase behavior.
However, negative deviations from the Fox equation in
the PVCL blends with PEG-400 are appreciably larger, than
those for the PVP–PEG system [43].

To fit the composition curve for Tg of PNVAm–PEG
hydrated blends an adjustable parameter w∗PEG was  intro-
duced into the original form of the Fox equation [78–80]:

1
Tg

= wPNVAm

TgPNVAm

+ wH2O

TgH2O

+ wPEG + w∗PEG

TgPEG

(2)

where Tg refers to the glass transition temperatures and w
to the weight fractions of PNVAm, water, and PEG, respec-
tively.

Within the context of Eq. (2) the parameter w∗PEG has
a clear physical meaning. It is established that the nega-
tive deviations come out only from the formation of more
than one hydrogen bond (e.g., through both terminal OH
groups in PEG molecule) [80]. Hence the w∗PEG defines the
weight fraction of PEG chains that crosslink repeat units in
the PNVAm chains by means of two H-bonds through both
terminal OH-groups in the PEG chains.

Thus the w∗PEG/wPEG ratio yields the average mole
fraction of PEG chains crosslinking the PNVAm units by
H-bonding through both terminal hydroxyls. This quantity
is plotted in Fig. 11 against PVP–PEG blend composition
expressed as the total number of PEG OH-groups per one
PVP repeat unit.

Although the DSC data in Fig. 11A refer to the PVP–PEG
blends of lower hydration (6–8%), they are in excellent
agreement with the Temperature Modulated DSC (TM-
DSC) results obtained for the blends of 12% hydration. This
implies that the difference in blend hydration is properly
accounted for by the modified Fox equation (Eq. (2)) and
that the effect of water on the lower Tg behavior obeys the

classical weight-average rule of mixing.

As is evident from the data in Fig. 11B, at low PEG
content (20% and 25%) the w∗PEG fraction exceeds wPEG
(the total PEG content) (i.e., the w∗PEG/wPEG ratio exceeds
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00%). This seemingly unrealistic conclusion results from
he fact that the Tg value indicates the presence of a certain
hase formation within the polymer blend. The value, how-
ver, does not define directly the amount of formed phase.
t low PEG content, the PEG chains will crosslink only some

raction of PVP macromolecules, leaving other PVP chains
noccupied. In other words, discrete nuclei of a noncova-

ently crosslinked PVP–PEG complex (lower Tg-phase) are
ormed within the continuous upper Tg-phase.

According to Eq. (2), the (wPEG + w∗PEG)/wPEG quan-
ity is the number of hydroxyl groups per plasticizer (e.g.,
EG) molecule involved into H-bonding with PVP. Indeed,
s is obviously demonstrated in Fig. 11B [80], as the plas-
icizer concentration decreases in the blends, this quantity
ends to unity for water and ethanol, two for PEG, and
hree for glycerol that contains three reactive OH groups
er molecule.

.6. Nonequimolar stoichiometry and nanostructure of
NVAm–PEG network complex

Taking the product of the total number of PEG OH-
roups per PVP repeat unit ([OH]/[PVP]) and the molar
raction of PEG chains crosslinking the PNVAm units
w∗PEG/wPEG), we obtain the mole percent of OH groups
nvolved in the H-bonded cross-links. Assuming that every
H group forms an H-bond only with a single PNVAm
arbonyl, this product yields the mole percent of PNVAm
nits noncovalently crosslinked through PEG chains, M+

H
80]:

+
H = w∗PEG

wPEG
· [OH]

[PNVAm]
× 100% (3)

+
H shown in Fig. 11C is remarkably independent of PEG

ontent within a wide composition range. This provides
nambiguous evidence of the PVP–PEG network com-
lex stoichiometry. The stoichiometric composition of the
VP–PEG network complex, derived from the concen-
ration dependence of the lower Tg, has been found to
orrelate fairly reasonably with the direct results of FTIR
easurements [44,48,49] as well as with the data obtained

rom the depression of heat of PEG melting in blends with
morphous PVP [79].

The crosslinking capability of PEG chains increases with
he decrease of their length as well as with the reduction in
he number of PEG hydroxyls available per one PVP repeat
nit. Using this ratio, the dynamics of hydrogen bonding
nd crosslinking of the PVP units has been assessed in terms
f the quantities outlined by Eq. (3). As one compares the
ariations in the state of PVP repeat units over the composi-
ion of the PVP blends with PEG-200, 300, 400, and 600, the
mpact of PEG chain length upon the state of PVP carbonyls
ecomes clear. To make the comparison more apparent, the
oncentration profiles of the mol% of PVP units crosslinked
hrough PEG chains with molecular weight from 200 to 600
re presented in Fig. 12.

The content of crosslinked PVP units is nearly invari-

nt with PEG concentration over a wide composition range
or PEGs with various molecular weights, indicating the
toichiometry of hydrogen bonded network PVP–PEG com-
lexes. Although all the PEG chains bear two reactive
the PEG molecular weight.
[79], Copyright 2001. Reproduced with permission from Elsevier Ltd.

hydroxyl groups, their hydrogen bonding activity, assessed
in terms of the (wPEG + w∗PEG)/wPEG ratio, is inversely
related to the chain length at fixed concentration of OH
groups in a blend (see the insert in Fig. 12). As the PEG
molecular weight increases and approaches 1000 g/mol,
the PEG ceases crosslinking the PVP units. This conclusion
has been confirmed experimentally [48].

Recall that the w∗PEG quantity is defined as the weight
fraction of PEG chains that crosslink the PVP repeat units
by H-bonding through both terminal hydroxyls. Then, tak-
ing into account that every PEG cross-link forms two
H-bonds, the mole fraction of H-bonded network junctions
is:

2w∗PEG

MWPEG
(4)

where MWPEG is the PEG molecular weight (400 g/mol).
Dividing the total number of PNVAm repeat units in
1 g of PNVAm–PEG blend (wPNVAm/MWPNVAm) (where
MWPNVAm is the molecular weight of either the PVP or PVCL
monomeric unit) by the mole fraction of H-bond junctions,
Eq. (4) yields the average number of recurring PNVAm units
between neighboring junctions:

wPNVAm · MWPEG

MWPNVAm · 2w∗PEG
(5)

As is seen from Fig. 12, the shorter the chains of the
PEG crosslinker the greater the density of the H-bonded
network. In PVP blends with PEG-400 and PEG-600,
respectively, approximately every 5th and 10th PVP
unit is involved in crosslinking through an H-bonded
PEG chain. The network supramolecular structure of the
PVP complex with PEG-400 is illustrated schematically

in Fig. 1.

In a recent publication, the contour lengths of PEG
chains and PVP segments between neighbor crosslinks
were predicted, taking into account the valence angles
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bonded network complex.
[43], Copyright 2014. Reproduced with permission from the American
Chemical Society.

between covalent bonds linking the atoms of the polymer
backbones [84]. As has been established, the average length
of PVP chain segments between neighbor crosslinks is
approximately half the length of crosslinking PEG chain. For
PEG-400, the contour length PEG chain is 2.5 nm, whereas
the length of PVP segment in the mesh of stoichiometric
network complex is 1.23 nm.  The most plausible explana-
tion to this fact is that the PVP chain is much stiffer than the
PEG chain, which is appreciably bent due to its flexibility.
In this connection, one can expect that the lengths of PVP
chain segment and PEG crosslink in the mesh of H-bonded
network are commensurable [84].

The negative Tg deviations for the PVCL–PEG blends
were found to be about 25–30 ◦C greater than those for
the PVP–PEG system at comparative contents of PEG-
400 [43]. It is therefore no wonder that the content
of noncovalently crosslinked PNVAm units through PEG-
400 chains, shown in Fig. 13 for PVCL-PEG and PVP-PEG
blends, is remarkably independent of PEG content within a
wide composition range, which is direct evidence of the
nonequimolar stoichiometry of the PVP and PVCL com-
plexes with PEG-400. At the same time, approximately 60%
of the PVCL monomer units form a H-bonded network junc-
tions with PEG-400, while in PVP–PEG blends the amount
of noncovalently crosslinked polymer repeat units is only
about 20% (Figs. 11C and 12), i.e., three times lower than in
PVCL–PEG blends (see Fig. 13, [43]).

It follows that the PEG chain length is one of the
factors that controls the nonequimolar stoichiometry of
PNVAm–PEG network complexes. Hydrogen bonding of
PEG terminal hydroxyls to the PNVAm carbonyls leads to
a gain in enthalpy as a result of complex formation and
loss in entropy due to reduced conformational and trans-
lational freedom of the PEG chains. Unblended PVP or

PVCL are in a glassy state and their segmental mobility is
essentially frozen. As illustrated in Fig. 1, telechelic PEG
chains act as spacers between longer PNVAm chains that
increase the free volume and molecular mobility of PNVAm
er Science 42 (2015) 79–153

segments between neighboring H-bonded network junc-
tions. The longer the crosslinking PEG chains, the greater
is the loss in entropy due to fixation of conformation and
limitation of PEG chain translational mobility. To enable
PNVAm–PEG network complex formation a compensat-
ing mechanism is needed, counterbalancing the loss in
entropy of PEG cross-links. This mechanism can be pro-
vided by the increase in molecular mobility of PVPNVAm
chain segments between two neighboring H-bonded net-
work junctions. The longer the crosslinking PEG chains, the
longer the mobile PNVAm chain segments and the sparser
the H-bonded network. When the entire PNVAm chain
has already achieved sufficient mobility in the meshes
of the flexible H-bonded PNVAm–PEG network (Fig. 1),
the compensating mechanism does not exist any longer
and the network PNVAm–PEG complex has reached its
nonequimolar stoichiometry. In this way, the entropy
loss compensating mechanism governs the noncooperative
polymer–oligomer network complex formation [84]. While
the stoichiometry of low molecular weight compounds is
determined by their valency, the stoichiometry of inter-
polymer complexes is defined by entropic contributions to
the free energy of the complex formation.

3.7. Molecular mechanism of the PNVAm–PEG
interaction and mixing throughout the entire composition
range

Knowledge of the w∗PEG quantity makes it feasible to
estimate many useful characteristics of the PNVAm–PEG
complex network structures and the PNVAm–PEG mixing
process. The critical molecular weight of a PVP chain seg-
ment (Mc; g/mol) in the mesh size of H-bonded network
can be estimated as:

Mc = wPVP · MWPEG

2w∗PEG
(6)

Here Mc is connected to the H-bond network density via
the following equation:

�H

Vo
= �

Mc
= 2w∗PEG · �

wPVP · MWPEG
(mol/cm3) (7)

where � is the polymer blend density (g/cm3), �H is
the number of H-bonded junctions per molar volume of
PVP–PEG complex, Vo. The blend density � can be evaluated
as:

1
�

= wPVP

�PVP
+ wPEG

�PEG
+ wH2O

�H2O
(8)

where �PVP = 1.25, �PEG = 1.125, and �water = 1.0 g/cm3,
respectively.

The equilibrium constant of PNVAm–PEG stoichiomet-
ric complex formation, K+

H (mol/g), can be calculated
following Eq. (9):

+ 2w∗PEG
(2wPEG − w∗PEG) · ((wPVP/MWPVP) − (2w∗PEG/MWPEG))

Since both PVP and PVCL are soluble in PEG, their blends
can be treated as solutions in PEG. The equilibrium between
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rosslinked PNVAm units and those free of crosslinking
ay  be evaluated in terms of the dissociation degree (˛):

˛2

1 − ˛
= MWPEG

K+
H · 2w∗PEG

(10)

he term (2w∗PEG/MWPEG) is the mole fraction of PEG
H-groups involved into H-bonding and crosslinking the
NVAm units per 1 g of the blend; the ratio is equal to the
ole fraction of crosslinked PVP units.
Knowing the equilibrium constant of the complex for-

ation, the free energy change corresponding to this
rocess can be calculated through the van’t Hoff equation:

G+
H = −RT ln K+

H (11)

The network density (Eq. (7)) and the critical molecular
eight of PVP segment between neighboring junctions of
-bonded network (Eq. (6)) remain independent of the PEG
oncentration within a wide composition range (20–80% of
EG-400), just as the degree of crosslinking remains inde-
endent of the same factor (Figs. 11C and 12). The average

ength of the PVP chain segments between neighboring
-junctions is about 5–6 PVP units, whereas the corre-

ponding length of the PEG chain between cross-links is
p to 9–10 oxyethylene units (400 g/mol). The network is
ully formed at 25% of PEG content in the blend and reveals
o signs of swelling or breakdown up to 80% of PEG con-
entration. The network formation and failure occurs in
arrow ranges of composition. It follows that the nature
f the crosslinked complex is cooperative.

Large K+
H values correspond to the large negative

G+
H magnitudes. The PVP–PEG complex formation is an

xothermic process. The gain in energy is greater at the
rst stage of PVP plasticization due to hydrogen bonding
ith PEG (wPEG = 0.2–0.45) than at the subsequent stages

f the PVP–PEG complex mixing with PEG, followed by the

welling of the H-bonded network and dissolution of disen-
aged PVP macromolecules in excess PEG (Figs. 11C and 14)
80]. In turn, the gain in energy is greater for the PVCL–PEG
toichiometric complex formation than in the course of PVP
er Science 42 (2015) 79–153 93

bonding with PEG. Taking into consideration that the con-
tributions of hydrogen bonding between PNVAm and PEG
molecules are approximately the same for PVP and PVCL
polymers [43], it is logical to suppose that the PVCL–PEG
complex is more energetically favorable on account of
hydrophobic interactions. Due to greater density of the
noncovalent network (Fig. 13), the mechanical properties
and adhesion of the PVCL–PEG hydrogel are much less
sensitive to the polymer molecular weight than for the
PVP–PEG system.

Fig. 14 and Table 2 summarize the understanding of the
mechanism of glassy PVP dissolution in liquid PEG outlined
by the data presented in Figs. 11–13 [80]. At low PEG con-
centrations (0–20%), PVP plasticization occurs. However, as
the PEG content reaches 20%, the PVP gel crosslinked by H-
bonding with PEG chains begins to form, a process which
is manifested by the occurrence of the second relaxation
transition. The stoichiometric complex involves 18–19% of
PVP units crosslinked by PEG terminal hydroxyls (via H-
bonding) and requires about 14 OH-groups of PEG per 100
PVP units (26 wt.% of PEG-400 in blends) (Table 2).

It is well known from the literature that polymer
crosslinking usually causes Tg to increase [85,86]. Nev-
ertheless, in PNVAm–PEG systems, as PVP or PVCL
chains become crosslinked by means of PEG, Tg gets
appreciably reduced compared to uncrosslinked PNVAm
(Figs. 10 and 13). This apparently anomalous behavior of
the PNVAm–PEG blends has also been shown to be due
to the appreciable length and flexibility of PEG chains
that couple the properties of the H-bonding crosslinker
and spacer [44,63,76,77,80,87]. By creating space between
longer PNVAm macromolecules the PEG chains increase
the free volume and, eventually, the molecular mobil-
ity of the PNVAm chain segments between neighboring
H-bonded network junctions [84,88–90]. In addition to
crosslinking of PNVAm units, PEG chains behave also as
a cohesive strength enhancer [61]. It is the combination
of the features of both cohesive strength and free volume
enhancers that make the short chain PEG responsible for
pressure-sensitive adhesion.

As follows from the data in Fig. 11A, if the PEG con-
centration increases the involvement of its chains in
crosslinking the PNVAm units is reduced. As the amount
of crosslinked monomer units in the PVP chains achieves
its stoichiometric value (19% for PVP), the upper Tg van-
ishes. This occurs within the range of PEG concentrations
between 41% and 50% (Figs. 10 and 14). As PEG is mixed
with the complex in excessive amounts, a crystalline PEG
phase appears below its melting temperature Tm (Fig. 11A
and Table 2). If PVP solutions are relatively dilute, contain-
ing 80–90% of solvent (PEG-400), the PVP–PEG H-bonded
network is thought to swell (Figs. 11C and 14). The con-
centration region where the PEG content is more than 90%
corresponds to PVP dissolved in PEG-400 [80].

3.8. Comparison of the Tg analysis data with the results
of independent measurements
DSC scans characterize heat capacity as a function
of temperature. In turn, the heat capacity is a mea-
sure of molecular mobility that relates to the energy of
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Table 2
Phase state of the PVP – PEG system and underlying molecular mechanisms corresponding to different stages of the dissolution of glassy PVP in liquid PEG
[80].

% PEG [OH]PEG
[PVP] Stage of Spontaneous PVP–PEG

Mixing
Composition Phase state

0–10 0–0.06 1. Homogeneous PVP–PEG
mixing

Homogeneous PVP–PEG
mixture

Single amorphous phase with
Tg obeying the Fox rule of
mixing for dry blends + water
in vapour state.

10–20 0.06–0.14 Homogeneous PVP–PEG–water
mixture

Single amorphous phase with
Tg obeying the Fox rule of
mixing for hydrated blends

20–35 0.14–0.3 2. Stoichiometric PVP–PEG
H-bond complex formation
within homogeneous PVP–PEG
mixture

Homogeneous PVP–PEG
mixture + Stoichiometric
complex

Two amorphous phases with
different
composition–dependent Tg ’s

35–41  0.3–0.39 Stoichiometric PVP–PEG
complex + homogeneous
PVP–PEG mixture

Two amorphous phases with
different
composition-dependent Tg ’s;
Presumably phase inversion

45–80  0.46–2.22 3. Dissolution of PVP–PEG
stoichiometric complex in
excess PEG

Mixing the stoichiometric
PVP–PEG complex with excess
PEG: PVP–PEG complex + PEG

Single amorphous phase
(above PEG Tm);
Amorphous–crystalline phase
separation (below PEG Tm)

80–90  2.22–5.0 H-bonded network failure and
gradual disengagement of PVP
chains from the stoichiometric
complex: PVP–PEG
complex + PVP–PEG mixture

PV

 Creton 
>90  >5.0 

Reproduced with permission from Feldstein M.M.,  Roos A., Chevallier C.,
2000,  Elsevier Ltd.

cohesive interaction and free volume. Traditionally, molec-
ular mobility of macromolecules is evaluated in terms of
self-diffusion coefficients. These quantities have been mea-
sured for the PVP–PEG systems by a Pulsed Field Gradient
NMR  (PFG NMR) technique as a function of the compo-
sition, hydration, molecular weights of the components
involved, and temperature [88,89]. The composition pro-
files of the activation energy for PEG-400 self-diffusion in
the blends with high molecular weight PVP (EA) and the
energy of crosslinking PVP units (	G+

H) were compared. At
the stage of crosslinked complex formation (wPEG < 0.4), the
PVP–PEG interaction is especially strong, and the EA curve
reveals an abrupt increase (with a decrease in PEG con-
tent). It follows that the PEG loses its diffusivity due to its
involvement with the crosslinked PVP–PEG complex (see
Fig. 1). When the complex is mixed with unbound PEG that
is capable of crystallizing below Tm (wPEG = 0.4–0.8, Fig. 14
and Table 2), the equilibrium constant of PVP crosslinking is
reduced and the strength of PVP–PEG interaction becomes
weaker. Correspondingly, EA decreases at this stage. When
the PEG concentration achieves 70–80%, the failure of the
PVP–PEG network complex occurs (Figs. 11C and 14) due to
the corresponding decrease of crosslinking energy. Within
this concentration range, the complex dissociates, and the
activation energy for PEG self-diffusion matches closely the

value found for bulk PEG-400 (EA = 38 kJ/mol). This indi-
cates that PEG interaction with PVP provides no obstacles
for PEG diffusion in the diluted polymer solutions con-
taining more than 70% of the solvent (PEG-400). Thus, the
P solution in PEG

C., Dormidontova E.E., Polymer, 44(6) (2003) 1819–1834 [80]. Copyright

composition profile of short-chain PEG diffusivity in blends
with PVP (evaluated with the PFG NMR  method) follows
the pattern of free energy of PVP H-bond crosslinking; the
pattern was obtained from the analysis of deviations of the
lower Tg from weight-average values using the modified
Fox Eq. (2) [80].

It has also been shown by wedge interferometry that dif-
fusion of short chain PEG in the blends overloaded with low
molecular weight PVP is restricted by a kind of entangle-
ment process which resembles chain reptation [47]. Since
the chain reptation is thought to be a rather atypical mode
of diffusion for such a highly flexible and short macro-
molecules as oligomeric PEG-400, the observed effect has
been explained by the process of PEG chain engagement
into H-bonded network formed in the PVP–PEG blends.

Both heat capacity and diffusivity are microscopic prop-
erties of PVP–PEG blends. The macroscopic properties, such
as rubber-like viscoelasticity [90] and pressure sensitive
character of adhesion [38], involve numerous processes
acting on the molecular level. It comes therefore as no
surprise that evident correlations have been established
between the mechanism of PVP–PEG interaction discussed
above and the composition dependence of viscoelastic and
adhesive properties of the PVP–PEG blends.

The PVP–PEG system is plausibly among the first and

most illustrative examples of miscible single-phase poly-
mer  blends, which reveal two distinct glass transition
temperatures with a consistent compositional behavior. As
is shown in Fig. 11C and 14, the behavior of the upper Tg
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n the PVP–PEG blends obeys the well-known Fox equa-
ion, indicating homogeneous PVP–PEG mixing or glassy
VP dissolution in liquid PEG. At the same time, the lower
g is due to the formation of a hydrogen bonded PVP–PEG
etwork complex (gel), which behaves like a new chemical
ntity.

Nevertheless, the PVP–PEG blend is not a unique single-
hase polymer system displaying two heat capacity jumps,
esembling glass transitions, in DSC thermograms. A simi-
ar behavior has also been observed for such single-phase
ystems as partially denaturated proteins and polypep-
ides. In this case a low-temperature relaxation transition
s generally treated as a glass transition, whereas the high-
emperature heat capacity jump refers to the processes of
hermal denaturation and �-helix-coil transition [91–97].
n both cases, the existence of two relaxation transitions

ay  be attributed to the occurrence of highly ordered
upramolecular structures, exhibiting disparate relaxation
roperties which result from hydrogen bonding. Relaxation
roperties of PVP–PEG PSAs and their relation to adhesion
re described in a series of recent publications [98–102]
nd briefly discussed in the review [38].

.9. Energy of intermolecular H-bonding and free volume
n PVP–PEG PSAs

As Eq. (1) has shown, the factor responsible for
ressure sensitive adhesion at a molecular level is spe-
ific balance between sufficiently strong intermolecular
ohesion energy (	Ec) and large free volume (unoc-
upated space between neighboring macromolecules).

ith the 	Ec and free volume behaviors in model
VP–PEG PSA’s properly characterized, we can answer
ey questions: What values of free volume are respon-
ible for high adhesion in the PVP–PEG blends? The
nswer to this question is of fundamental signifi-
ance since it establishes direct correlations between
anoscopic and macroscopic properties of PSA mate-
ial.

Mechanisms of intermolecular interactions in the
ystem PVP–PEG–water have been studied by FTIR spec-
roscopy [38,44,48,49,87], which provides unambiguous
dentification of interacting functional groups in comple-

entary macromolecules. Formation of hydrogen bonds
etween functional groups is manifested in IR spec-
ra by a shift of their characteristic frequencies toward
ower wavenumbers. IR absorption bands of the carbonyl
ond in the amide group of PVP are observed in the
egion 1720–1650 cm−1, and the bands of hydroxyl groups
t the ends of PEG short chains fall within the range
600–3200 cm−1.

Mixing dehydrated PVP with PEG-400 results in a shift
f the band related to PVP carbonyl group stretching
ibrations from 1679 to 1655 cm−1, and a corresponding
hift of PEG terminal hydroxyl vibrations from 3455 to
332 cm−1 [38,44,48,49,87]. These results are indicative of
trong H-bond formation between these groups. For PVP

ontaining 6–7 wt.% absorbed water, the carbonyl group
ibration band lies at 1661 cm−1, indicating association of
VP carbonyl groups with water [49]. Under these con-
itions mixing PVP with PEG-400 shifts the band related
er Science 42 (2015) 79–153 95

to PVP carbonyl group stretching vibrations from 1679 to
1655 cm−1, and that of PEG terminal hydroxyls vibrations
from 3455 to 3332 cm−1.

WAXS studies have shown that the binary PVP–PEG400
system reveals reorientation of PEG chains, with terminal
PEG hydroxyl groups becoming no longer self associated
or bound with the oxyethylene units of neighboring chains
[48,79]. The differential FTIR spectrum of the PVP–PEG
blend in the region of PVP carbonyl group stretching vibra-
tion demonstrates bands at 1716, 1680, and 1650 cm−1,
which can be assigned to PVP carbonyls that are free,
loosely bound, and strongly bound with PEG OH groups,
respectively [47,86]. The loosely bound mode at 1680 cm−1

most likely relates to PEG chains forming single H-bonds
with PVP carbonyl groups through one terminal hydroxyl
group. The strongly bound mode at 1650 cm−1 corresponds
to H-bonds formed by PEG chains through both terminal
OH groups.

To evaluate the competition in hydrogen bonding
between reactive functional groups of PVP and PEG in
blends containing absorbed water, based on data from
FTIR spectroscopy, the energies of formation of different
types of hydrogen bonded structures that exist in the
blends should be taken into account. For this purpose,
quantum chemical calculations of energy of formation
for more than 110 complexes of various types have
been performed. Relevant results of the calculations
are presented in Table 3 and are arranged in order
of diminishing magnitudes of the complex formation
energy [49]. According to the calculations, the strength
of hydrogen bonded complexes in PVP–PEG–H2O sys-
tem diminishes in the order: PVP–H2O–PEG–H2O–PVP
(−	Ec = 79.4 kJ/mol) > PVP–H2O–PEG–PVP (78.9 kJ/mol) �
PVP–H2O–PEG (50.1 kJ/mol) � PVP–PEG–PVP (33.7 kJ/
mol) > PVP–H2O (26.4 kJ/mol) > PEG self-association
through terminal OH-groups (24.6 kJ/mol) > PEG–H2O
(20.4 kJ/mol) > PVP–PEG (20.3 kJ/mol). As is obvious
from these data, the most stable complexes in the
PVP–PEG–H2O system are formed owing to the participa-
tion of water molecules associated with the PVP monomer
units in the first hydration shell [49]. Absorbed water
is not a competitor, but rather assists in the process of
PVP–PEG H-bonded complex formation. The formation
energies of PVP–PEG–H2O complexes underlie the cohe-
sive strength of PVP–PEG model PSA at the molecular
level.

Positron annihilation lifetime spectroscopy (PALS) has
been employed to characterize the size and content of
subnanoscopic free volume in a model PSA based on a stoi-
chiometric hydrogen-bonded network complex of PVP and
oligomeric PEG [84]. The size and number density of free
volume domains in the PVP–PEG blends were determined
as functions of blend composition and relative humidity of
the surrounding atmosphere, which controls the amount
of absorbed water.

Both PEG-400 and absorbed water are good PVP plasti-
cizers. Interestingly, while an increase in PEG concentration

increases the free volume radius and fraction, absorbed
water leads to the increase in number density of free vol-
ume holes, having no effect on the size of free volume
cavities. The depth profile of free volume radius in the
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Table 3
Schematic structures and the energies of formation of hydrogen-bonded complexes in the system PVP–PEG–H2O [38].

Complex Schematic structure −	E  (kJ/mol)

PVP-H2O–PEG-H2O–PVP

O

H

H
O

N
O

NH

O

H

HO(CH2CH2O)6CH2CH2OH
79.4

PVP–PEG-H2O–PVP HO(CH2CH2O)6N
O

CH2CH2OH
O

H

H
O

N

78.9

PVP-H2O–PEG N
O

H
O

H

HO(CH2CH2O)6CH2CH2OH

50.1

PVP–PEG–PVP
N

O HO(CH2CH2O)6CH2CH2OH
N

O 33.7

PVP-H2O N
O H O

H
26.4

PEG–PEG HO(CH2CH2O) 6CH2CH2OH O

CH2

O

CH2

CH2 CH2

24.6

PEG-H2O
O HO(CH2CH2O)6CH2CH2OH

H

H

20.4

PVP–PEG N
O

HO(CH2CH2O)6CH2CH2OH

20.3

Reproduced with permission from Feldstein M.M.,  Siegel R.A., Journal of Polymer Science, Part B: Polymer Physics 50 (2012) 739–772. Copyright 2012,
Wiley Periodicals, Inc.
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VP–PEG-400 PSA demonstrates excess free volume near
he surface of the adhesive film (∼3.25 Å at ∼20 nm into
he film) compared with the bulk (3.08 Å at 1.4 �m and
eyond). Excess free volume at the surface facilitates sub-
trate wetting by the PSA polymer under slight bonding
ressure, as shear deformation dominates. On the other
and residual free volume in the bulk facilitates dissipa-
ion of mechanical energy under a detaching force, during
hich the PSA polymer exhibits large tensile strain and fib-

illation. Thus, the depth profile of free volume radius in
he PVP–PEG model PSA promotes its pressure sensitive
dhesion.

The strongest adhesion is observed at 6.3–7.0% free vol-
me  content and free volume radius varying between 2.95
nd 3.08 Å [84]. In probe tack curves, if the contribution of
nterfacial adhesive–substrate interaction dominates that
f cohesive strength of PSA material, then the radius and
he relative fraction of free volume govern the value of max-
mum elongation. Finally, in tensile stress-strain curves
he size and relative fraction of free volume relate lin-
arly to the maximum elongation to break in the PSA’s,
hereas both the ultimate tensile strength and elasticity
odulus vary inversely with free volume, as these quan-

ities are determined by cohesive strength [38,84]. Free
olume fraction is more important than free volume hole
ize in controlling the tensile and adhesive properties of
VP–PEG PSA’s. Thus, the presented research bridges the
ap between molecular structure at the nanoscopic level
nd macroscopic physical properties of PVP–PEG model
SA’s.

.10. “Smart” thermoswitchable PSA based on
ydrophilic polymer possessing Lower Critical Solution
emperature in water

Despite evident progress in adhesion technology over
he last few decades, it remains challenging to produce

aterials that are sticky on demand. Recent efforts in
eveloping reversibly switchable adhesives that exhibit
he ability to trigger adhesion in response to environ-

ental stimuli – pH, solvent, temperature, mechanics and
lectromagnetic field – are reviewed in a feature arti-
le by Kamperman and Synytska [105]. Polymers which
emonstrate low critical solution temperature (LCST)
ehavior in an aqueous environment, including poly-
crylamides, polyvinylcaprolactone, polyethyleneglycols,
nd polypeptides [106], have been employed to design
eversibly switchable adhesives. In this case, the reversible
ormation of hydrogen bonds is responsible for switch-
ng. At room temperature, for example, polyacrylamide
hains form hydrogen bonds with surrounding water
olecules and adhesion is poor. As the hydrogen bond-

ng becomes weaker with increased temperature while
ydrophobic interactions persist through 37–50 ◦C tem-
erature range, such polymers lose their solubility in water
t the LCST. Thus, increasing the temperature induces a
hase transition (LCST) and leads to a change in adhesion

107].

Since the PVP is a much more hydrophilic polymer
han PVCL, the former exhibits a LCST around 170 ◦C
hat was evaluated theoretically from the temperature
Fig. 15. The effects of temperature and the content of absorbed water on
the  cloud point behavior of PVCL and its blend with 45 wt. % PEG-400.
[43], Copyright 2014. Reproduced with permission from the American
Chemical Society.

relationship of PVP swelling degree in water [108,109] and
confirmed experimentally. The PVCL demonstrates a LCST
and becomes insoluble in water in the vicinity of 37–40 ◦C
[110–116]. In our recent research [43] we  analyzed the
influence of the LCST on the adhesive properties of the
PVCL–PEG composites.

As follows from the comparison of the equilibrium con-
stants and dissociation degree behaviors of the PVP–PEG
and PVCL–PEG complexes, calculated using Eqs. (9) and
(10), the PVCL–PEG H-bonded complexes are characterized
by much greater stability, a higher density noncovalent net-
work and a higher complexation constant. These data are in
good agreement with the results by Kirsh et al. on hydrogen
bonding of phenols to PVP and PVCL [117].

The effects of temperature and solution composi-
tion on the cloud point behavior in PVCL–water and
PVCL–PEG–water system are demonstrated in Fig. 15. The
shape of the curve for the binary PVCL–water system is
in good agreement with the literature data of Meeussen
et al. [110]. The LCST is observed at 36 ◦C and its position
is shifted toward dilute solutions (10 wt.% of polymer). The
LCST is slightly higher than the value reported by Meeussen
et al. (∼30 ◦C) for a somewhat similar molecular weight
polymer, but agrees perfectly with the data by Kirsh, mea-
sured for the same HMW  PVCL sample [108]. With an
increase of PVCL concentration the cloud point tempera-
ture climbs smoothly, achieving 60 ◦C at 26 wt.% of water
in polymer.

In general, the behavior of ternary PVCL–PEG
(45 wt.%)–water system follows the pattern shown
by the PVCL solution in water. At high water content
(80–90%) the curves are practically superimposed. This
behavior is expected, because at such high concentrations
of water it forms H-bonds with both polymer (PVCL)
and oligomeric crosslinker (PEG), so the formation of a
stoichiometric PVCL–PEG complex can hardly be possible.
At higher PVCL concentrations the curves become parallel
to each other, with the polymer–oligomer complex curve

running 3–5 ◦C below that of pure PVCL (Fig. 15).

In the connection with reported phase behavior the
question arises: how does the LCST affect the adhesion
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Fig. 16. Temperature dependence of the 180◦ peel adhesion force for
PVCL–PEG (45 wt.  %) hydrogels containing 10, 20 and 30 wt. % of absorbed
water. Peel rate is 10 cm/min.

the tightly bound water affects the adhesive and mechan-
[43], Copyright 2014. Reproduced with permission from the American
Chemical Society.

behavior of PVCL–PEG hydrogels in the course of their
swelling (upon water addition) and temperature eleva-
tion? To answer this question we performed 180◦ Peel
Tests, which enabled the control of water content captured
by the hydrogel in the course of heating if a water imper-
meable film is employed as a substrate.

The effects of temperature and the amount of absorbed
water on the 180◦ Peel Adhesion of the HMW  PVCL with
45 wt.% PEG-400 are illustrated in Fig. 16. As follows from
these data, in the temperature range from 20 to 90 ◦C the
PVCL–PEG hydrogels containing 10 and 20 wt.% of water
exhibit gradual reduction of adhesion with an increase in
temperature. In contrast to this behavior, the hydrogels
containing 30 wt.% of water and more demonstrate the loss
of adhesion in rather narrow temperature ranges. Thus, the
PVCL blend with 45 wt.% of PEG-400, containing 30 wt.% of
absorbed water, loses its adhesion sharply between 55 and
70 ◦C. The higher the content of absorbed water, the lower
the temperature of spontaneous detachment of the adhe-
sive film. Thus the temperature behavior of adhesion in the
PVCL–PEG hydrogels correlates fairly reasonably with the
temperature dependence of the cloud point, as shown in
Fig. 15 [43].

The temperature transitions of the mixing–demixing
behavior and the change of adhesion, presented in
Figs. 15 and 16, respectively, are fully reversible. As an
opaque detached adhesive film is removed from warm
aqueous solution, it becomes transparent and tacky within
1–1.5 min  as the result of both cooling and partial evapora-
tion of absorbed water. The fact that the PVCL–PEG-400
blends containing 10 and 20 wt.% of water demonstrate
only a smooth decrease of adhesion with increasing tem-
perature implies that the amount of absorbed water in
these hydrogels is too low to inhibit adhesion [43]. The
absolute values of peel force in Fig. 16 are extremely high,
ranging from 2280 to 570 N/m at 20 ◦C. The PVCL–PEG net-
work is much denser than the PVP–PEG one, resulting in

stronger adhesion.

The comparison of PVP–PEG and PVCL–PEG stoichio-
metric complexes shows that their remarkable adhesive
er Science 42 (2015) 79–153

properties is a common feature of the whole class of
polyvinyl lactam or even polyvinylamide polymers. One
of the arguments against their application is the difficulty
to control the material humidity, which would affect the
adhesive and mechanical properties of these materials.
Still, there are numerous scientific reports on consistent
and reproducible PVP behavior obtained in different lab-
oratories around the world with various natural humidity
levels. The fact is that the normal range of weight percent
of water tightly bonded (via hydrogen bonding) with PVP
is rather wide: 4–12%. Thus this water can be considered
as a natural intrinsic component of any PVP-containing
system which mediates interactions of PVP with other
substances. This is the reason for the consistent behav-
ior and solid performance of PVP- and PVCL-containing
systems obtained under different natural humidity condi-
tions. Thus, we  believe that adhesives based on PVP–PEG
and PVCL–PEG complexes have a great potential to become
an important part of hydrophilic water-absorbing adhesive
materials worldwide.

3.11. Pharmaceutical application of PVP–PEG adhesive

Eq. (1) establishes the direct relationship between
adhesion and diffusion transport properties of PSAs. High
diffusivity of PSAs favors their strong adhesion and makes
them useful as diffusion matrices in transdermal drug
delivery systems (TDS). TDS have found increasing appli-
cations in pharmacy for controlled delivery of drugs
into systemic blood circulation across intact skin with
predetermined release rate. In addition, both components
of the PVP–PEG PSA have been approved for medical
applications and are generally regarded as safe. For these
reasons, the PVP–PEG PSA was originally designed as adhe-
sive platform for transdermal drug delivery. Currently five
transdermal patches based on the PVP–PEG PSA with nitro-
glycerin, isosorbide dinitrate (ISDN), clonidine, cytisine and
phenazepam, known as Nitropercuten, Nisopercuten, Clop-
ercuten, Cypercuten and Phenapercuten, respectively, have
been approved for medical applications in Russia follow-
ing their successful large scale clinical trials. The PVP–PEG
PSA has been also employed as adhesive platform in a top-
ical antimycotic drug plaster with chinosol. The latter is
approved for treatment of onychomycosis in Russia as Chi-
nasive.

Concerns have been usually voiced of whether the high
hydrophilicity and sensitivity of adhesion and mechani-
cal properties of the PVP–PEG blends to absorbed water
makes this PSA a sufficiently stable product. In this con-
nection it should be noted that the state of absorbed water
in PVP–PEG blends was studied extensively with DSC [62],
FTIR [47,48,66,71,86], NMR  [87,88,103], PALS [83], DMA
[60,89], and other techniques [41–44,46,67]. As is obvi-
ous from these data, the absorbed water is tightly bound
to PVP recurring units until the total amount of water
in blends reaches 20 wt.% [66,103]. As has been clearly
demonstrated by the experimental data presented above,
ical properties of the blends in a quite favorable manner.
Free water appears in the PVP–PEG blends above the

20% threshold [89,103,117]. The kinetics of PVP–PEG PSA
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Fig. 17. A: Propranolol concentration in human plasma (ng/ml) for twelve
patients following the Propercuten-forte TDS skin application with patch
area S = 48 cm2. Replacements of patch applications are marked by the
arrows. [122], Copyright 1996. Reprinted with permission from Else-
vier Ltd. B: Pharmacodynamics of heart rate (min−1) in 12 hypertensive
patients (sitting) following placebo-controlled Propercuten-forte patch
application, replacement () and removal (). S = 48 cm2 (L.I. Pavlova, A.S.
Rumyantsev, A.K. Starodubtsev and V.G. Kukes, unpublished report).
Dashed line denotes the mean effect of propranolol 2 h after peroral tablet
administration dose of 40 mg.  C: Decrease of blood pressure in 40 patients
M.M. Feldstein et al. / Progress

lm hydration have been studied both in vitro, under
xperimental conditions typical of drug delivery rate mea-
urement in aqueous solution, and in vivo, using placebo
VP–PEG patch application to forearm and chest skin of

 male volunteers [118–121]. The patch consists of a
VP–PEG adhesive layer laminated to a water imperme-
ble metalized PET backing film that possesses an occlusive
ffect and assists skin hydration which in turn enhances
ercutaneous drug penetration. To decrease the matrix
ensitivity to hydration over the 20% limit and increase
reep resistance, a thin cotton woven fabric with a water
bsorption capacity of 7 times its weight was incorporated
nto the adhesive layer. Inclusion of the woven absorbent
nto the adhesive layer increases the 20% threshold to
5%. The equilibrium water content in the PVP–PEG films
anges from 8 to 12 wt.%. In vivo absorption of mois-
ure by PVP–PEG PSA has been found to be less than
0%.

For 14 examined drugs with various chemical struc-
ures, delivery rates from the hydrophilic PVP–PEG based
SA matrices is higher than hydrophobic PSA matrices
nd depend on drug solubility in the PSA [122–124].
elivery of propranolol, glyceryl trinitrate (nitroglyc-
rin) and isosorbide dinitate (ISDN) from the hydrophilic
DS matrix across human cadaver skin epidermis or
kin-imitating polydimethylsiloxane-polycarbonate block
opolymer Carbosil membrane in vitro is characterized by
igh rate values and zero-order drug delivery kinetics up to
he point of 75–85% drug release from their initial matrix
ontents [123,124].

As follows from Fig. 17A, the steady-state propranolol
oncentration in rabbit and human plasma is achieved not
ater than 24 h after TDS application [122]. The drug plasma
evel is held constant during the whole period of TDS appli-
ation (up to 6 days), suggesting that in vivo transdermal
rug delivery kinetics are zero-order.

PVP–PEG PSA based TDS with propranolol exhibits
ffective hypotensive and antianginal action beginning
0–24 h after the first TDS application with an area of
0–48 cm2, which was maintained over the course of a
-week alternative application with patch replacement in
very 5 days. A negative chronotropic effect was  noted
n 74% patients and was  evident in a 12–15% systolic
lood pressure decrease, an 11–15% diastolic blood pres-
ure decrease and a 20–28% heartbeat frequency decrease
Fig. 17A–C). After 24–48 h of TDS application, antianginal
ction was recorded in 67% of patients and was expressed
n a 37–39% increase in the mean time to development of

oderate anginal attacks on a treadmill exercise test. The
ecrease in the daily requirement for nitroglycerin tablets
as more than 50%.

Antianginal action of nitroglycerin hydrophilic TDS in
3% of patients was expressed 2 h after the patch appli-
ation to skin area of 35 cm2 (Fig. 18) [125,126]. This effect
as permanent over the course of >24 h of every TDS appli-

ation. The daily requirement for nitroglycerin tablets was
educed to 45% on the first and second days after the

rst Nitropercuten TDS application. For the other 27.5% of
atients, the decrease in the above-mentioned indexes was
5–50%. In patients with acute myocardial infarction, the
ntianginal effect was more evident [122].
with mild to moderate hypertension within repeated Propercuten-forte
TDS application for 4 weeks. S = 48 cm2 (L.I. Zavolovskaya, V.A. Orlov,
unpublished report).

The antianginal effect of ISDN hydrophilic TDS was
determined from the tolerance to physical exercises. For
57% of patients, a stable effect has been attained 6 h after
the PVP–PEG TDS skin application and was  permanent even
after 48 h. In 92% of patients, the ISDN therapeutic dose

was 1–2 patches (30–60 cm2). This dose is significantly
below the Frandol tape application area (100–300 cm2)
[127] and indicates that the ISDN transdermal delivery rate
is enhanced from the hydrophilic PVP–PEG matrix. The
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Fig. 18. Reduction in daily consumption of sublingual nitroglycerin (%) to
stop anginal attacks in 25 and 14 patients with angina pectoris treated by

the Nitropercuten and Nisopercuten TDS respectively.
[122], Copyright 1996. Reprinted with permission from Elsevier Ltd.

daily requirement for nitroglycerin tablets to prevent angi-
nal attacks was reduced to 50% and 64% on the first and
second day, respectively, after Nisopercuten application
[122].

The Cypercuten TDS has offered a nonnicotine trans-
dermal medication in smoking cessation. A total of 222
heavy smokers aged were involved in placebo-controlled
clinical trials of the Cypercuten TDS, performed in 4 spe-
cialized clinics. Persons who smoked 20–30 cigarettes daily
were treated initially with one 30 cm2 patch, and the oth-
ers, smoked 30–50 cigarettes, with the double dose. All the
patches were repeatedly applied to forearm skin for 2–3
days. The treatment duration varied from 6 days to 2 weeks
and averaged 12.4 days. 37.8% of participants were treated
in hospitals and 62.2% on out-patient basis.

The vast majority of the smokers (79–92%) were affected
by the Cypercuten TDS 1.5–2 h after the first patch appli-
cation. They declared the disturbance of their craving for
cigarettes as a consequence either of evoking a bitterness or
disgusting sweetness in mouth (58.7%) or a sickness (53.0%)
during smoking. These unpleasant feelings were most often
spontaneously transient after smoking. As a result of the
first day of trials 79% of the smokers not only reduced their
daily cigarette consumption by over 50%, but they also left
2/3 of every cigarette unsmoked. The control group did not
respond to the placebo patch application by the attenuation
of craving for cigarettes. In the end of a short term study
of the Cypercuten TDS as a monotherapy drug in smok-
ing cessation, 25.7% of the patients were abstinent and did
not resume smoking one month after treatment. The absti-
nence onset was documented 4 days following initial patch
application and the abstinence rate achieved its steady
state level 6 days after beginning of treatment. 15.4% of
the abstainers ceased smoking after one 30 cm2 Cypercuten
TDS application, whereas the other 84.6% of the abstainers
were treated by 2 patches. The attenuation in the craving
for cigarettes in 79–90% of the heavy smokers was evident

1.5–2 h after the first patch application and lasted as long as
3 days in 81% of the patients. In average 63.2% of the smok-
ers declined their cigarette consumption by over 50% from
the first day. No systemic effects were observed that could
er Science 42 (2015) 79–153

definitely have been ascribed to the administration of cyti-
sine. Symptoms inherent in nicotine abstinence syndrome
(headache, dizziness, dry mouth) were only documented in
1 smoker (0.5%) and tachycardia in 2 patients (0.9%). Cyti-
sine patches had been readily accepted by 89–95% of the
smokers.

PVP–PEG and PVCL–PEG blends are not unique exam-
ples of high molecular weight hydrophilic polymers and
short-chain telechelics that form adhesive interpolymer
complexes. As has been shown earlier, PVP and PVCL
may  be replaced by other polymers, bearing H-bonding
recurring units. As has been recently demonstrated by
Takemoto et al., poly(N-vinyl acetamide) forms H-bonded
complexes with PEGs varied in molecular weight from 200
to 600 g/mol and with glycerol [128]. These complexes
have excellent compressive strength and have great poten-
tial in biomaterials industry such as alternative tissues. As
the noncovalent crosslinkers of N-vinyl amide polymers,
other hydroxyl-, carboxyl-, phenol- or aminoterminated
telechelics can be employed, e.g., succinic acid, hydro-
quinone, etc. The examples are described in patent [129].

Silva et al. recently reported on the preparation of films
based on chitosan polyelectrolyte complexes for trans-
dermal drug delivery [130]. Their PEC was  based on the
blends of polybase (chitosan) and crosslinked poly(acrylic
acid) (PAA). Hydrogels prepared with a wide range of
ratios between chitosan and crosslinked PAA were ear-
lier successfully applied for the amoxicillin site-specific
delivery in stomach, for buccal delivery of acyclovir, and
provided a suitable controlled drug release profile. The
aim of their study was the development and characteri-
zation of PEC films based on chitosan and PAA with good
functional properties and cosmetic attractiveness for a
potential application as a universal skin drug delivery sys-
tem.

Due to the very low bioadhesive properties of their
formulations, an additional layer of the hydrophilic PSA
composed of long chain PVP and PEG-400 was  applied to
the film to provide best functional performance and the
properties of the resulting formulation. This PVP–PEG-400
PSA was  reported to demonstrate enhanced transdermal
delivery of various drugs, is compatible with drugs of
different physicochemical properties, does not act as a
penetration barrier to drug diffusion and is nontoxic. The
authors have decided to apply the hydrophilic PVP–PEG
PSA in order to keep the hydrophilic nature of the skin
delivery system and because this type of adhesive offers
several advantages over hydrophobic ones: improved skin
adhesion, compatibility with a higher variety of drugs and
excipients, and expanded capability to control/manipulate
adhesion–cohesive properties. As has been noted in refer-
ence [130], the PVP–PEG PSA exhibits all ideal properties
for the development of a universal matrix for enhanced
transdermal delivery of drugs.

Summing up, the data presented in this section repre-
sent the structure–property relationship and quantitative
approach to the molecular design of hydrophilic PSAs with

tailored performance properties and universal transdermal
systems for enhanced and controlled delivery of numerous
drugs [131].
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. Fundamentals of interpolymer and
olyelectrolyte complex formation

As Eq. (1) and the molecular theory of pressure sensi-
ive adhesion have demonstrated, PSAs should combine
wo mutually opposing properties: a large unoccupied
pace between neighboring macromolecules (free volume)
nd a high energy of intermolecular cohesion (cohe-
ive strength) [38]. Another example of supramolecular
etwork structures that couple high molecular mobility
ith intermolecular cohesion strength, are interpolymer

omplexes (IPCs), in particular polyelectrolyte complexes
PECs).

In polymer blends, where formation of an interpoly-
er  complex between macromolecules of a polybase and a

olyacid takes place, high cohesion strength is provided by
ydrogen, electrostatic, or ionic bonding between macro-
olecules that carry complementary reactive groups in

ecurring units of their main chains, whereas a large free
olume can result from the occurrence of loops and other
efects in the supramolecular network structure.

.1. Cooperative mechanisms of self-assembling the
nterpolymer and polyelectrolyte complexes

In this brief sketch we consider several theoretical
tudies analyzing molecular mechanisms of the IPC and
EC formation. Basing on their interaction forces, IPC
an be divided into four classes i.e., hydrogen-bonded
omplexes, polyelectrolyte complexes (PECs), stereocom-
lexes and charge–transfer complexes [132]. PECs are
ormed mainly due to long-range Coulomb forces by mixing
ppositely charged polyelectrolytes, i.e., by polyanions and
olypolycations. Hydrogen-bonded complexes are formed
y a combination of complementary polymers bearing
roton-accepting functional groups in their recurring units
polybase) and proton-donating groups (polyacid). The
amily of such proton-accepting and proton-donating com-
lementary polymers also includes polymers forming
ither polycations or polyanions upon ionization of their
eactive functional groups. Thus in this connection the
erm polyelectrolyte complex (PEC) is somewhat ambigu-
us: it relates also to hydrogen-bonded complexes of
ncharged polybases and polyacids. In following analysis
f published data we discuss the molecular mechanisms
ormation of IPC and PEC with a specific balance between
he energy of polybase–polyacid interaction and the free
olume (i.e., unoccupied space) between complementary
acromolecules as the factors governing pressure sen-

itive adhesion [38]. The majority of published papers
escribe mechanisms of IPC and PEC formation in dilute
olution. In the present review we are mainly focusing on
nterpolymer complexes in the solid state, and consider
omplexation in solution in so far as they illustrate fun-
amental principles.

Theoretical studies on cooperative mechanisms of H-
onded IPC formation date back to the end of 1960 and

eginning of 1970 when Kargin, Kabanov, Papisov and
ezin took into consideration the unfavorable contribu-
ions of conformational, translational and combinatorial
ntropy to the thermodynamics of the IPC and PEC
er Science 42 (2015) 79–153 101

formation in solution [133–145]. In particular, the review
[134] considered theoretical aspects and experimental
results on the cooperative intermolecular bonding and
selectivity of both IPC and PEC formation. The paper [133]
was the first research work where IPC formation was
treated as a cooperative selective chemical reaction when a
stronger proton-accepting polymer displaces a weaker one
from an IPC formed with a proton-donating polymer. The
selectivity of competitive chemical reactions occurring in
IPC formation was  later reviewed in [135].

Earlier reports of the Moscow University team, origi-
nally published in Russian, became internationally known
owing to cooperation with Osada [146,147], who worked
with the Russian team during that time [148]. As a result,
cooperativity of the IPC and PEC formation is now generally
recognized due to the fundamental review by Tsuchida and
Abe [132].

Due to the long-chain structure of the complemen-
tary macromolecules and more or less regular sequence
of monomer units in polymer backbones, in the formation
of intermacromolecular assemblies between a polybase
and a polyacid the energy for breaking one bond of the
inner repeat unit is not compensated by an increase in
entropy. Actually, such IPC formation is not accompanied
by addition of conformational and translational degrees
of freedom, as occurs when the bond between two cor-
responding separate monomer units is broken. In other
words, the cooperative mechanism of IPC formation is gov-
erned by the entropy factor [132].

As one of the functional groups reacts with a com-
plementary one, the neighboring functional groups in the
recurring units have more favorable entropy to form new
interchain bindings. Thus, the activation energy is high-
est for the first intermacromolecular bond formation and
becomes substantially lower with an increase of the num-
ber of interchain bonds. For this reason, the cooperative
reaction between two complementary macromolecular
chains advances very rapidly according to the “all-or-none”
type principle, like a zipping mechanism as the segments
of interacting complementary macromolecules also inter-
lock. The zipper effect is the neighboring group effect in
the course of cooperative IPC formation. As a result of the
cooperative zipper mechanism between complementary
macromolecules, e.g., oppositely charged polyelectrolytes,
a 1:1 complex stoichiometry can be achieved. The term
of “all-or-none” was originally borrowed from protein
physics. The cooperativity of the �-helix-coil conforma-
tional transitions in proteins and synthetic polypeptides
led Ptitsyn and Uversky to conclude that the transition in
question is of the “all-or-none” type [149].

The thermodynamics of IPC formation controls the IPC
stability. The enthalpy gain is not very large and only
slightly depends on the number of reactive functional
groups in polymer chains, because the IPC formation may
be regarded as a kind of substitution reaction between
counterions. In aqueous solution the hydrophobic inter-
actions also act in concert [132]. On the other hand, the

entropy change (	Si) is the sum of the entropy changes
caused by fixing the polymer chain positions and their
conformations (the loss of translational and conforma-
tional freedom, 	Sp), the entropy gain caused by the
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d aggre
Fig. 19. Schematic representation of the association an

released low molecular weight counterions (	Sm) and the
entropy change resulting from hydrophobic interactions
(	Sh). Note that release of counterions occurs only for self-
assembly of complementary polyelectrolytes and does not
take place in the case of H-bonded IPC formation. When
the increase in 	Sh and 	Sm exceeds the decrease in 	Sp,
the reaction between macromolecular chains is entrop-
ically favorable. 	Sm is not appreciably affected by the
number of reactive sites in the polymer chain whereas
	Sh increases and 	Sp decreases with the chain length of
the complementary polymers. Therefore, the total entropy
change under the IPC formation gradually increases with
increased chain length of the polymer components. The
free energy change (	Fi = 	Hi − T	Si) first decreases with
the increase in polymerization degree and then increases
to about zero because the loss in entropy becomes com-
pensated by the enthalpy gain [150]. Thus, the total free
energy change (	F) associated with the complex forma-
tion may  gradually become more negative with increasing
chain length of the polymer components [132]. PEC forma-
tion is significantly affected by the nature of the individual
complementary polymer components and the complexa-
tion conditions. Depending on the polybase–polyacid ratio,
PECs either may  separate from the solution as solids or liq-
uids, remain soluble in solution or may  settle as gels. In
hydrogen-bonded IPCs, polybases and polyacids typically
interact with each other almost stoichiometrically. In dilute

solutions the complex stoichiometry approaches almost
unity and 2/3 in concentrated solutions [132].

Investigations of the complexation mechanisms pro-
vide important information about both supramolecular
gation of interpolymer and polyelecrolyte complexes.

structures and functional properties of the intermacro-
molecular complexes. The primary complexes formed
by mixing complementary macromolecules frequently
demonstrate further rearrangements of their supramolec-
ular structure and aggregations under particular condi-
tions. It is expected that the complex has a random
conformation in dilute solution because the complexation
reactions proceed very rapidly such that the IPCs formed
at the contact of complementary polymer macromolecules
exist in a metastable state and then gradually transform
into more stable structures. Thus, a characteristic feature
of such IPC formation is their self-assembly into the most
energetically stable supramolecular structures.

PEC (IPC) formation process follows through three main
steps or stages (Fig. 19):

(1) primary complex formation,
(2) rearrangement of the primary complex structure into

most energetically stable state,
(3) intercomplex aggregation process, i.e., supramolecular

structure formation.

The first step occurs through hydrogen bonding in
IPCs or Coulomb forces in PECs. It should be particularly
emphasized that Coulomb forces are long-range attrac-
tions between cations and anions that can be fairly far
apart, whereas H-bond formation requires direct contact

between proton-donating and proton-accepting functional
groups. Both reactions are very fast. The second step takes
the time of the order of an hour if the complex is formed
in dilute solutions and involves spontaneous breakage of
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Fig. 20. Schematic illustration of the effect of macromolecular steric
mismatches on the structure of interpolymer complexes. A: The IPC
cooperative formation process between complementary polymer and
copolymer. A is repeat unit containing acidic functional group, B is a basic
unit, X is a monomeric unit that cannot interact with A and B units. B:
The structure of a “zipper” 1:1 stoichiometric ladder-like interpolymer or
polyelectrolyte complex. C: Ladder-like interpolymer or polyelectrolyte
complex with disordered positions of intermolecular bonds, consisting of
M.M. Feldstein et al. / Progress

he bonds and their subsequent reformation at another site,
esulting in a relaxation of the polymer chain conformation.
f the complex formation occurs in concentrated solution
r in the melt the duration of the second stage accord-
ngly increases and takes few weeks depending on chain
ength and mixing temperature. The third step represents
ggregation of secondary complexes into supramolecular
tructure mainly through hydrophobic interactions.

The final PEC and IPC aggregates are often insoluble,
nd their stoichiometry tends to unity. Moreover, in con-
rast to the primary complex precipitates, the final product
s believed to be packed comparatively densely [132].
otwithstanding the hydrophilicity and water solubility
f both polybase and polyacid macromolecules, in their
econdary 1:1 stoichiometric fibrillar complexes all the
omplementary hydrophilic groups are strongly associated
hrough hydrogen or electrostatic bonding as the scheme in
ig. 19 illustrates, resulting in hydrophobization and aggre-
ation of fibrillar ladder-like complex structures.

As Fig. 19 illustrates, the random primary complex is
ess densely packed and exhibits a much larger free vol-
me  than the ordered secondary complex, formed in the
ourse of complementary chain association leading to ener-
etically more favorable and stable state. As we shall see
ubsequently from our own experimental data presented in
ection 6.2 of this review, the random primary complexes
f hydrogen and ionically bonded complementary macro-
olecules display lamellar structures in solution, while for

rdered secondary complexes fibrillar structures are usu-
lly typical. This observation is in good agreement with the
esults of other authors [5,132,151–153].

.2. Theoretical models of cooperative interpolymer and
olyelectrolyte complex formation pertinent to their
dhesive behaviors

As both polybase and polyacid are random copolymers,
herein reactive functional groups in monomeric units are
iluted with inert recurring units, a steric inconsistency
ccurs between the location of complementary groups
long a polybase and a polyacid chains. As will be shown
elow, this mismatch is another powerful factor that con-
ributes to the loop and free volume formation.

Although a considerable research efforts have been
evoted to investigation of the formation mechanisms and
he properties of interpolymer and polyelectrolyte com-
lexes in solutions [1,4,5,132,154–158], there is a lack
f experimental data on the phase behavior of oppo-
itely charged polyelectrolyte blends in a solid state
2,3,159,160].

We now turn our attention to the discussion of the-
retical models describing cooperative processes of IPC
nd PEC self-assembly from the point of view of cou-
ling a high molecular mobility (large unoccupied space
etween complementary macromolecules) with inter-
olecular cohesion energy as a design principle for

ressure sensitive adhesives (PSAs). Taking into account

hat intermolecular cohesion energy is very high in the
ourse of cooperative IPC formation, our major concern is
o reveal the factors making free volume in the IPCs and
ECs as large as possible.
the sequences of regularly bonded (“ladder”) and unbound recurring units
(loops).

Despite a large number of studies devoted to IPC
formation and properties, comparatively few of them
included a theoretical approach [134,141–153]. Iliopoulos
and Audebert offered a semiquantitative theoretical model
especially adapted for the study of reversible IPCs stabilized
through weak interaction such as H-bonding [160,161].
In such a situation the cooperative effect plays a great
role. This means that oligomers of a given A-type polymer
(polyA) cannot be complexed with a long B-type macro-
molecule (polyB) if the length of polyA chain is not large
enough (i.e., if their polymerization degree is smaller than
a critical chain length, lc,). More generally they discussed
the situation of a mixture of proton-accepting homopoly-
mer  (polybase, polyB) with a random polyacid copolymer
(copolyAX) where X is a unit which cannot interact with B
units (Fig. 20A).

In this way, steric mismatches between the positions of
reactive recurring units in complementary polymers were
taken into account [161].
Only polymers or oligomers with a degree of polymer-
ization equal to or higher than the critical chain length
can be complexed with long chains of the complementary
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Fig. 21. Schematic representation of a non-covalently crosslinked net-
work structure of interpolymer complexes. A: Noncovalent crosslinks
consisting of sequences of hydrogen, electrostatic, or ionic bonds formed
between functional groups in monomer units of complementary macro-
104 M.M. Feldstein et al. / Progress

polymer. From a thermodynamic point of view, the for-
mation of one noncovalent bond (H-bonding, electrostatic
attraction) between two macromolecular species in solu-
tion is quite improbable, while the formation of a large
number of such bonds leads to a thermodynamically stable
complex [132]. For this reason, many authors have pro-
posed a zipping mechanism for the complexation between
complementary macromolecules and a ladder structure for
the resulting complex. This structure can be represented by
the scheme shown in Fig. 20B [162].

Obviously, if the two complementary chains are very
long, such an uninterrupted ladder structure is rather
improbable. Moreover, experimental results showed that
even in the case of homopolymer couples, the complexa-
tion is not perfect: a fraction of the interactive monomers
is not involved in the complex. The structure proposed
for such complexes is illustrated by the scheme shown in
Fig. 20C [162].

There is a dramatic influence of the inactive group
content, K, on the complexation reaction between a
homopolymer (polybase) and a copolymer (polyacid). In
dilute solution and for low values of K, the complex exhibits
a compact structure, leading to a sharp decrease in the
viscosity. On the other hand, in concentrated solutions of
high molecular weight polymers and for sufficiently high
values of K (about 4–5% for PEO and 10–15% for PVP), mix-
tures of very high viscosity are obtained. This implies that
a network supramolecular structure is formed.

In this way, as the theory of Iliopoulos and Audebert
predicts, the structures and properties of IPS depend appre-
ciably on the chain flexibility of the parent complementary
polymers. The PEO is much more flexible polymer than the
PVP as the Kuhn chain segment for PEO consists of 4–5
recurring units, whereas that for PVP includes 11 units [85].

The effects of polymer chain lengths and positional
mismatches on the viscosity of IPC solution, measured in
[162], can be easily explained on the basis of the statistical
theory of globular polyelectrolyte complexes proposed
later by Borue and Erukhimovich [163]. One of major fea-
tures of their approach to the structure of PEC formed
between weakly charged polyelectrolytes is the interpre-
tation of a transition between a random primary complex
to ordered secondary complex, shown in Fig. 19 [132] as a
phase coil–globule transition. The main difference between
the polymer coil and globule appears most clearly when the
degree of polymerization of the chain, N, is sufficiently large
[164]. The equilibrium globule density, �, characterizing
its spatial structure, fills space an approximately constant
density, which is determined by the balance between forces
of electrostatic attraction and excluded-volume repulsion,
and is independent of N. Therefore, PEC can be considered
as a polymer globule. From this point of view, approach
[163] differs from other models, which considered PEC as
a more or less contracted coil.

Treating a PEC as a polymer globule not only enables
application of statistical theory of polymer globules
[164,165] and thus calculation of the equilibrium PEC prop-

erties (monomer density, surface tension of coacervate
particles, etc.), but also provides a natural framework to
account for the various experimental observations (e.g., salt
effects) [166–169].
molecules. B: The entanglement junctions of long polymer chains. C: Loops
consisting of the segments of macromolecules free of interpolymer bond-
ing.

4.3. Effects of topological chain entanglements between
complementary polymer components on the structure of
interpolymer complexes

As has been noted above, strong intermolecular cohe-
sion and the cooperative mechanism of interpolymer
polyelectrolyte complex formation lead to a drastic
decrease in the distance between neighboring complemen-
tary macromolecules and therefore to reduction of the free
volume. Hence, in order to reconcile the strong intermolec-
ular bonding with large free volume, that is a prerequisite
of pressure sensitive adhesion [38], special technological
practices should be applied. Fig. 21 presents a schematic
illustration of such methods.

The scheme shown in Fig. 21 [160] covers the blends
of complementary polymers including the interpolymer
complexes. High cohesion energy can be provided by the
formation of intermolecular hydrogen, electrostatic, or
ionic bonds. The bonds crosslink the chains of complemen-
tary polymers into three-dimensional network structures
[38]. The cohesive strength of the network is controlled
by the number and strength of interchain junctions. Two
kinds of junctions may  be distinguished. Junctions A rep-
resent the ladder-like sequences of interchain bonds. Their
strength depends on the energy and the amount of these
bonds, i.e., on the length of the ladder-like bond sequences.
Junctions B emerge due to physical entanglements of
macromolecules in the blend. Their number and strength
are affected by the polymer concentration in the blend
and the chain length (molecular weight). The free volume
of interpolymer complexes, along with other defects of
the supramolecular network structure, can be produced

by loops (C) of unbonded macromolecular chains (Fig. 21
[160]). The size and the number of the loops, or their
degree of conversion in the cooperative chemical reac-
tion of solid state interpolymer complex formation, are
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overned by the content and the strength of topological
olymer chain entanglements B. These entanglements con-
train the mobility of complementary polymer chains and
amper the formation of the ladder-like network junc-
ions A. In other words, the topological entanglements
f complementary polymer chains B assist in stopping
he cooperative process of interpolymer complex forma-
ion at an intermediate nonequilibrium stage. Thus, the
ree volume in the polyelectrolyte blends depends on the
pecific features of the polyelectrolyte PSA preparation
ethod, rather than the contribution of interpolymer cohe-

ion energy.
The mechanisms of IPC and PEC formation under the

onditions of restricted molecular mobility of complemen-
ary macromolecules (i.e., in concentrated solutions or
n the melt) have not yet been theoretically described.
he “zipper effect” is based on the assumption that both
olybase and polyacid remain as individual disentan-
led chains before complexation. However, it has been
ell-established in the literature that polyelectrolytes

orm “multimacroion domains” [170–174] in salt-free or
ow-salt solution. When polyelectrolytes or ionomers are
tudied by dynamic light scattering in dilute solution
wo diffusive relaxation modes are observed, with nei-
her mode representing the diffusion of a single polymer
hain. The fast mode is attributed to the coupled diffusion
f polyion/counterions [175–181], while the interpreta-
ion of the slow mode has not reached full agreement yet
172,173,176]. Since the slow mode disappears at elevated
alt concentration, the major driving force is attributed
o electrostatic interactions. Herein, the term of “multi-

acroion domains (or clusters)” has been used to denote
uch associations.

The first and as a whole insufficiently successful attempt
o describe theoretically the effect of topological obsta-
les on the structure of self-assembled IPC was  made by
on and Pak [182]. Employing their earlier topological net-
ork theory based both on a tetrahedral lattice model

nd on the earlier theory of Iwata et al. [183,184], they
xtended the theory of Iliopoulos and Audebert [161,162]
or aqueous polymer solutions. Despite the improved char-
cterization of the complexation degree and viscosity of
PC in solutions, their conclusions suffered from a lack of
nsight into the structure and self-assembly mechanism of
hese complexes. More recently Deng et al. re-examined
f the “zipper effects” in hydrogen-bonding IPC [185]. The
echanism of hydrogen-bonding complexation turned out

o be more complicated than expected. The complication
as originated from the association of component polymers
efore mixing. As was demonstrated in [185], polybase and
olyacids form “multimacroion domains” (giving rise to a
low mode in dynamic light scattering) at the conditions
uitable for complexation. After mixing, the hydrogen-
onded complex evolved from “multimacroion domains”
ather than single polymer chains. Therefore, the slow
ode process played a key role in determining the struc-

ure and physical properties of the formed complexes.

These results should also apply to polyelectrolyte

omplexation at low salt concentrations. The first obser-
ation of the slow mode of polyelectrolytes was  in 1978
175], decades later than the study of interpolyelectrolyte
er Science 42 (2015) 79–153 105

complexation [147], and the interpretation of the slow
mode was  still controversial. It was probably the reason
why the effect of slow mode on complexation was  ignored.
Moreover, the interpolymer complexes generally involved
multiple interactions and were controlled by both ther-
modynamics and kinetics [172]. A proper control on the
association of the component polymers before mixing is
crucial for development of interpolymer complexes with
novel properties and desirable behavior.

It is widely believed that the structure and the physi-
cal properties of solid materials based on polyelectrolyte
complexes are poorly reproducible due to the cooperativ-
ity of the complex formation mechanism, the difficulty to
achieve complex dissociation at high temperatures, and a
large number of variables that determine complex forma-
tion. All of these properties are known to be influenced not
only by the relative molecular weights and stereochem-
ical matching of complementary polyelectrolyte chains,
charge densities and so on, but also by the secondary exper-
imental conditions such as the concentrations, the order
of polyelectrolyte mixing, mixing ratio, ionic strength,
pH, temperature of the solution, and the stirring rate. In
this connection, it is pertinent to note that the experi-
mental conditions of complex preparation, as practiced in
our research, make the Tg’s of the complexes of differ-
ent compositions [160] quite reproducible (with accuracy
of 2–5 ◦C). This was  indirect evidence in favor of unifor-
mity of the polyelectrolyte blends. The major principle
underlying the uniformity of such blends is simple: avoid-
ing local supersaturations in the course of complementary
polyelectrolyte mixing.

4.4. Impact of polymer chain stiffness upon
supramolecular structure of polyelectrolyte complexes

In addition to steric mismatch effects on free volume
in cooperatively formed IPS, the data by Idiopoulos and
Audebert [162] suggest that polymer chain stiffness affects
greatly the supramolecular structure and density of IPC.
Recently Lazutin et al. [186] have employed Monte Carlo
simulations to analyze the structure of polyelectrolyte
complexes consisting of two  identical but oppositely
charged macroions of different chain stiffness. Computer
simulation is one of the most illustrative methods of
PEC structure investigation [187–195]. The formation of a
complex consisting of two  oppositely charged macroions
of equal length and charge density was studied in ref.
[187–190]. The complex formation was shown to occur in
two stages: at first macroions come close and entangle with
each other, then the complex size decreases sharply and
dense particles appear.

PECs are normally formed by many reversible salt
bonds between oppositely charged groups, stabilizing their
supramolecular structure. The “ladder” model [5,196,197]
(Fig. 20) assumes that PEC is organized in such a manner
that all oppositely charged groups of two complementary
macromolecules are facing each other and form ion pairs.

By this mechanism the resulting supramolecular struc-
ture is characterized by 1:1 stoichiometry and resembles
a ladder. In the “scrambled-egg” complex the monomer
units of oppositely charged macromolecules are randomly
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form loops, which are distinctive feature of scrambled egg
Fig. 22. Snapshots of PEC in the “ladder” and “scrambled eggs” states.
[186], Copyright 2012. Reprinted with permission from Wiley-VCH.

mixed just as yolk and white in scrambled eggs, forming
the loops of unbound macromolecular segments as Fig. 22
illustrates [5,132,158,161,162,198]. In this way, the stoi-
chiometry of the “scrambled-egg” complex deviates from
equimolar composition. In real systems the intermediate
case is often encountered: oppositely charged units form
ion pairs but the chains are randomly mixed (entangled) to
some extent [186].

An ideal “ladder” structure of interpolymer complex
could be realized only for macroions with equal lengths
and charges, i.e., with matching distances between charged
groups on associating polycation and polyanion chains.
Another important factor stabilizing such a structure is the
stiffness of polymer chains.

Visual analysis of the Monte Carlo simulations (Fig. 23
[186]) allows us to conclude that PECs have “ladder”
structure of 1:1 stoichiometry at high values of stiffness
parameter εst. In this case almost all oppositely charged
groups of macroions form ion pairs (nbond = N) and the
complex looks like a tape bending in the space (Fig. 23a).
Stiff chains are predominantly organized into complexes
having an ideal “ladder” structure. In such complexes all
monomer units form ionic pairs. As the stiffness parame-
ter εst decreases, defects appear in the “ladder” structure,
the polyion chains bend, the complex size decreases, and
the total number nbond of ion pairs somewhat decreases
as well. In such complexes some parts of macroions are
involved in the ladder structures whereas other parts form
small droplets with disordered arrangement of monomer
units (Fig. 23b). With a further decrease of εst the fraction of
ladder conformation decreases while the fraction of uncon-
nected monomer units increases. Polyelectrolyte complex
of flexible chains appears like a “scrambled egg,” i.e., as
a set of randomly located monomeric units of oppositely
charged ions with rather short “ladder” blocks (Fig. 23c–d).

PECs of semiflexible chains (εst = 4) contain several “lad-
der” fragments separated by one or two free monomer
units. In a PEC consisting of flexible chains (εst = 0) the
fraction of free monomer units increases while monomer
units forming an ionic pair typically have rather different
positions along their respective chains although, short “lad-
der” fragments emerge as well. The majority of ion pairs
between complementary monomer units are not ordered
for low εst (scrambled egg).

The dependence of the mean order parameter 
 on

the stiffness parameter εst for macromolecules of differ-
ent lengths N is shown in Fig. 24 [186]. One can see
that the order parameter increases with the growth of
er Science 42 (2015) 79–153

macromolecule stiffness εst and that for different macro-
molecule length N a sharp growth of the order parameter
is observed at εst ≈ 4. The parameter 
 is close to zero at
εst = 0. This implies that ladder-type ordering is practically
not observed in a complex of flexible chains. At high values
of stiffness parameter εst, the ladder-ordering parameter
is rather high, but still it is lower than unity. Thus, even
very stiff and short macromolecules do not always exhibit
an ideal “ladder” conformation (as is evident from Fig. 23).
In the course of complex formation some ionic pairs can
be destroyed and then reformed again. The longer is the
macromolecule the higher is the disorder leading to smaller
values of the ladder order parameter at both high and low
macromolecule stiffness εst [186].

The two limiting structures – “ladder” and “scrambled
egg” – differ in macromolecular organization, structure
compactness, and, consequently, free volume. Within a
complex of flexible macromolecules (εst = 0) the total num-
ber of long-range electrostatic bonds is rather high, while
at high backbone stiffness (εst > 8) such bonds are totally
absent [186]. In full agreement with the prediction of
the statistical theory of globular polyelectrolyte complexes
[163], the structural transformation of PECs from the “lad-
der” to “scrambled egg” structure may  be treated as a phase
transition [186].

4.5. Effects of cohesive interaction strength, chain length,
charge distribution, solvent quality, salt concentration,
polybase–polyacid ratio, pH and temperature

Polymer networks crosslinked in the presence of a large
amount of diluent are very labile systems and one needs
only small changes of external parameters (e.g., tempera-
ture, pressure, solvent quality, salt concentration) to induce
a drastic jump-like conformational transition accompanied
by a significant shrinking of the network. The phenomenon
of a collapse of a polymer network was  first explicitly
described by Tanaka in 1978 [199]. Since then much theo-
retical and experimental research has been devoted to this
problem [188,189,191,200–212].

Fig. 25 illustrates the density of the PEC clusters for dif-
ferent interaction strengths (� = 0.4, 4, 40) [188,189]. For
the chain length N = 40 no compact structure is formed at
� = 0.4, although the radius of gyration of a chain is already
smaller than in a good solvent. At � = 4.0 the formation
of a denser structure occurs. A further increase of � leads
to an even more compact cluster. A local crystalline-like
structure is obtained for even larger interaction strengths
(� > 50).

The size of the PEC particles is determined by the
strength of electrostatic interactions between oppositely
charged macroions. The stronger are these interactions
the denser is the PEC structure and the smaller the free
volume. The snapshots presented in Fig. 25 illustrate the
coil-globule transition predicted by the theory of Borue
and Erukhimovich [163]. Under comparatively weak inter-
molecular cohesion the polyelectrolyte chains in the coil
supramolecular structure (Fig. 25, left). The coil collapse is
accompanied by the reduction of free volume and enhance-
ment of intermolecular cohesion energy. Complexes with
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Fig. 23. Snapshots of PECs at different values of the stiffness parameter 

[186], Copyright 2012. Reprinted with permission from Wiley-VCH.

Fig. 24. Dependence of the “ladderness” order parameter 
 (normalized
n
[

g
t
r
s

of interactive polyelectrolytes are described in [191] and
umber of “matching” pairs of A–B bonds) on the stiffness parameter εst .
186], Copyright 2012. Reprinted with permission from Wiley-VCH.

lobular structure can emerge when electrostatic attrac-

ion forces are strong enough. In a collapsed globule (Fig. 25,
ight) the polyelectrolyte chains are aligned in ladder-like
tructure. For very strong electrostatic bonding the PEC
εst :εst = 50 (a), 4 (b), 3 (c), 0 (d). Number of repeat units N = 100.

globules often show dense glass-like structures with a dis-
tinct round surface and pronounced local order [189].

In [188] the kinetics of PEC cluster formation was also
investigated. The simulations were started with well sep-
arated chains. Turning on the Coulomb interaction, the
chains start to attract each other. In a first step of the aggre-
gation process (at sufficiently large interaction strengths)
the chains start to wind around each other and form
helical-like supramolecular structures as is seen from the
snapshots presented in Fig. 26. However, the chains do not
form perfect helices. In a second step the chains fold into
a compact structure because of the attractive interaction
between dipoles formed by oppositely charged monomers
(Fig. 26). The imperfect helix supports the formation of the
compact aggregate. Due to the lack of the perfect twist,
monomers and groups of monomers are rather mobile and
can therefore easily rearrange to form the cluster. Untwist-
ing a perfect helix before the collapse requires more time
than for a disordered helix. Indeed, the folding process of
the system was observed to be very fast.

The effects of charge distributions along the chains
[212]. Macro-ions in aqueous solution are surrounded by
an electrical double layer: a zone with an increased con-
centration of counterions and a reduced concentration of
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0 and th
& Deuts
Fig. 25. Snapshots of PEC aggregates with chain length N = 4
[189], Copyright 2004. Reproduced with permission from IOP Publishing 

co-ions. When two oppositely charged macro-ions form a
complex, the double layers are destroyed to a certain extent
and the counterions are released in the form of an ordi-
nary salt solution. This implies changes in both the energy
(enthalpy) and the entropy of the system. Both contribu-
tions vary with the concentration of salt (ionic strength)
[213].

The PEC self-assembling process can be treated as a
chemical reaction leading to the formation of a stoichio-
metric complex and the release of free low molecular
weight counterions. The number of released counterions
matches the number of formed intermacromolecular ionic
pairs. The polyelectrolyte complexation is an equilibrium
reversible process and is characterized by an equilibrium

constant. In accordance with Le Châtelier’s principle, if the
concentration of free ions is increased by adding a salt,
the position of equilibrium moves in such a way  as to
counteract the concentration change, i.e., to increase the

Fig. 26. Successive conformations of chains of length N = 40 at the interaction st
4.75  × 105, and the equilibrium state (from top left to bottom right).
[188], Copyright 2002. Reproduced with permission from the American Physical 
e interaction strengths � = 0.4, 4 and 40 (from left to right).
che Physikalische Gesellschaft. CC BY-NC-SA.

concentration of free polyelectrolytes. As a result, salts sup-
press PEC formation. Moreover, when increasing the salt
concentration (ionic strength) in polyelectrolyte solution,
the following phenomena are also observed:

(1) reduction of electrostatic interactions between poly-
cations and polyanions due to the screening effect of
ions,

(2) acceleration of weak polyelectrolyte dissociation
owing to the decrease of intramolecular electrostatic
repulsion,

(3) increase of PEC hydrophobicity caused by the charge
neutralization and the contraction of polyelectrolyte
chains [132].
A large number of comprehensive experimental
studies of PECs, including preparation and structure
characterization, have been reported in recent decades

rength � = 8 during the formation of a globule; t/�=0, 6 × 104, 1.2 × 105,

Society.
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132,151,153,213,214]. It has been shown that PEC
roperties depend strongly on the ratio of positive to
egative charges within mixtures. Nonstoichiometric com-
lexes appear if there is an excess of charges of one sign

n the solution. They take the form of hydrodispersed tiny
articles or micellar aggregates stabilized by the presence
f a surface net charge. In contrast with nonstoichiometric
nes, stoichiometric PECs contain equal numbers of oppo-
ite charges with a zero net charge, resulting in the PECs
ggregation and precipitation [215].

Recently, it was shown that the phase separation in sto-
chiometric mixtures could be prevented if at least one
f the polyelectrolytes is a diblock amphiphilic copolymer
hat includes a hydrophilic nonionic block [216–218]. The
nteractions between monomer units of this block and the
olvent stabilize the formation of finite-size particles in
he solution. These particles have a well-defined core–shell
tructure where the core is surrounded by a corona formed
y the hydrophilic block. Theories have been proposed for
uch complexes that are referred to as block–ionomer com-
lexes [219–222].

It is well known that salt ions screen electrostatic inter-
ctions and can destabilize PECs when their concentration
s high enough. In the case of the core–shell complexes,
he introduction of salt ions can play a double role. On one
and, screening of electrostatic interaction does weaken
he electrostatic attraction between oppositely charged
ons and destabilizes PECs. On the other hand, the decrease
n electrostatic interaction between oppositely charged
ore and shell of the complex can lead to the increase in the
hickness of the protective shell and thus stabilizes of com-
lexes with respect to aggregation within a certain range
f salt concentration [222].

The thermodynamic stability of nanodispersed, stoi-
hiometric polyelectrolyte complexes (PECs) consisting of
ppositely charged macromolecules having different affin-
ty to water was considered in the presence of increasing
alt concentration [215]. It was shown that such complexes
ave a core–shell structure, the shell accommodating the
olyion with the higher affinity to water preferentially.
ccording to the theory [215], at low salt concentrations

he fraction of hydrophilic units forming the complex shell
s rather small and grows smoothly with the salt con-
entration up to a critical salt concentration, where the
omplex size increases sharply. This change is associated
ith a “decollapse transition” undergone by the complexed
acromolecules by analogy to corresponding transitions in

olyelectrolyte gels [215]. After the “decollapse” transition,
acroions still form complexes. At this point, the separa-

ion is unfavorable from the entropic viewpoint. Indeed,
eparating both macroions requires a much higher concen-
rations of oppositely charged counterions to compensate
he total charge. Separation occurs at salt concentration
hen the polyions separate totally; that is, each becomes

reely moving in the aqueous medium. At higher concen-
rations, polyions undergo normal charge screening that
an lead to precipitation.
The volume fraction of the polymers in the inte-
ior and external parts of the PEC clusters composed of
olyions with sufficiently long chains is almost indepen-
ent of the chain length, and primarily depends on the
er Science 42 (2015) 79–153 109

salt concentration. The critical salt concentration increases
with the degree of ionization of the macromolecules and
hydrophobicity of the polycation, whereas it decreases
when the degree of polymerization increases or when
the affinity of the anionic hydrophilic sites with water
increases. The higher the degree of ionization of the
macroions, the higher the concentration at which total
separation occurs; this concentration does not depend on
interaction parameters or on the degree of polymerization
of macroions. It was shown that in both the collapsed and
swollen states the interpolymer complexes are stable with
respect to their aggregation. The sharp increase in PEC par-
ticle size with an increase in salt concentration was  not
due to aggregation, that is, to an increase in the number of
macromolecules forming the complexes, but rather to the
“decollapse” of complex particles themselves.

The formation of complexes in solutions containing
positively charged polyions (polycations) and a variable
amount of negatively charged polyions (polyanions) has
been investigated by Monte Carlo simulations in [168]. It
was found that the propensity for cluster formation can be
rationalized by four simple rules. For electrostatic reasons,
(I) coexistence of oppositely charged clusters is unlikely
and (II) charged clusters prefer to be large with (III) a low
absolute net charge, whereas from an entropic point of
view (IV) many and consequently smaller clusters are pre-
ferred.

In the absence of added salt, when the screening of the
charges comes only from the counterions of the polyions,
the electrostatic energy dominates over entropy. In a sys-
tem which contains 10 polycations and 5 polyanions with
the same absolute charge, the scene is dominated by 2:1
clusters, kept apart by a net repulsion. Close to an equiva-
lent amount of polyions, there is an increasing propensity
to form large clusters. This may  be seen as the excess poly-
cations collecting the available neutral pairs of positive
and negative polyions to share the excess charge, although
small neutral clusters still appear for entropic reasons.
The largest complex is, thus, observed when there is only
one excess polycation. When equal amounts of polyions
are present, neutral clusters of small to intermediate size
dominate the system, since, the attractive electrostatic cor-
relation interactions between neutral clusters do not yet
dominate over the entropy.

The addition of salt was investigated by varying the
screening length. When the screening length is short,
the electrostatic interactions are reduced and rules I–III
become less significant in relation to rule IV. This is mani-
fested by a larger fraction of smaller clusters. Also, clusters
of opposite charge may  be present. Moreover, the attractive
interactions, which lead to associations into complexes,
and the repulsion between charged complexes are char-
acterized by different length scales and are, thus, affected
differently by the variation of the screening length. In sys-
tem containing 10 polycations and 5 polyanions with the
same absolute charge, an intermediate regime is found
where 2:1 clusters dominate but repel each other only

weakly or even show some net attraction, due to the
short-range nature of the interactions [168]. Solvent qual-
ity for the polymer backbone plays an important role in
determining the structure of a polyelectrolyte chain in
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Table 4
Typical conformations of polyelectrolyte chainsa [223].

Salt concentration lB = 1� lB = 2� lB = 3�

0

5 × 10−5

2.5 × 10−4

5 × 10−4

1.25 × 10−3

Reproduced with permission from Jeon J., Dobrynin A.V., Journal of Physical Chemistry B 110 (2006) 24652–24665 [223]. Copyright 2006, American Chemical

 blue an

Society.

a The negatively charged monomer units of a polyelectrolyte chain are

solution. Polyelectrolytes in a poor solvent form a necklace
like structure of beads connected by strings of monomers
[223–236].

Table 4 demonstrates how the salt concentration and
strength of the electrostatic interactions influence poly-
electrolyte chain conformations [223]. In a poor solvent
condition for the polymer backbone, a polyelectrolyte
chain adopts a necklace-like conformation of beads con-
nected by strings of monomers. The necklace parameters
such as the number of beads, nb, number of monomers
in a bead, bead size, number of monomers in a string,
and string length depend on the strength of the electro-
static interactions and salt concentration. The three-bead
necklace is the most probable chain conformation for the
system with the value of the Bjerrum length lB = 3� at
zero salt concentration. As salt concentration increases
the probability of the necklaces with nb > 2 decreases
while necklaces with two beads become more favor-
able. A sausage-like aggregate appears in the systems at
cs ≈ (5 × 10−4)�−3 (see Table 4) and continues to dominate
the chain conformations as salt concentration increases
further.

Similar effects of salts have been reported not only for
PEC solutions, but also for IPCs stabilized by hydrogen
bonds. Association of macromolecules in aqueous media
through hydrogen bonding results in the formation of dis-
crete interpolymer complexes (IPCs). In [237], the effect
of added salt on the stability of IPCs consisting of poly-

acrylic acid and either a flexible polymer (polyethylene
oxide or polyvinylpyrrolidone) or a semirigid polymer
(hydroxypropyl cellulose) is examined by a combina-
tion of spectrophotometry, viscometry and potentiometry.
d neutral monomers are gray.

Addition of a neutral salt (e.g., NaCl) typically results in IPC
aggregation.

The foregoing studies deal with PECs and IPCs in solu-
tions. However, in the last few years the rheological
behavior and physical properties of PECs in a solid state has
been also examined [3,153,238–248]. As has been demon-
strated in [238], the rheological response of polyelectrolyte
complexes to an oscillatory strain depends strongly on salt
concentration. At low salt concentration the response is
similar to that of soft solids [249], whereas the response
is liquid like at high salt concentration. These observa-
tions are in line with results on biological electrostatic
complexes [250]. Thus, in the rheology of electrostatically
assembled soft materials, the salt concentration plays a
similar role as temperature for polymer melts, and as the
strain rate for soft solids [251].

Coacervation is a phenomenon in which a macromolec-
ular aqueous solution separates into two immiscible liquid
phases. The denser phase, which is relatively concen-
trated in macromolecules, is called the coacervate and is in
equilibrium with the relatively dilute macromolecular liq-
uid phase [252]. The phenomenon can be divided into
“simple” and “complex” coacervation. The former involves
only one macromolecule and may  result from the addition
of a dehydrating agent that promotes polymer–polymer
interactions over polymer–solvent interactions. In the
latter, two  or more oppositely charged macromolecules or
colloidal species are present. For this case, Piculell and Lind-

man  [253] have recommended the term “associative phase
separation” to replace “complex coacervation”.

The mechanism of complex formation depends on many
factors, i.e., molecular weight, polymer concentration,
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atio between concentrations of the two interacting
olyelectrolytes, ionic strength, pH, and temperature of
he solution. This has been recognized from the begin-
ing of PEC formation studies [1–5,132,151,153–156,158].
ecently new insights into associative phase separation
ere reported [254–261].

In the recent paper [255] Chollakup et al. pre-
ented intriguing data on combined effects of the
olyacid/polybase mixing ratio, total polymer concentra-
ion, salt concentration, pH, and the temperature on the
hase behavior in solutions of the PAA–PAH systems.
owever, the interpretation of their results suffers from

 serious drawback. Sample turbidity in their research
as utilized as a direct indicator of PEC formation. Such

n approach disregards the formation of water solu-
le polyelectrolyte complexes that are well described by
abanov et al. [3,125,158,198,214,218]. Thus, the lack of

urbidity at mixing the complementary polyelectrolytes
n solution cannot be taken as unequivocal evidence
hat no complexation occurs and implies merely the
bsence of phase separation. The oppositely charged poly-
lectrolytes can be simply considered as multivalent
ounterions and charge screening of the collapsed PEC
s achieved by the polyelectrolyte in excess. The redis-
olution transition in initially multivalent ion-induced
recipitated polyelectrolytes takes place with further addi-
ion of multivalent particles (polyions), as predicted for
exible linear polyelectrolyte chains in multivalent salt
olutions [248,260].

A new type of temperature-sensitive polymer sys-
ems based on mixtures of poly(acrylic acid) (PAA) and
oly(diallyldimethylammonium chloride) (PDADMAC) in
trongly acidic aqueous medium is described in [261].
he mixtures exhibit reversible separation into two liquid
hases upon a decrease in temperature. The phase separa-
ion is induced by the intermolecular bonding between PAA
nd PDADMAC due to ion–dipole interactions between the
rotonated carboxylic groups of PAA and the quaternary
itrogen atoms of PDADMAC. The PEC is formed between

 weak polyacid and a strong polybase under conditions
hen carboxylic groups are fully protonated and ionic
airing between the polyacid and the polycation does not
ccur. Lowering the solution temperature enhances both
on-dipole and hydrogen bonding interactions within the
EC, eventually resulting in phase separation of complexes
ithin a concentrated phase. It is particularly remarkable

hat the acidic PDADMAC/PAA mixture shows a completely
eversible Upper Critical Solution Temperature (UCST)-
ype transition, which is rarely found in other polymer
ystems. Therefore, the mixtures of PAA and polycations in
cidic media can be referred to as a new type of equilibrium
emperature-responsive polymer systems [261].

The recent paper by Spruijt et al. [256] is aimed
t bridging the gap between experimental reports on
olyelectrolyte complexation and theoretical models. The
uthors have measured the binodal compositions of poly-
lectrolyte complexes of strongly charged poly(acrylic

cid) (PAA) and poly(N,N-dimethylaminoethyl methacry-
ate) (PDMAEMA) directly using fluorescently labeled
olymers. They focused on the effect of chain length and
alt concentration on phase behavior, but their approach
er Science 42 (2015) 79–153 111

can easily be extended to measure phase behavior as a
function of composition, pH, and temperature as well.
The experimental data is described using a theoretical
model for polyelectrolyte complexation with only a sin-
gle adjustable parameter. The insights of this quantitative
description enabled them to better understand polyelec-
trolyte complexation in general and the effect of chain
length and salt concentration on complexation between
other strongly charged flexible polyelectrolytes in partic-
ular. The mean field lattice model of Voorn and Overbeek
[262] was  used to describe the experimental binodal com-
positions of PAA–PDMAEMA polyelectrolyte complexes
[256].

The critical salt concentration is the salt concentration
beyond which phase separation into a dilute phase and a
complex coacervate phase is suppressed. It can be seen that
the critical salt concentration strongly depends on charge
density. A similar dependence of critical salt concentration
on polymer chain length was  found by Chodanowski and
Stoll in Monte Carlo simulations [263].

Thus, despite decades of extensive research, control of
PEC structure and properties is still a challenge, in con-
trast to the above described IPCs between complementary
polymers and telechelic oligomers, which act as noncova-
lent crosslinkers and plasticizers.

As stated above, for proper pressure sensitive adhesion
the cooperative process of both IPC and PEC formation
should be interrupted at an intermediate stage, so that
cohesive interaction energy due to hydrogen or electro-
static bonding could be counterbalanced with large free
volume within self-assembled supramolecular network
PSA structures. In this respect, using a sufficiently high salt
content in PEC-based PSA can be regarded as a useful tool to
control the free volume. However, improving viscoelastic
properties of the PSAs by incorporation of low molecular
weight inorganic electrolytes has been shown to inhibit
the tack (adhesive bond-forming property). Nevertheless
as the data on polybase–polyacid blend stoichiometry
demonstrate, the complex becomes enriched with free vol-
ume as the PEC components are taken in the ratio far apart
from the 1:1 composition.

Summing up above presented fundamental mecha-
nisms of IPC and PEC formation, we  have drawn following
general principles of PSA production:

1. Selection of polymers bearing in their recurring
units comparatively weak proton-donating and proton-
accepting groups;

2. Employment of random copolymers wherein reactive
monomer units are diluted with inert units;

3. Mixing the polymers in amounts that strongly deviate
from a 1:1 stoichiometric ratio;

4. Using the polymers of disparate chain lengths;
5. Blending the polymers in viscous media: either in con-

centrated solutions or in melts;

6. Avoiding local supersaturations in the course of polymer

mixing;
7. Utilizing the copolymers preferentially forming rela-

tively weaker hydrogen bonds as the materials of choice.
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5. Cohesive interaction forces between reactive
functional groups in electrostatic and
hydrogen-bonded interpolymer complexes
governing molecular mechanisms of complexation,
elasticity and adhesion

Many macroscopic processes and phenomena in con-
densed phases, such as mechanisms of IPC formation,
polymer adhesion and elasticity, are driven by intermolec-
ular interactions that extend beyond the basic pair-wise
adhesive interactions of functional groups. The spectrum of
these interactions ranges from the long-range forces that
by necessity involve large ensembles of functional groups,
to polymer deformation processes that involve constant
breaking and reforming of noncovalent bonds at different
length and time scales. Often these interactions are accom-
panied by substantial energy dissipation, and thus rigorous
quantitative treatment of these events becomes a consid-
erable challenge.

In this section, we will focus on three basic problems:

1. Molecular mechanisms of IPC self-assembly expressed
in the terms of bonding forces;

2. Elastic behavior of single polymer chain studied by
single-molecule force spectroscopy (SMFS).

3. Understanding the origin of adhesion at the level of sin-
gle macromolecules.

Chemical Force Microscopy (CFM), also known as single-
molecule force spectroscopy (SMFS), provides an excellent
opportunity to probe these events with an unprecedented
degree of chemical specificity. SMFS has been widely used
in exploring the intra- and intermolecular interactions at
the level of single molecules, therefore providing a lot
of information about the nanomechanics of single poly-
mer  chain which is not available by conventional methods

[264–270].

This section describes the progress in applying SMFS
techniques for measuring equilibrium and time-dependent
force profiles of molecular interactions, which has led to a

Fig. 27. Schematic illustration of probing the strength
[273], Copyright 2004. Reproduced with permission from John Wiley & Sons Inc.
er Science 42 (2015) 79–153

greater understanding of the origin of interfacial forces in
adhesion. Measurements of force profiles with chemically
modified probes are more appropriately termed ‘chemi-
cal force spectroscopy’ (CFS) (with the whole spectrum
of ‘force vs probe-surface distance’ dependences), while
the term ‘chemical force microscopy’ (CFM) implies chem-
ically sensitive imaging with such probes. While the names
of Single Molecule Force Spectroscopy (SMFS), Chemi-
cal Force Spectroscopy (CFS), Chemical Force Microscopy
(CFM), Dynamic Force Spectroscopy (DFS), Atom Force
Microscopy (AFM), Scanning Force Microscopy (SFM) have
been used interchangeably in the literature to describe the
force–distance experiments in testing the strength of weak
chemical bonds, we will use the above CFS nomenclature
to make the distinction [271,272].

5.1. Probing the strengths of intermolecular bonds

For testing the strengths of noncovalent chemical
bonds, SMFS techniques utilize scanning force microscope
(SFM). A chemically modified SFM tip interacts with a
functionalized polymer surface (Fig. 27, [273]). The tip
is coated with a thin layer of gold, which has been
modified with a self-assembled monolayer of ω-
functionalized alkanethiols. The wide range of functional
groups that can be incorporated in these monolayers
allows one to tune the chemical character of the tip;
thus, by tuning the tip’s surface free energy, the type and
strength of the interactions with functional groups at the
polymer surface can be controlled over a broad range.

Aside from synthetic polymers, the SMFS method has
been also successfully used to explore weak interactions in
cell biology, such as ligand–receptor bonds, lipid anchoring
in membranes, unfolding of immunoglobulin (Ig) domains
in the muscle protein titin and in recombinant proteins,
cooperative unbinding of short DNA duplexes, etc. [274].
At the outset, it is important to define the relevant
length, force, and energy scales. The length scale for
molecular dimensions and interactions is obviously the
nanometer (nm = 10 Å). One nanometer is comparable to

 of chemical bonds with the SMFS technique.



M.M. Feldstein et al. / Progress in Polymer Science 42 (2015) 79–153 113

Fig. 28. Rupture of single bonds with ultrasensitive force probes. (a, b) Steady loading of bonds with a micron-size glass tip decorated with a specific
carbohydrate ligand in contact with a second glass microsphere decorated with a receptor. (a) Moved toward the tip, contact (touch) by the test particle
was  sensed at a force of ∼5 pN and fed back to signal retraction of the test particle. Slow retraction exposed a bond that held the tip to the test particle for
∼0.5  sec and broke at fb ∼ 5 pN under a loading rate of ∼10 pN/s. (b) Similarly moved to contact the tip, a test particle was stopped, paused for ∼0.5 s after
sensing a force of ∼30 pN, then retracted at high speed. Here, a bond held the tip to the surface for ∼0.003 s and broke at higher force fb ∼ 180 pN under the
extremely fast loading rate of ∼60,000 pN/s. (c, d) Nonsteady loading of bonds through soft polymer linkages to stiff atomic force cantilevers AFM. (c) A
substrate decorated with PEG-linked strands of short DNA was retracted after contact with an AFM tip decorated with complementary PEG-linked strands
of  DNA (taken from Strunz et al, [275]). The formation of a duplex resulted in tensile forces (negative in the convention of AFM) that increased steeply as
the  linkage was  stretched beyond 50 nm at a speed of 100 nm/s. The asymptotic stiffening is consistent with the 30 nm lengths of the PEG chains. (d) The
famous saw-tooth pattern of force versus extension obtained from unfolding Ig domains in a recombinant construct of 8-Ig domains under constant pulling
s oduced 
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peed with an AFM (taken from Rief et al. [276]). Each unfolding event pr
urves  superposed on each event are correlations with the worm-like cha
274], Copyright 2001. Reprinted with permission from Annual Reviews I

pacing of molecules at a concentration of ∼1 mole/liter.
n the case of force, weak noncovalent bonds break in the
iconewton (pN) range. One piconewton is the gravita-
ional force generated by about one ten-billionth of a gram
10−10 g) which is ten thousand-fold smaller than what can
e measured with an analytical microbalance. Together, the
roduct of length and force scales provides the appropriate
cale for energy-thermal energy kBT – which is ∼4 pN·nm
t temperatures ∼300 ◦K or ∼0.6 kCal/mol (∼2.5 kJ/mol) for
vogadro’s number (∼6 × 1023) of molecules [274].

With few exceptions, tests of bond strength with force
robes follow a common approach. The tips and sub-
trates are first decorated with reactive molecules using

ethods that vary from serendipitous physisorbtion to

pecific covalent attachment through heterobifunctional
olymer spacers and attachment mediated by high-affinity
oncovalent complexes. Once prepared, the probe and
a precipitous drop in force and added ∼30 nm to the contour length. The
el for polymer elasticity.

substrate are repeatedly brought to/from contact by steady,
precision movements. If decorated with a very low density
of reactive sites, contact between the probe tip and the test
surface will only produce an occasional bond. When a rare
bond has formed, the tip is held to the substrate during
separation of the surfaces and the transducer is stretched.
Bond rupture is signaled by rapid recoil of the transducer to
its rest position with no intervening arrests. Rupture force
is quantified by the maximum transducer extension. Histo-
ries of force over the course of approach–touch–separation
with formation and rupture of a bond are demonstrated in
Fig. 28a and b. After hundreds of touches, the few detach-
ment forces are cumulated into a histogram and the peak

(most likely force for rupture) establishes the statistical
measure of bond strength. Bond forces are always spread
in value, and the most frequent force depends on how fast
the bonds are loaded. The subtle feature of the generic



 in Polymer Science 42 (2015) 79–153

Fig. 29. Histograms of the adhesion force distribution for a CONH2-
functionalized tip on the various model substrates: (A) CH3-functional
SAM, (B) NH2-functional SAM, (C) OH-functional SAM, (D) CONH2-
functional SAM, (E) COOH-functional SAM. Each histogram was
114 M.M. Feldstein et al. / Progress

method is that the force experienced by an attachment is
not constant but increases in time. As shown by compari-
son of Fig. 28a and b, bonds under slow loading have long
lifetimes but only withstand small forces, whereas bonds
under fast loading have shorter lifetimes and withstand
larger forces. Molecular structures associated with a bond
play an important role in the rate of force application to the
bond. Bonds held by polymer-like connections experience
highly nonlinear loading dynamics (Fig. 28c and d). Rupture
occurs most often in the asymptotic regime as the sep-
aration distance approaches the stretched polymer chain
length where the force diverges [274].

An extensive and systematic SMFS study of hydro-
gen bonding, van der Waals, and Coulombic interactions
between tip and substrate, both of which have been mod-
ified with a variety of functional groups (CH3, OH, NH2,
COOH, CONH2), has been presented in the classical research
by van der Vegte and Hadziioannou [277]. The interac-
tions are quantified in terms of their adhesion forces. The
Johnson–Kendall–Roberts theory of adhesion mechanics
[278] has been applied to deduce single-bond forces, the
number of interacting molecules, and the surface and inter-
facial free energies.

The force interaction between a functionalized tip and
a chemical functionality on the surface was probed via
force–distance curves. The attractive force in the unloading
part of the force–distance curve reflects the intermolec-
ular adhesion between tip and sample. Well-defined and
highly reproducible model substrates and probes were pre-
pared, using COOH, OH, NH2, CONH2, and CH3 functional
groups. The force–distance dependences were measured
for the various tip-sample combinations, reflecting for the
uncharged functional groups, the hydrogen bonding (e.g.,
COOH CONH2, OH NH2, etc.) and the purely van der
Waals interactions (e.g., CH3 OH, CH3 CH3, etc.).

As a result, distributions of adhesion forces were
obtained, which are depicted in the histograms of Fig. 29
for the CONH2-modified tip. From this distribution, the
numerical average and standard deviation were calculated.
All possible tip-sample interactions were characterized by
measuring their adhesive force distributions. The mean
adhesive force values in nN for the various tip-sample com-
binations are summarized in Table 5.

For a CH3-modified tip, for which only van der Waals
interactions play a role, small adhesive forces are found,
compared to the hydrogen-bonding capable tips (e.g., OH,
NH2, COOH, and CONH2 tip). As expected [278], the cohe-
sive CH3 CH3 van der Waals interaction is found to be
larger than the van der Waals forces for dissimilar pairs,
e.g., CH3 COOH. In the case of an introduced hydrogen
bond, e.g., for a COOH or NH2 tip, again the pure van der
Waals interaction with a CH3-model surface is found to
give the lowest adhesive force, whereas the observed trend
in hydrogen bond formation for OH-, NH2-, COOH-, and
CONH2-model surfaces is found to coincide with the trend
in hydrogen bond energies.

The Johnson–Kendall–Roberts (JKR) theory of adhesion

mechanics [279] can be applied to these systems and ade-
quately describes the measured data. The use of a variety
of functionalized tips should give a better insight into the
applicability of the JKR theory.
constructed from at least 50 force-distance measurements in ethanol.
[277], Copyright 1997. Reproduced with permission from the American
Chemical Society.

The JKR theory describes the adhesion between a spher-
ical tip 1 and a flat surface 2 in a medium 3. The adhesion
force Fadh is given by the following equation:(

3
)

Fadh = −
2
�RW12 (12)

where W12 is the work of adhesion to pull the tip off the
sample and R is the radius of curvature of the tip. W12 can
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Table  5
Mean intermolecular adhesion forces (in nN) for each functionalized tip-substrate combinationa used in [277].

Tip Substrate

CH3 OH NH2 COOH CONH2

CH3 0.9 0.3 0.3 0.3 0.3
OH  0.1 0.9 1.2 1.2 1.4
NH2 0.2 0.5 0.8 0.7 0.9
COOH  0.7 1.2 1.2 1.3 2.2
CONH2 0.3 1.3 1.2 2.2 1.8

D
the average adhesive forces out of 50 f/d curves. The experimental error in the
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Table 6
Surface and Interfacial Free Energies (in mJ/m2) (13 against ethanol) for
all  possible tip-substrate combinations, calculated from the measured
adhesion forces using the JKR theory of adhesion mechanics.

Functional
group/medium

Surface free
energy, 13

Interfacial free
energy, 12

CH3 2.5
OH 3.0
NH2 2.8
COOH 4.5
CONH2 5.3
CH3-OH 4.4
CH3-NH2 3.8
CH3-COOH 4.8
CH3-CONH2 6.1
HO-NH2 −1.9
HO-COOH −1.7
HO-CONH2 −2.0
H2N-COOH −2.4

T
S

D

t

ata from [277].
a All measurements were performed in ethanol. The values represent 

easurements is approximately 20%.

e expressed in surface free energies: W12 = 13 + 23 − 12,
here 13 is the tip surface free energy in equilibrium
ith the medium (in cited measurements ethanol), 23

he sample surface free energy in equilibrium with the
edium (ethanol), and 12 the interfacial free energy of

he tip-sample contact interface. For identically function-
lized tip-sample combinations, e.g., OH–OH or CH3–CH3,
he work of cohesion is W12 = 2 , where  = 13 = 23 is the
urface free energy of the particular surface functionality
gainst the medium (ethanol), the interfacial free energy
12 being zero.

To check the validity of the JKR theory, an adhesion
orce of Fadh = 0.82 nN for a CH3–CH3 tip-sample pair was
alculated on the basis of Eq. (12). This value is in good
greement with the measured value of Fadh = 0.9 ± 0.3 nN.

The JKR theory has been applied to calculate the surface
ree energies and the interfacial free energies of all possible
ip-sample combinations and the results are summarized
n Table 6. From the values of  in Table 6 it is clearly seen
hat hydrogen bond interactions (e.g., CONH2 COOH) have
mall positive or even negative and thus favorable interfa-
ial energies, which lead to high adhesive forces, whereas
urely van der Waals interactions such as CH3 CONH2
xhibit high interfacial free energies (resulting from unfa-
orable contacts), which account for their small adhesive
orces [264].

To calculate single-bond forces, the JKR theory was used
o estimate the number of interacting molecules between
he modified tip and sample. The number of interacting

olecules can be calculated from the radius a of a spherical

ontact area at pull-off, for which JKR theory gives:

s =
[

3�W12R2

2K

]1/3

(13)

able 7
ingle chemical bond forces (in pN) for every tip-substrate combination, calculat

Tip Substrate

CH3 OH 

CH3
b 81 57 

OH  50 101 

NH2 54 88 

COOH  95 109 

CONH2 62 110 

ata from [277].
a All bond strengths apply to measurements in ethanol.
b Although the van der Waals interaction is not a “two-center” bond interactio

his  table represent an effective binding force experienced by the molecular pairs
H2N-CONH2 0.6
HOOC-CONH2 −6.0

Data from [277].

wherein K is the elasticity modulus of the tip and sample,
R is the radius of curvature of the tip, and W12 is the work
of adhesion to separate tip and sample.

Single chemical bond forces are calculated from the
determined number of interacting molecules using the
average adhesion forces for every tip-sample combination
and are summarized in Table 7. The trend observed for the
average adhesive forces, depending on the nature of the
interaction between tip and sample, is exactly reflected in
the single bond forces [277].
The use of ionizable functional groups like COOH, NH2,
OH, and CONH2 in molecular adhesion force measure-
ments has allowed the direct evaluation of charge–charge
interactions and the determination of the acid–base

ed on the basis of the JKR theory of adhesion mechanics.a

NH2 COOH CONH2

59 61 60
113 112 117

98 95 100
105 114 137
102 125 120

n in this experimental setup, the calculated values for Fsingle presented in
 and are listed for comparison reasons.
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Fig. 30. Adhesion forces as a function of the pH at constant ionic strength:
(A) COOH COOH tip-substrate combination, (B) NH NH tip-substrate
2 2

combination, (C) OH OH tip-substrate combination.
[277], Copyright 1997. Reproduced with permission from the American
Chemical Society.

behavior of surface acid and base groups [280]. The
ionization behavior of surface-bound carboxylic acid
(COOH) groups was directly measured by perform-
ing pH-dependent adhesion force measurements of the
COOH COOH tip-substrate combination, while maintain-
ing a constant ionic strength. The measured adhesion force
as a function of the pH of the medium is presented in
Fig. 30A [277]. The plot shows a sharp decrease in adhe-
sive force when the pH of the medium is increased and
data points follow a curve that resembles a general titra-
tion curve for acids as was obtained from contact angle
measurements. The pH-dependence can be understood
considering the nature of the interaction between tip and
substrate COOH groups. At low pH levels (pH = 1–4), the
acids groups are protonated and hydrogen bonding is

essentially responsible for the magnitude of the measured
adhesion force. As the pH of the medium increases, the
COOH groups gradually get deprotonated and become neg-
atively charged. Because tip and sample bear the same
er Science 42 (2015) 79–153

functionality COOH, both tip and sample become nega-
tively charged, which results in a repulsive Coulombic
contribution to the total adhesive force acting between tip
and sample. As more COOH groups become deprotonated
with increasing pH, the larger is this repulsive contribu-
tion, resulting in a decreasing adhesive force. At pH = 10,
the total adhesive force becomes zero and only Coulombic
repulsion can be measured at still higher pH.

The same pH-dependent measurements were per-
formed to determine the base behavior of surface-bound
amine. The results are shown in Fig. 30B. For the NH2 group,
the expected pH-dependent behavior is found, opposite to
the behavior of acidic COOH groups. An increase in adhe-
sive force with increasing pH is found, i.e., at low pH levels,
both tip and substrate are positively charged (NH3

+ groups)
resulting in electrostatic repulsion, whereas at higher pH
levels, the NH2 groups are recovered, changing the tip-
substrate interaction into an attractive hydrogen-bonding
interaction.

In order to assess the acid behavior of surface hydroxyl
(OH) groups, an OH OH tip-sample combination was
employed in the pH-dependent adhesion force mea-
surements. The results are given in Fig. 30C. A nearly
pH-independent adhesion force was obtained, which indi-
cates that there is no detectable acid behavior (ionization)
of surface OH groups in the pH regime studied.

More recently Cranford et al. performed atomistic-
level molecular dynamics (MD) studies to investigate the
tunable adhesion properties of a polyelectrolyte complex
in order to elucidate the complexation and electrostatic
cross-linking behavior of the constituent polymers of poly-
electrolyte multilayer (PEM) systems [281].

Later Gaub et al. reported on the applicability of the
SMFS technique for measuring the strengths of cova-
lent bonds [282]. The authors have found that the Si C
bond ruptured at 2.0 ± 0.3 nN, whereas the sulfur–gold
anchor ruptured at 1.4 ± 0.3 nN. Thus, the SMFS technique
enables direct and illustrative evaluation of the strength of
chemical bonds. The forces required to rupture C C and
C O covalent bonds were estimated theoretically as a func-
tion of bond lifetime and found to range from 6.1 to 2.5 and
from 6.5 to 2.5 nN, respectively, as the lifetime varies from
1 ps to 1012 s [283–285]. It is of interest that the rupture
strength of highly flexible C O bonds is somewhat higher
than C C bonds.

The strength and length scale of hydrophobic inter-
actions were also directly measured by SMFS in several
experimental studies [286–288] and reviewed in [264,266].
Adhesion forces between tips and substrates modified
with SAMs terminating in CF3, CH3, OCH3, CH2Br, OH,
COOH, COCH3, CONH2, and NH2 groups have been eval-
uated in organic and aqueous solvents and inert dry
atmosphere. The results are reviewed in [266,271,289].
Even a quick glance through these data shows that the
notion of determining a well-defined bond strength for
a particular functional group pair interaction is too sim-
plistic. Interaction forces measured between the same

functionalities in different solvents and media can differ by
almost an order of magnitude; and, even more troubling,
measurements performed by different research groups
using similar probe functionalization in the same solvent
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Fig. 31. Disruption of ionic bonds between a single polycation and a polyanionic brush measured by SMFS. (a) Tip retract curves show disruption of a
zipper of ionic bonds, one at a time (I) and simultaneous disruption of cooperative complexes with multiple bonds (II). These curves are measured for
the  same tip-substrate combination at 1.0 M salt concentration. (b) Distribution of rupture forces and contour lengths of 200 type II events at 1.0 M salt
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FJC  model with a helical to planar transition of the PEO block (solid line)
291], Copyright 2012. Reproduced with permission from the American C

ometimes produce different results [271]. It is clear that
he measured interaction force can be influenced by many
ifferent parameters: tip and substrate material, medium,
emperature and testing regime. In this connection, the
esults of SMFS measurements cannot be regarded as abso-
ute data. Nevertheless if the tests are performed by the
ame research team, using the same instrument and exper-
mental conditions, as e.g., the measurements of van der
egte and Hadziioannou [277], they are quite informa-

ive and indicative for comparative examination of various
aterials.

.2. Self-assembly of interpolymer and polyelectrolyte
omplexes examined with single-molecule force
pectroscopy

In this section we consider PECs on a single-molecule
evel. The ultimate self-assembling system forms designed

tructures rapidly, reversibly and controllably [290]. In
queous systems, attractive electrostatic interactions have
roven to be very promising as a driving force for
elf-assembly [213]. The strength of these interactions
 to the extensible freely jointed chain (EFJC) model (dotted line) and the

 Society.

can be tuned continuously by screening the charge
interactions and by changing the dielectric properties
or the temperature of the medium. Disassembly can
be induced easily by increasing the salt concentration
[213,215,222,223,237,238,254–258,263].

Recently Spruijt et al. [291] performed direct SMFS mea-
surements of the strength of single ionic bond between
a cationic diblock copolymer and an anionic polymer
brush. In this study (poly(N-methyl-2-vinylpyridynium
iodide)-block-poly(ethylene oxide), PM2VP249-b-PEO134,
was covalently attached to a silicon nitride AFM cantilever
by its PEO-end, which acts as a neutral, flexible linker,
while the PM2VP block is positively charged. The cantilever
was then brought in contact with a substrate on which an
anionic poly(3-sulfopropyl methacrylate) brush (PSPMA40)
was grown. Upon contact, the oppositely charged polyelec-
trolytes formed complexes consisting of one or multiple
ionic bonds. The strength of these bonds was  measured in

aqueous solutions at various salt concentrations.

Fig. 31a shows some examples of force–distance curves
for a salt concentration of 1.0 M [291]. Because of both the
polydisperse nature of the polymer and the uncontrolled
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Fig. 32. Histograms of type I and II ionic bond rupture forces at various
salt concentrations. For each histogram at least 1200 F-D curves were ana-
lyzed. The percentages indicate the fraction of rupture events (I/II). Solid
lines are Gaussian (type I) and Gumbel (type II) fits of the data. Dashed lines
are  predictions of the distribution of type II rupture forces with molecular
rupture mode for ionic bonds [278]. The arrows indicate the most prob-
able rupture force of type II rupture events. The inset shows the Gumbel
probability distribution of the number of ionic bonds in a type II complex
118 M.M. Feldstein et al. / Progress

stretching point of an AFM tip, the apparent contour
lengths of polymer chains Lc may  vary. The distance L val-
ues are therefore normalized so that different curves can
be compared [270].

The measured interactions due to polyelectrolytes come
in two characteristic types. In a part of the obtained F–D
curves constant force plateaus were found (type I). These
plateau regions were attributed to the continuous dis-
ruption of successive bonds, one by one, in a zipper-like
fashion. In a reviewed particular case, such a zipper-like
disruption of single bonds is expected when the polymer on
the AFM tip binds to an oppositely charged polymer in the
brush in a parallel fashion as depicted in Fig. 31a-I. Alter-
natively, the polymer attached to the tip may  form single
ionic bonds with several brush polymer chains, as if it was
adsorbed on top of the brush. When the tip is retracted,
the linker is stretched and a force is exerted on the first
ionic bond. Upon failure, partial relaxation of the stretched
polymer occurs and only part of the built-up load is
transferred to the next ionic bond. This bond in turn breaks
at a similar load, resulting in a plateau of constant force
during separation [291].

Another part of F–D curves display a characteristic poly-
mer  stretching before a rupture event (type II). These
rupture forces are typically much larger than the rup-
ture forces of type I events at the same salt concentration.
This must mean that rupture involves multiple ionic bonds
between the same two polymers, in such a way  that the
applied force is shared between the bonds, i.e., a shear
alignment of antiparallel polymer chains (Fig. 31a-II) [291].
Combinations of modes I and II are possible, since part
of the long polymer on the AFM tip can bind antiparal-
lel to a brush polymer chain (II), while another part can
bind a second brush polymer in a parallel fashion (I). The
authors attributed both rupture modes to interactions of
single polymer chains with the brush on the substrate.

If the rupture events shown in Fig. 31a indeed cor-
respond to the breaking of ionic bonds between the
oppositely charged polyelectrolytes, then their magni-
tudes should be highly sensitive to the concentration
of added salt. Indeed, the rupture forces of both type I
and II events have been found to decrease with increas-
ing salt concentration, as shown in Fig. 32 [291]. The
critical point is reflected by a sudden jump to a lower
mean rupture force between 1.2 and 1.5 M for both
types of events, after which the mean rupture force
remains approximately constant up to 3.0 M.  The nonzero
residual rupture force beyond 1.5 M salt was attributed
to nonelectrostatic interactions between the two types
of polymers that do not depend on salt concentra-
tion. Ionic bonds have strongly salt-dependent strength
and collectively they can become as strong as covalent
bonds.

Fig. 33 demonstrates the force histograms for type II
rupture events for one, two, and three layers on the sub-
strate. With two or more layers type I events were no longer
found. Interestingly, the rupture force of the type II rupture

events decreases significantly with the number of layers
[291]. This experiment is of great importance to gain a
molecular insight into the molecular mechanisms of adhe-
sive debonding for the adhesive joints of PSAs based on
used as a model for the force distribution data of type II rupture events.
[291], Copyright 2012. Reproduced with permission from the American
Chemical Society.

polyelectrolyte complexes, which are considered in Section
6 of the present review.

Ionic bonds are reversible and highly tunable connec-
tions. For the N-methyl-2-vinylpydidinium/3-sulfopropyl-
methacrylate bonds considered in [291], the strength
ranges from roughly 1 kBT close to the critical salt con-
centration to over 6 kBT at low salt concentration. The
cooperativity of the ionic bonds further amplifies this dif-
ference. As a result, the lifetime of ionic bonds in natural

aqueous systems can range from milliseconds for a single
ionic bond at high salt concentration to tens of years for
small complexes of five ionic bonds at low salt concentra-
tion. This versatility offers many opportunities for use of
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Fig. 33. Histograms of rupture forces of a PM2VP249 cationic block from
a  substrate with a varying number of polyelectrolyte “layers” at 1.0 M salt
concentration. One layer corresponds to a PSPMA brush only, two layers
indicate that free PM2VP is adsorbed on the PSPMA brush, and three layers
indicate a second adsorption step with free PSPMA. Solid lines are Gumbel
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291], Copyright 2012. Reproduced with permission from the American
hemical Society.

onic bonds in innovative materials. Under the right condi-
ions a small complex of ionic bonds may  be stronger than

 covalent bond [282], yet remains completely reversible:
t can be “unlocked” at any time by addition of salt [294].

hen disassembly involves separation of the charges,
uch higher forces are required than for multilayer assem-

lies [291].
In another research article by Spruijt et al. [294] poly-

lectrolyte brushes of either positive or negative charge
ere grown on particles to prepare hairy colloids. For mea-

urements of the interactions between oppositely charged
articles, cationic particles were immobilized onto an
nionic brush, grafted onto the substrate. Although all
articles aggregate into large clusters at low salt concen-
rations, this aggregation is completely reversible. When
he salt concentration is increased above the critical salt
oncentration all aggregates redisperse and a homoge-
eous suspension can be obtained [294]. PEC formation is

 time-dependent process. When two oppositely charged
olyelectrolyte brushes are brought into contact, they form

 small volume of complex coacervate phase between
hem. Initially, the complex layer is thin, but the energy
f ion pair formation and the entropy of counterion release
rive growth of this complex phase. Growth involves fur-
her interpenetration of the chains, which is slowed down
ncreasingly by friction. As a result, the growth of such
omplex phases between the two surfaces can easily take
inutes [295]. This obviously leads to a transient force

etween two such surfaces. The salt concentration influ-
nces both the driving force for complexation and the

riction that slows down the interpenetration, leading to a
trongly salt-dependent transient force. In solution and in
els, interpenetration of the brushes between two unlike
articles strengthens their connection and restricts their
er Science 42 (2015) 79–153 119

individual mobility. As a result, the aggregation mecha-
nism may  change from weak to strong, eventually leading
to kinetically arrested gels [294,296].

In order to determine the strength of the cohesive
ion–ion pair forces in a polyelectrolyte complex, van der
Gucht et al. attached both positively and negatively charged
polyelectrolytes as brushes to the solid surface of a col-
loidal probe (Fig. 34a) [213]. The surfaces were immersed in
aqueous solutions with varying salt concentration. During a
typical experimental approach-and-retract cycle (Fig. 34a),
the brushes come into contact and form a thin complex
layer. Initially, the brushes on both sides of the complex
layer are compressed, but as the brushes are kept in con-
tact, they start to interpenetrate. This interpenetration
is driven by the growth of the complex phase on both
sides of the initial layer. When the surfaces are separated
again, the polyelectrolyte chains are stretched until enough
energy is stored to disrupt the complex phase. In this case,
disruption involves breaking all formed ion–ion pairs
between the brushes.

The force–distance curves corresponding to this cycle
show that the ion–ion pair forces depend strongly on
salt concentration. Fig. 34b–d presents a few examples
for PTMAEMA and PSPMA brushes. At salt concentrations
above 1.5 M the interaction between the positive and the
negative brushes is simply repulsive (Fig. 34d). At about
1.5 M,  attraction sets in as can be seen in both the approach
and retraction curves. This salt concentration is the equiv-
alent of a critical salt concentration for complex coacervate
phases. As long as the attraction remains weak, that is, in a
narrow window close to the critical salt concentration (e.g.,
for 1.4 M),  an almost reversible approach–retraction cycle
is possible (Fig. 34c), when scanning slowly and avoid-
ing extensive compression of the brushes. Reversibility is
the result of formation and breaking of ion–ion pairs in
the initial contact layer without subsequent growth of the
complex phase. The forces exerted to separate positively
and negatively charged chains are strong enough to break
covalent bonds, showing that the cohesive interactions that
hold the complex together are very strong, up to hundreds
of kBT per chain [213].

5.3. Inherent stretching elasticity of single polymer chain

The deformation of polymer chains is a classical prob-
lem in polymer science; however, it is very difficult
to directly measure the elasticity of a single polymer
chain. Recently, AFM has been successfully applied to
study the deformation of individual polymer chains.
The SMFS technique has been implemented in Gaub’s
group [276,282,292,293,297,298]. Some specific finger-
print information of nanomechanical properties of polymer
chains has been obtained, which is not available by conven-
tional methods [299–303].

The stretching elasticity of a single polymer chain
is a classic problem which still arouses broad interest
[265,270,304]. On the basis of the pioneering work of Flory

and others [305], several models have been proposed to
describe the single-chain behavior of polymers. Among
others, the freely jointed chain (FJC) model [280,305], the
wormlike chain (WLC) model [306,307], and the freely
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Fig. 34. (a) Schematic picture showing the SMFS measurement of the interactions between two oppositely charged polyelectrolyte brushes. (b–d) Measured
h and a 

hemica
force–distance curves between a surface covered with a PTMAEMA brus
1.4  M (c), and 2.0 M (d) [198,282].
[295], Copyright 2010. Reproduced with permission from the American C

rotating chain (FRC) model and their modified forms
[165,308,309] have often been used in the recent literature.
In the past 20 years the many advances in single-molecule
experimental methods have provided a good opportu-
nity to test these models [270,281,309,310]. To date, the
stretching behavior of many kinds of polymers, including
neutral polymers and polyelectrolytes, has been investi-
gated at the single-chain level [281,304].

According to the FJC elasticity model, the polymer is
divided into N rigid elements (Kuhn’s segments), each
exhibiting a length of lK connected through flexible joints
without any long-range interactions. The pulling force
(F)–extension (Rz) traces of single polymer chains can be
fitted by Eq. (14) [270]:

Rz = N · lK ·
[

coth
(
F · lK
kBT

)
−

(
kBT

F · lK

)]
= N · lK · L ·

(
F · lK
kBT

)

(14)

where L is the Langevin function. The fit parameters in Eq.
(14) are N and lK.
surface covered with a PSPMA brush for KCl concentrations of 1.0 M (b),

l Society.

Being expressed as the pulling force function of exten-
sion, Eq. (14) can be presented in the form:

F(Rz) = kBT

lK
L−1

(
Rz

N · lK

)
(15)

Within the framework of the WLC  model [311], the F(Rz)
function includes two  fitting parameters: polymer chain
contour length L = N·lK and persistence length Lp:

F(Rz) = Lp

kBT

(
Rz

L
+ 1

4(1 − (Rz/L))
2

− 1
4

)
(16)

The persistence length, like the Kuhn length, is a measure
of the flexibility of polymer chain [312,313]. In this way,
the pulling force–extension traces by the SMFS provide a
lot of valuable information about the elasticity of a single
polymer macromolecule [270,309].

In the classical research article by Hugel et al. [314] the

SMFS technique was used for the investigation of a single
polyelectrolyte chain. Namely, the elasticity of poly(vinyl
amine), PVAm, chains and their adhesive debonding (des-
orption) from solid surfaces was studied as a function
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ticity and desorption experiments.
[ hemical Society.
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Table 8
Persistence length, Lp, and segment elasticity, Ko, of poly(vinyl amine)
with different degrees of ionization (Line charge density), measured under
conditions of varied salt concentration as obtained from WLC  fits to the
experimental force–distance SMFS curves.

Ionization degree Csalt (mM) Persistence length, Lp

(nm)
Ko (pN)

10% 5 0.8 5100
10 0.9 4100

100 0.95 3600

30% 5 0.45 4800
10 0.85 4500
40 1.0 3000

100 0.9 3700

50% 5 1.45 4000
10 1.75 4500
40 1.65 5000

100 0.85 4000

70% 5 2.0 5200
Fig. 35. Comparison of elas
314], Copyright 2001. Reproduced with permission from the American C

f the polymer’s charge density and electrolyte concen-
ration. Experimental force–distance profiles were fitted
y the wormlike chain model, including elastic contri-
utions arising from the stretching of bond angles and
ovalent bonds. The force–distance curves according to the
xtended Hookean WLC  model are described by Eq. (17)
314]:

Lp

kBT
= Rz

L
− F

Ko
+ 1

4(1 − (Rz/L)  + (F/Ko))2
− 1

4
(17)

here L is the contour length of the stretched chain (poly-
er  strand) under zero force. The polymer chain bending

tiffness is expressed by the persistence length, Lp, and the
olymer chain extensibility upon stretching is described
y the normalized segment elasticity, Ko. Thus, Eq. (17)
ontains three fitting parameters: L, Lp and Ko.

Fig. 35 compares the experimental setups to measure
ingle chain elasticity and adhesive debonding. In the elas-
icity experiment (Fig. 35a), the polymer is covalently fixed
o both substrate and AFM tip. In the adhesive desorption
xperiment (Fig. 35b), single polymer chain is physisorbed
o the substrate and only covalently attached to the AFM
ip. Detachment in elasticity experiments occurs when a
ovalent bond ruptures along the stretched polymer strand
nanonewton forces). Upon single chain adhesive debond-
ng the ionic bonds between substrate and polymer break
nder forces in the piconewton range [314].

For quantitative comparison of the experimental data
ith theoretical predictions for polyelectrolyte elasticity,

he experimental F–D curves were fitted by an extended
ormlike chain (WLC) model including linear elastic con-

ributions arising from the stretching of bond angles and

ovalent bonds, see Eq. (17), [315]. The evaluated sin-
le chain elasticity data are presented in Table 8 as

 function of polyelectrolyte ionization degree and salt
oncentration [314]. The increase in linear charge density
10 1.2 5700
100 1.2 6500

Data from [314].

along the polyelectrolyte chains results in the unfolding of
polymer chains and increase of persistence length. Increas-
ing salt concentration has a comparatively weak effect
on polymer chain stiffness. The single chain elasticity is
reduced with increased salt concentration in partly ionized
PVAm and is increased in strongly charged polyelectrolyte
due to the screening of electrostatic interaction.

The results, obtained by Hugel et al. [314], illustrate
the effect of intramolecular interactions on persistence
length of polyelectrolytes. How intermolecular contribu-

tions may  affect polymer elasticity can be illustrated by the
effect of ionic charges on the measured persistence lengths
of other polyelectrolytes (e.g., DNA) [270,316]. According
to the Odijk–Skolnick–Fixman (OSF) theory [317,318], the
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bending rigidity of a polyelectrolyte chain is increased
as its like-charged segments electrostatically repel each
other. The electrostatic persistence length Lel depends on
the salt concentration and the polymer charge density
[270,318].

It has been shown that the stretching elasticity of a
single neutral polymer chain can be influenced by sev-
eral factors, including the side chain structure, solvent,
temperature, and cosolute [301,319–321]. However, it is
expected that, in an unperturbed state, the polymer chain
should present its inherent stretching elasticity (here-
after referred to as elasticity). Recently Wang et al. [304]
utilized the SMFS technique to investigate the single-
chain elasticity of neutral polymers with a carbon carbon
(C C) backbone in a nonpolar solvent, aiming at measur-
ing the inherent chain elasticity of this very important
class of polymers. The nonpolar solvent was selected to
minimize the effects of intermolecular interactions on
chain elasticity. Three kinds of examined polymers were
poly(N,N-diethylacrylamide), PDEAm, poly(acryl amide),
PAAm, and polystyrene, PS.

Using the freely rotating chain model, FRC, the relation-
ship between the extension (Rz) of a polymer chain and the
stretching force (F) can be written in a good approximation
as:

Rz = L [F] ·
(

1 − kBT

2bF

)
(18)

where L[F] is the contour length of the chain at a given
stretching force, b is the length of the rotating unit, kB is
the Boltzmann constant, and T is the temperature on the
Kelvin scale [322,323].

Note that the chain contour length L[F] is force depen-
dent. Bond angles as well as bond lengths are altered
upon stretching. These effects were recently investigated
in great depth with an ab initio quantum mechanical (QM)
calculation of the C C backbone elasticity [323]. Upon nor-
malization of the extension in Eq. (18) by the value of the
chain contour length at zero force, Lo, one obtains:

Rz

Lo
= L [F]

Lo
·
(

1 − kBT

2bF

)
(19)

where Rz/Lo is the normalized extension of a polymer chain.
The FRC model (Eq. (19)), which is integrated with the

quantum mechanical results, is called the QM-FRC model
[323].

The force curves of all three kinds of polymers can be
superposed well with the QM FRC model. This result con-
firms that both the size and the polarity of the side chain
have no detectable effect on the single-chain elasticity
of neutral polymers with C C backbones under condi-
tions hindering interpolymer interactions between the side
chains. This common single-chain elasticity is regarded as
the inherent chain elasticity of neutral polymers with C C
backbones [304].

Side-group effects on single chain elasticity of two
homologues, poly(acryl amide), PAAm, and its derivative

poly(N-isopropyl acrylamide), PNIPAM, were studied with
SMFS in aqueous solutions by Zhang et al. [265,324,325].
Based on this study, it is obvious that lager side groups
make the polymer chain stiffer [324–326].
er Science 42 (2015) 79–153

The SMFS technique allows probing conformational
transitions in polymer chains [270]. In the present review
we restrict the discussion to the case of synthetic polymers,
omitting abundant theoretical and experimental data on
the conformational transitions in proteins and DNA.

Single-chain mechanical properties of poly(N-vinyl
pyrrolidone), PVP, were examined by Liu et al. [321].
The force–extension curves of PVP in water deviated
appreciably from the behavior obtained in ethanol and
tetrahydrofuran, suggesting that the elasticity of PEG indi-
vidual chains is governed by hydrogen bonding with water.
The fitting of the force–extension curves of the PVP chains
in DI water with the modified FJC model yields the Kuhn
length lK = 0.63 nm,  and Ko = 41,580 pN [321].

The macromolecular elasticity of poly(acrylic acid),
PAA, was  probed by Li et al. [300]. Good superpo-
sition of the normalized force–extension curves was
taken as evidence that the elastic properties of the PAA
chains scale linearly with their contour lengths. Thus it
was  deduced that interchain interaction does not con-
tribute strongly to the PAA elasticity, because interchain
interactions would scale nonlinearly with the chain length.
By fitting the force–extension curves with the FJC model
it was established that the PAA macromolecules pos-
sess almost identical Kuhn length of 0.64 ± 0.05 nm and a
segment elasticity of 13,000 ± 2000 pN/nm, although the
lengths of the PAA filaments varied from 60 nm to more
than 1 �m [300].

Unexpected temperature-dependent single chain
mechanics was  observed for poly(N-isopropyl acrylamide),
PNIPAM, in water [301]. The temperature behavior of the
PNIPAM aqueous solutions is characterized with the LCST
in the vicinity of 32–37 ◦C. Below the LCST the force curves
obtained at different temperatures have no remarkable
difference; while above LCST, an unexpected temperature
dependent elasticity is observed, mainly in the middle
force regime.

Amongst the synthetic polymers probed with SMFS
technique, poly(ethylene glycol) [293,302,310] and
poly(vinyl alcohol) [303] show transitions between two
conformations, which are not observed in apolar media.
For the case of poly(ethylene glycol), PEG, the force
spectroscopy was carried out in either phosphate buffer
saline (PBS), or in hexadecane. It was  in the intermediate
force regime that the behavior in the two  solvents was
different. Under 100 pN the PEG chain in water has shown
only 80% of the elongation seen in hexadecane. This
indicates the presence of a solvent-mediated polymer
supra-structure. For PEG in aqueous solution fitting the
superimposed force–extension traces demonstrated a
Kuhn length lK of 7 Å  and a segment elasticity Ksegment

of 150,000 pN/nm per monomer. The PEG conforma-
tional transition could be attributed to a breakdown of
the hydrogen bonded solvation superstructure in water
upon overstretching the helically folded equilibrium
conformation of the polymer [293]. This illustrates how
environmental changes may  have a strong influence on

the elastic response of a single polymer chain and how
the manifestation of conformational transitions results
from the coupling of intermolecular and intramolecular
interactions.
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The SMFS examination of poly(vinyl alcohol), PVA, has
een described in [299,303]. As is shown in [299], the
VA in aqueous solution exhibits the Kuhn segment length

K = 6.2 Å and segment elasticity Ksegment = 17,000 pN/nm.
his shows that PVA is much stiffer than PEG.

The WLC  model can only describe the elastic behaviors
f PVA in water at either low-force regime or high-force
egime. This indicates that PVA in water does not assume
n ideal random coil conformation, but a suprastructure
ediated by the interaction between polymer segments or

he polymer–solvent interaction. Hydrogen-bonding inter-
ctions are so pronounced in PVA aqueous solution that the
LC  model may  no longer hold.
To prove the above assumption, the SMFS studies of

oly(vinyl acetate), PVAc, were performed [303]. In PVAc,
he hydroxyl groups are esterified, and thus the long-range
nteraction due to the hydroxyl groups is prevented. Inter-
ctions between acetate groups in nonaqueous solvents
re very weak [327], and it is thus expected that PVAc
ehaves like an ideal random coil. It was found that the
orce–extension curves of PVAc were fitted with the WLC

odel very well, indicating that the PVAc behaves like an
deal random coil.

Earlier studies suggested that PVA exists as a heli-
al structure in aqueous solution due to the hydrogen
onding of hydroxyl groups and that PVA undergoes a
elix-coil transition upon increasing temperature [327]. As
as shown in [303], a kink in the single-molecule force

pectra always occurs at ∼200 pN. The elasticity of PVA
elix changes dramatically before and after the kink. This

ndicates that the suprastructure of the PVA undergoes a
onformational change from a relaxed to a more stretched
elical structure at ∼200 pN. When a single PVA helix
as repetitively stretched and relaxed, there was no hys-

eresis, indicating that the conformational change is fully
eversible and takes place under equilibrium conditions.

hen stretching speeds were varied from 0.02 to 10 �m/s,
o effect was observed on the force required for the confor-
ational change (∼200 pN) or its reversibility. This implies

hat this conformational change occurs much faster than
he experimental time scale [303].

Hydrogen bonds can occur intermolecularly as well as
ntramolecularly. This is particularly important in macro-

olecular and biological assemblies, such as proteins and
ucleic acids. In the native state of protein and DNA, hydro-
en bonds are responsible for stabilizing ordered secondary
tructures, such as  ̨ helices and  ̌ sheets in proteins and
ouble helices in DNA. Upon exposure to denaturants (such
s urea), the hydrogen bonds (along with hydrophobic
nteractions) are broken, and thus the ordered secondary
tructure of proteins is destroyed.

The persistence length of PVAc in 3-heptanone
0.31 nm)  is larger than that of “denatured” PVA in urea
0.16 nm). This may  be due to the fact that the acetate side
roup in PVAc is much lager than the hydroxyl group in
VA, and the steric effect of acetate groups may  become
ronounced and make PVAc stiffer.
A comparison of the normalized force single molecule
orce spectra has shown that in the high-force regime the
lope of the force curve (the stiffness of the molecule)
f PVA in water (35,000 pN/nm) is much larger than that
er Science 42 (2015) 79–153 123

of denatured PVA in urea (13,000 pN/nm). This suggests
that the suprastructure of PVA in water is a double- or
multiple-stranded helix. If the helix of PVA in water were
a single-stranded structure, the mechanical stretching of
PVA would unravel the suprastructure and stretch the
polymer chain to an almost fully stretched state where
deformation of the polymer chain is dominated by the
stiffness of bond angle potentials and independent of sol-
vent [293]. Hence, the force curve of PVA at high-force
regime would then superimpose that of denatured PVA,
since denatured PVA is a random coil of a single polymer
chain. This, however, was  not observed, indicating that the
PVA helix in water is a multiple-stranded structure [303].
In contrast to the multiple-stranded helix of PVA in water,
PEG exists in water as a single-stranded helix [293].

Thus, for a detailed understanding of the macroscopic
properties of polymer materials, in particular viscoelas-
tic behavior and adhesion, it is desired to address the
two issues separately: intramolecular forces governing
the elastic response of a single polymer chain (includ-
ing conformational transitions), and intermolecular forces
responsible for the stability of supramolecular structures.
The SMFS technique is a powerful and insightful tool for
these purposes.

5.4. Understanding adhesion and interfacial phenomena
on the level of single macromolecules

Pressure sensitive adhesion is very complex macro-
scopic phenomenon resulting from numerous molecular
and nanoscale events. Understanding adhesion phenom-
ena requires an intimate knowledge of the intermolecular
forces from which they arise. Although indirect measure-
ments on a macroscopic level have provided significant
information on the molecular origin of adhesion, the true
nanoscopic nature of the adhesive interaction is accessi-
ble only through a direct measurement. At present, our
progress in understanding adhesion interactions at the
interfaces is closely linked to the development of physical
techniques for measuring such interactions. Typical inter-
action strength ranges from 10 pN for very weak van der
Waals interactions to 2–10 nN for a strong covalent bond
[278]. The interaction strength also varies significantly,
depending on the properties of the surrounding medium.
Therefore, an ideal technique for measuring interactions
at the interfaces must be capable of measuring forces in
the pN to nN range with a sub-nanometer distance reso-
lution under a variety of environmental conditions and in
different solvent media. The SMFS is an example of such a
technique.

Interpretation of the SMFS experiments is based on
a range of theoretical models, described and discussed
in reviews by Noy et al. [271] and Vezenov et al. [272].
In addition to above-mentioned the Johnson, Kendall
and Roberts theory of adhesion (JKR) [279], such models
include Derjagin, Muller and Toporov theory (DMT) [328],
Maugis–Dugdale (M–D) approximation [329], revised by

Carpick et al. [330], Dzyaloshinskii, Lifshitz, Pitaevskii the-
ory [331] and generally recognized acid–base interaction
theory proposed by Fowkes, van Oss, Chaudhury and Good
(FOCG) [332].
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Fig. 36. Typical force-distance profiles measured upon detachment of
physisorbed polyvinylamines (PVA) from a charged surface: (a) stretching
124 M.M. Feldstein et al. / Progress

In order to demonstrate how the SMFS experiment
allows one to gain insight into adhesive debonding mecha-
nism at the level of single polymer chain, we turn now back
to Fig. 31b and classical research paper of Hugel, Seizt et al.
[314]. In their research, the poly(vinyl amine), PVAm, was
adsorbed physically onto glass substrates from aqueous
salt solutions and the desorption force was measured as a
function of salt concentration and PVAm ionization degree.
As indicated in Fig. 31b, the weakest links in this system
are the ionic bonds between polymer and substrate.
Therefore, the resulting force profiles are determined by
the detachment of the polyelectrolyte chains from the
substrate at forces of several hundred piconewtons while
the covalent link to the AFM tip persists to forces up to
the nanonewton range [282]. In this case, contact between
tip and substrate was established for several seconds in
each cycle followed by retraction of the tip until no more
adhesive force was detected.

A force–distance trace recorded upon detachment of
a single polyvinylamine chain from bare glass substrate
is shown in Fig. 36a. In some cases, one loop of the
polymer chain is picked up upon covalent attachment
to the AFM tip at a random position, such that its two
strands bridging between substrate and tip are of different
length. While retracting the cantilever, the shorter strand
is stretched which gives rise to the characteristic stretching
trace at low forces until a plateau region of constant force
(F ≈ 50–100 pN) is observed.

Thus, each observed plateau region can be interpreted
as the continuous desorption of one or several polyelec-
trolyte strands. In Fig. 36a, both ends of the loop are being
stretched and desorbed simultaneously from the substrate
as the length of the stretched (initially shorter) strand
becomes comparable in size to the other strand of the
loop. As a result, the required desorption force doubles, as
indicated in the recorded trace by a stepwise increase fol-
lowed by a second plateau region at twice the height of the
first plateau. Finally, full desorption of both ends results in
rupture of the system and the recorded (adhesive) force
drops to zero.

However, the stretching and desorption of a single loop
was only the simplest case observed. Fig. 36b shows a
force curve which was found for the adhesive debond-
ing of multiple molecules (loops). At short distances, a
steep increase of the force resulting from the simultane-
ous stretching of several polymer strands is recorded. As
the distance between tip and substrate is increased, their
continuous desorption is again indicated by a plateau of
constant force. As the shortest PVAm strand fully detaches
from the substrate, a decreasing step in the force profile
is measured, followed by the successive detachment of all
polymer chains, each reflected by a stepwise decrease in
the overall desorption force.

Although most of the recorded traces were more com-
plex than the two most illustrative examples shown in
Fig. 36, in all cases the typical plateaus of constant force
were observed. In accordance with the discussion of the

underlying molecular processes, the step heights were thus
interpreted as the contribution of individual PVA strands
to the overall recorded desorption forces. Although the
simultaneous detachment of two or even three strands was
and desorption of a single loop; (b) stretching and desorption of multiple
strands.
[314], Copyright 2001. Reproduced with permission from the American
Chemical Society.

occasionally observed, most of the steps indeed originated
from single PVA strands. Thus we  can refer to the plateau
steps as desorption forces.

The dissociation rate of ionic bonds between the pos-
itively charged amino groups of the polymer and the
negatively charged surface sites is much faster than the
pulling rate. Thus, on the time scale of the SMFS exper-
iment, the polyelectrolyte chain can be considered as a
string of constant charge continuously desorbing from the
charged substrate against the attractive potential of the
surface. The electrostatic contribution to the force that
needs to be applied in order to induce this continuous
desorption can be quantified as follows. The electrostatic
potential, Vel(z), of the substrate in electrolyte buffer is

given in the Debye–Hückel approximation by

Vel(z)
kBT

= 4� · lB� · k−1 exp(−kz) (20)
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Fig. 37. (a) Continuous adhesive debonding of charged polymer chains
from a charged substrate. (b) Dependence of desorption force on the
M.M. Feldstein et al. / Progress

n which � is the surface charge density, k−1 the Debye
ength which describes the screening of the electrostatic
otential in polyelectrolyte solution and lB is the Bjerrum

ength [278]. Upon desorption of one polymer segment of
ength a, the entire polymer chain is moved against the
lectrostatic surface potential; i.e., the separation of each
harged segment from the substrate is increased by the dis-
ance a. Therefore, the force that needs to be applied for
his process can be determined simply from the transfer
f one charged segment from z = 0 to z = ∞ while all other
egments stay in place (Fig. 37a) leading to

el
des = (4�  · lB · kBT) · � · k−1� (21)

hus, at constant surface charge density, a linear depen-
ence of the desorption force on the Debye length, k−1 (for
onstant polymer charge), as well as on the line charge den-
ity, � (for constant electrolyte concentration), is expected.
he data obtained for the desorption of PVAm from silica
ubstrates are plotted in Fig. 37b (Fdes vs k−1) and Fig. 37c
Fdes vs �), and their dependence on the given parameters
s as predicted.

A decrease in polymer charge density in PVAm (50,
0, and 10% ionization degree) resulted in smaller aver-
ge desorption forces. As in the elasticity measurements,
o significant pH dependence in the range from pH 5–9
as observed [314].

As shown for PVAm (30% ionization) and PVAm (70%
onization), a linear increase in the adhesive desorption
orce is found with increasing Debye length resulting from
he electrostatic interaction between polymer and sub-
trate. By extrapolation to k−1 = 0, F0 ≈ 33 pN is obtained,
hich can be considered a “zero charge” contribution to the
esorption force of PVAm chains from silica. It is indepen-
ent of electrostatic charges and most likely is dominated
y van der Waals interactions between polymer and sub-
trate. In a first approximation, the electrostatic force, Fel
Eq. (21)), is therefore supposed to be the only additive term
o the overall desorption force, Fdes, such that

des = F0 + (4�  · lB� · kBT) · k−1� (22)

hus, the surface charge density, �SiOx, of the silica sub-
trates used in the experiments can be extracted from the
lopes of the line fits for the two different polymers shown
n Fig. 37b [314].

In Fig. 37c, the experimental data for different PVAm
amples in 5 mM NaCl solution are plotted against the
harge density of the polymers. Again, the expected
ncrease in the average desorption force is observed, and
ero charge contribution F0 ≈ 38 pN from this fit is in agree-
ent with the constant term of the desorption force, which

gain indicates its nonelectrostatic origin. Finally, the sur-
ace potential, �0, of the substrate is obtained from Eqs.
20) and (22) as:

0 = Fel

�
(23)

ccording to the employed simple model, the surface

otential of the silica substrate is thus given by the slope of
he linear fit to the experimental data in Fig. 37c. Although
ts value is slightly higher than expected [278], it still indi-
ates that the simple linear model used here is a good first

Debye screening length plotted for PVA 30% and 70% ionization degrees. (c)
Dependence of debonding force on polymer line charge density measured
in  5 mM NaCl solution (k−1 ≈ 4.3 nm).
[314], Copyright 2001. Reproduced with permission from the American
Chemical Society.
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Fig. 38. Normalized adhesion force (Fad/R) measured between an amine-
126 M.M. Feldstein et al. / Progress

approximation and well-suited to explain the observed
desorption forces of polyelectrolytes from charged sub-
strates [314].

Thus, the detachment force of single polyvinylamine
chains from silicon oxide surfaces has been determined
as a function of polymer line charge density as well as
electrolyte concentration. Within the experimental errors,
the results could be described by a simple model with a
linear dependence of the detachment force on the poly-
mer  line charge density as well as the Debye screening
length. On the basis of this model, the surface charge den-
sity as well as the surface potential of the silica substrate
could be deduced from the experimental data. In addition
to the electrostatic contribution, a constant detachment
force presumably due to the nonelectrostatic interaction
between polymer and substrate surface was found. Sin-
gle molecule force spectroscopy by AFM thus allows the
measurement of adhesive forces on the single molecule
level and gaining detailed insight into fundamental adhe-
sive interactions in polymer systems [314].

Chemical force titration is defined as SMFS probing
the pH-dependence of adhesion forces between basic
and acidic functional groups [272]. The effects of pH on
force-extension SMFS curves are considered in a range of
publications [272,281,333,334].

Considering the presence of multiple isoelectric points
with different pKa values on the interacting surfaces, the pH
dependence of adhesion forces between amino-terminated
probe spheres and silica can be qualitatively explained by
the interplay of electrostatic and van der Waals (vdW)
forces between the surfaces [333]. Within the contact
area, van der Waals forces and other relevant adhesion
interactions such as ionic bonding, hydrogen bonding, etc.
make up the overall adhesion forces that can be calcu-
lated according to the JKR theory [279]. Outside the contact
area, the van der Waals interactions and electrical double
layer forces between a truncated sphere and a flat surface
add an additional contribution to total adhesion forces. The
balance of all these contributions can range from predomi-
nantly adhesive to nonadhesive contact, depending on the
nature of interfacial bonding, charge on the surfaces and
solution conditions [333].

At very low pH, the probe surface is strongly positively
charged due to protonation of amino groups, while silica
surface carries fewer positive charges due to protonation
of silanol groups [335]. In addition to the noncompen-
sated strong van der Waals forces within the contact area,
ammonium groups of protonated amino-terminated poly-
mer  form strong hydrogen bonds with OH groups on the
surface of silica substrate [336]. Such hydrogen bonds
become especially strong in the presence of chloride coun-
terions, as has been shown in [336]. As a result of such
strong interfacial hydrogen bonding, a maximum adhesion
force was measured. An increase in pH causes a steady
decrease in adhesion forces due to a gradual decrease in
protonation of surface amino groups at an intermediate
solution pH. The reduced protonation translates into a

reduced positive surface charge density on the probe parti-
cle, diminishing the attractive H-bond contribution which,
in turn, leads to a decrease in adhesion forces. At higher
pH, above 10, the amino-terminated probe contains no
functionalized polymer sphere and amine-functionalized silica wafer in
1  mM KC1 solution as a function of pH.
[333], Copyright 2005. Reprinted with permission from Taylor & Francis.

proton-donating ammonium groups, while silica surface is
covered by hydroxyl groups, which capable of forming very
weak hydrogen bonds with nonprotonated amino groups
[336], resulting in a decrease of adhesion asymptotically
approaching zero.

The adhesion forces were also measured using an
amino-terminated polymer sphere and amino-terminated
silica flat. The results in Fig. 38 show that at pH below 5, the
surfaces are not in adhesive contact in 1 mM KC1 solution.
At this pH the amino-terminated surfaces can be consid-
ered to be protonated and to carry strong positive surface
charges. As pH increases above 5 the surfaces become less
protonated, although remain positively charged overall.
Under such conditions, a reduction in electrostatic repul-
sive interactions occurs with increasing solution pH. At
pH above 10, the amino groups are anticipated to be fully
deprotonated. Under such conditions, amino-groups on the
contacting sphere and flat surfaces form hydrogen-bonded
self-associates [336] and adhesion increases. A similar
adhesion force profile between an amino-terminated AFM
tip and an amino-terminated flat surface was reported by
Vezenov et al. [337].

Noy and co-workers [271] studied the strength of the
interactions between several different surfaces as a func-
tion of temperature. Intuitively, we expect the bonding
force to decrease as the temperature increases and the
thermal fluctuations gain more energy to break the bond.
Surprisingly, the researchers observed that for interactions
between COOH-terminated surfaces in a polar, hydrogen-
bonding solvent the interaction strength increased with the
temperature. This behavior was  also present for interac-
tions of other hydrophilic functionalities in polar solvents.
Conversely, when the liquid medium was switched to a

nonpolar solvent (hexane) the temperature trend reversed.
These researchers attributed this behavior to the large neg-
ative entropy accompanying ordering of solvent molecules
at the interface. This negative entropy destabilizes the
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nbound state and leads to the observed counterintuitive
emperature dependence. Nonpolar solvents do not tend to
orm ordered layers and, thus, do not contribute to these
ntropic solvation barriers.

Expressing the temperature dependence of the pull-off
orce, Eq. (24) presents a quantitative interpretation of this
henomenological picture [271,272].

pull-off = �H

xˇ
− �S

xˇ
T − kBT

xˇ
ln

[
kBT

rf�Dxˇ

]
(24)

here 	H and 	S  are enthalpic and entropic contribu-
ions into free energy of transition, x� is the distance to
he energy potential barrier, rf is the loading rate and �D
epresents the inverse of the diffusion-limited attempt fre-
uency [272].

The first two terms in Eq. (24) describe the enthalpic and
he entropic contributions to the adhesive bond strength
nd the third term describes the contribution of thermal
otion to the bond strength. In other words, the first

wo components describe the true energy-barrier contribu-
ion and the (always negative) third component describes
he ‘thermal weakening’ of a bond caused by the thermal
uctuations helping the system to get over the activation
arrier.

Eq. (24) highlights another bit of nontrivial physics of
hemical bond behavior under external load. The third term
n Eq. (24) (‘thermal weakening’) always increases in mag-
itude as the temperature increases, leading to an overall
ecrease in the observed force, in full agreement with the

ntuitive picture of bond ‘loosening’. Yet the entropic term
an lead to either an increase or decrease in the overall
nteraction force, depending on the sign of the entropy
hange for the debonding process. Therefore, for the cases
hen the energy barrier has a large entropy component

i.e., in cases of entropic interactions) we expect the bond
trength to increase with the temperature. The relative
agnitudes of the entropic and the kinetic terms in Eq. (24)

efine two regimes of bond rupture:

1) thermally dominated kinetics, where the kinetic weak-
ening leads to a decrease in the observed bond strength
with the increase in temperature, and

2) barrier-dominated kinetics, where the entropic term
overwhelms the kinetic term and leads to an increase in
interaction strength with an increase in temperature.
Furthermore, Eq. (24) also indicates that the entropic
regime of debonding should exist only over a limited
range of temperatures. As the temperature increases,
the kinetic term which increases as T· ln T will over-
whelm the entropic term which increases only linearly.
For the entropic forces caused by the ordering of the
solvent molecules at the surface, this cross-over point
simply corresponds to the situation when the thermal
motion becomes too strong and overwhelms molecular
ordering in the solvent layers [271,272].
A fruitful strategy to test the scaling relationship
etween the adhesion forces and the interfacial free ener-
ies predicted by the contact mechanics theories for
uasi-equilibrium unbinding is to use the same tip and
(SV = 19.3 mJ/m2).
[338], Copyright 2002. Reproduced with permission from the American
Chemical Society.

sample pair and vary either the solvent composition or
the SAM composition on the probe. This arrangement pre-
serves the geometrical parameters of the system while
varying the interfacial free energies of the interacting sys-
tem in a smooth and predictable manner. For example,
Vezenov et al. used the same tip-sample pair termi-
nating in CH3 groups to determine adhesion forces in
a series of methanol–water mixtures [338]. These mea-
surements produced an unambiguous linear correlation
between adhesion forces and corresponding surface free
energy values determined from independent contact angle
measurements, thus providing an additional corroboration
of the scaling relationships predicted in such systems by the
contact mechanics models (Fig. 39).

As was well recognized in classical adhesion science,
there were no reliable tools to measure tack, i.e., adhesion
bond-forming property, in terms of mechanical forces. In
this connection the capability of well-known adsorption
theory of adhesion and thermodynamic work of adhesion
to predict the practical work of adhesive debonding was
at the center of extensive debates [8,38]. The SMFS tech-
nique made it possible to probe bridging adhesion on the
single macromolecule level. Nowadays, the results of SMFS
measurements establish direct correlation between sur-
face energies of an adhesive and a substrate on the one
hand, and the strength of their adhesive joint at the level
of single polymer chains on the other hand. We  are just
beginning to understand these complex processes, which
involve stretching of polymer strands, their sliding on the
surface, and their subsequent debonding [339–342].

6. Pressure sensitive adhesives based on
nonstoichiometric polyelectrolyte complexes

Now, armed with molecular insights into the mech-

anisms of PEC self-assembly and their supramolecular
structures, we  consider structure–property relationship
of composite adhesive materials based on self-associates
of proton-donating and proton-accepting polymers, i.e.,
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Fig. 40. Molecular structures of PDMAEMA-co-MMA/BMA polybase,
PMAA-co-EA polyacid and TEC plasticizer.

polyacids and polybases. Because pressure sensitive adhe-
sion requires coupling large free volume with strong
intermolecular cohesion [38], and ionic interactions are
much stronger than the hydrogen bonds [278], we  will start
our description with PECs formed by uncharged polyelec-
trolyte molecules, i.e., with H-bonded PECs.

6.1. Mechanisms of intermolecular interactions and the
strength of noncovalent bonds in a model polyelectrolyte
complex

In our study a model PEC PSA is formed by mixing
various ratios of a polybase (e.g., copolymer of N,N-
dimethylaminoethyl methacrylate with methyl methacry-
late and butyl methacrylate PDMAEMA-co-MMA/BMA,
2:1:1), with a polyacid (e.g., copolymer of methacrylic acid
and ethyl acrylate, PMAA-co-EA, 1:1) in the presence of
triethyl citrate (TEC) as a plasticizer. The structures of
PDMAEMA-co-MMA/BMA, PMAA-co-EA and TEC are illus-
trated in Fig. 40.

In our further discussion the following terminology
will be used in accordance with the definitions set out
below. The term complex or interpolymer complex refers
to the association of macromolecules of two or more com-
plementary polymers by means of favorable noncovalent
interactions. The term ladder-like defines the complex or
the mechanism of complexation leading to the association
of the complementary macromolecules, wherein specific
interactions occur between the functional groups in repeat-
ing units of polymeric backbones. Functional groups of
complementary polymers are interacting in a cooperative
manner (see Section 4.1 of this review). This means that
due to entropic reasons, the complementary groups tend to
form relatively long sequences of strong interchain bonds,
rather than separate crosslinking bonds. As is seen from
Figs. 20 and 22, the schematic structure of such a complex
resembles a ladder.

In general, an interpolymer complex between a film

forming polymer and a ladder-like crosslinker (LLC) is
formed by hydrogen bonding, electrostatic bonding, ionic
bonding, or their combination. The ladder-like complexes
are reversibly crosslinked due to specific interactions
er Science 42 (2015) 79–153

between the functional groups in the complementary
macromolecules and thus represent “networks”. In the
present context the term “network” is used interchange-
ably with the term “complex”. However, the latter term
refers more specifically to the supramolecular structure of
the interpolymer complex.

In the PSAs based on polyelectrolyte complexes, the
same polymer component may  be used as either a film-
forming polymer (FFP) or as a ladder-like noncovalent
crosslinker (LLC) since both the FFP and LLC represent the
same class of complementary functional polymers. The
component presented in the greatest quantity serves as a
film-forming polymer so that the difference between FFP
and LLC is a function of their concentration. While the
predominant component is typically referred to as a film-
forming polymer, the minor component is referred to as a
ladder-like noncovalent crosslinker. It must be noted that
in further description the model FFP is always a polybase
(PDMAEMA-co-MMA/BMA), whereas the model LLC is a
polyacid (PMAA-co-EA).

FTIR-spectroscopy allows identification of interact-
ing functional groups in polyelectrolyte PDMAEMA-co-
MMA/BMA–PMAA-co-EA blends. To evaluate the structure
and formation energies of the interpolymer complexes that
involve both hydrogen and ionic bonding, quantum chem-
ical calculations have been performed [336]. The results of
quantum chemical calculations appreciably facilitate the
interpretation of FTIR-spectra. Comparison of the molec-
ular mechanisms of the polybase–polyacid interaction to
the values of complexation energies gives an insight into
the most energetically favorable interaction mechanisms
between complementary functional groups of the poly-
mers in the blends.

According to the quantum analysis of more than 300
polyelectrolyte complex structures examined in [336] (see
Table 9), the ionic complexes formed with the participation
of charged polyelectrolyte functional groups (ammonium
cation and carboxylate anion) are from 4 to 16 times more
energetically favorable than the strongest H-bonded com-
plexes of uncharged complementary polybase and polyacid
groups [336]. These energies control both the phase state
and the cohesive strength of the PSAs based on the poly-
electrolyte complexes.

The PSAs based on polyelectrolyte complex represent
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 the quantum
chemical analysis. Molecules of absorbed water are not
competitors but rather facilitators for the formation
of stable energetically favorable polyelectrolyte com-
plexes. The proton-donating capacity can be significantly
improved in the presence of Cl− ions. The Cl− counterion
effect may  be appreciably inhibited if Na+ cations are
present in the solution. Proton-accepting capability weak-
ens in the order: Uncharged aminogroup > Carboxylate
anion > Uncharged carboxyl group > Hydroxyl group

[336].

The carboxyl and aminogroups in the model PDMAEMA-
co-MMA/BMA–PMAA-co-EA system are typical of a
variety of polyelectrolytes. This enhances the fundamental
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Table  9
Comparative strength of ionic and hydrogen bonding between amino groups of polybase, carboxyl group of polyacid and hydroxyl group of plasticizer
[336].

Complex type Complex structure Formation energy (kJ/mol)

Complex of uncharged carboxyl group with two  ammonium
cations and chlorine counterion

+N
H

R1

CH3 Cl
H

N

R1

CH3

CH3

H

O

C O

R

+CH3

689.5

Ternary complex of uncharged carboxyl group, ammonium
cation and water in the presence of chlorine counterion

2.31 A
o

R C
O

O H

H

O
H

H

Cl

N R1

CH3 CH3

1.3A
o

2.68 A
o

2.55 A
o
-

+

650.2

Hydrogen bonded complex of carboxylate anion and
ammonium cation, stabilized with chlorine counterion

-R C
O

O
N

CH3 CH3

R1
H

+

Cl
1 32

.
.

3 23.
1 91

-

δδδδ

644.0

Ternary charge transfer complex of ionized carboxyl group,
ammonium cation and water

R C
O

O H0 98.

.
N

CH3
CH3

R1O
H

H

2 84

2 51.
593.1

Ternary H-bonded complex of ammonium cation with
carboxylate anion and water in the presence of chlorine
counterion

H
N

O
H H

CH3 CH3

R1
- +R C
O

O
2 17.

1 94.
3 16. Cl-

3 03.
δδδδ

524.0

Ionic  complex of carboxylate and ammonium counterions
R C

O

O

_
N R

H
CH3

CH3+
404.4

H-bonded complex of carboxylate and ammonium ions R C
O

O H
N

CH3

R1

- CH3
+

257.5

Ternary complex of uncharged carboxyl group, ammonium
cation and water

R C
O

O H
H

H O
H

N

CH3

R1

CH3

2.18A
o

3.07A
o

+ 152.4



130 M.M. Feldstein et al. / Progress in Polymer Science 42 (2015) 79–153

Table 9 (Continued)

Complex type Complex structure Formation energy (kJ/mol)

H-bonded complex of uncharged carboxyl group with
ammonium cation

R C
O

O
H

H N
CH3

R1

CH3

+

114.0

Complexes of carboxyl group and carboxylate anion
R C

O

O H O
C

O
R_

2.126 A
o

89.9

R C
O

O H O
C

O
R

_

1.970 A
o

73.5

H-bonded TEC complex with carboxyl group

R'O(O )CC H2

R'O( O)CC H2

R'O(O) C C O
H

O
H

C
O

R
47.6

Ternary complex of uncharged carboxyl group, aminogroup
and water

R C
O H

O

N R1

CH3

CH3

O

H

H

2.53 A
o

2.12A
o

42.9

H-bonded complex between uncharged amino and carboxyl
groups

C

O

OH

R

N
CH3

R1

CH3

26.2

H-bonded complex of TEC with aminogroup

R'O(O)CCH2

R'O(O)C

R'O(O)CCH2

C O
H

N

CH3

R1

CH3

19.7

nko G.N
Reproduced with permission from Feldstein M.M.,  Kiseleva T.I., Bondare
112(3) (2009) 1142–1165 [336]. Copyright 2009, Wiley Periodicals, Inc.

significance of the results obtained with this model system
for the field of polyelectrolyte complexes.

6.2. Phase behavior of the polyelectrolyte complexes in a
solid state

As has been shown in [38,81–83,160,343], the value of

the glass transition temperature is an important indicator
of the ratio between the energy of intermolecular cohesion
and free volume in polyelectrolyte blends. The growth of
cohesion results generally in the increase of the Tg value,
., Kostina J.V., Singh P., Cleary G.W., Journal of Applied Polymer Science,

while the rise of free volume leads to Tg reduction. The
blends of PDMAEMA-co-MMA/BMA polybase with PMAA-
co-EA polyacid and a TEC plasticizer exhibit a single glass
transition temperature indicating that 20:1 and 10:1 plasti-
cized polybase–polyacid blends are single-phase, whereas
the blends of the polybase with larger amount of the
polyacid LLC, closer to 1:1 stoichiometry, display signs of

microphase separation. The composition behavior of Tg

in the PDMAEMA-co-MMA/BMA blends with PMAA-co-EA
and TEC demonstrates a predominant contribution of large
free volume to the Tg. It is surmised that polyelectrolyte
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Fig. 41. TEM microphotographs of the PDMAEMA-co-MMA/BMA–PMAA-

[343], the value of hole free volume for the model poly-
electrolyte complex PSA at 20 ◦C is 179 Å3 (±2 Å3), whereas
for other typical PSAs it ranges from 145 to 183 Å3 (±2 Å3).
Thus, in spite of the fact that the intermolecular cohesion
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Fig. 42. State diagram of polybase PDMAEMA-co-MMA/BMA blends with
PMAA-co-EA polyacid in the absence of TEC plasticizer. (I) Mixture of the
polyelectrolyte complex with the PDMAEMA-co-MMA/BMA polybase. (II,
III)  Nonstoichiometric polybase–polyacid complex and (IV) mixture of the
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ixing in a solid state or in concentrated solutions, which
eads to polymer chain entanglements, favors the forma-
ion of loops of unbound polymer chains [160].

Ionization of polyelectrolyte functional groups signifi-
antly affects the phase behavior of unblended components
ut has only a minor impact on the Tg of the blends [160].
easured Tg values correlate reasonably well with the ear-

ier established mechanisms of molecular interaction in the
DMAEMA-co-MMA/BMA blends with PMAA-co-EA and
EC as a plasticizer.

Mixing a polybase with a polyacid in solution, in
he vicinity of 1: 1 concentration ratio results in forma-
ion of a sol and gel fractions. The sol fraction consists
redominantly of a nonstoichiometric complex of so-
alled “scrambled egg” structure. In contrast, the gel
raction represents a stoichiometric ladder-like network
olyelectrolyte complex of a “zipper” structure [160].
he Tg values are always higher for the stoichiomet-
ic ladder-like complex than for the nonstoichiometric
olyelectrolyte complexes of the “scrambled egg” struc-
ure (Figs. 19 and 22). This fact is a direct confirmation
hat intermolecular cohesion dominates free volume in a
toichiometric ladder-like polyelectrolyte complex, while
n a slightly crosslinked nonstoichiometric complexes
f “scrambled egg” structure the free volume domi-
ates the energy of intermolecular cohesion due to loop

ormation.
When the stoichiometric and nonstoichiometric poly-

lectrolyte complexes are not separated by filtration of
he casting solution prior to the dry blend preparation,
he “scrambled egg” complex forms a continuous phase of
ower Tg, while the finely divided particles of the ladder-
ike complex in the dispersed phase have microscopic
izes and do not show a separate Tg value. Supramolec-
lar structures of nonstoichiometric and stoichiometric
olyelectrolyte complexes have been studied with elec-
ron microscopy. The nonstoichiometric “scrambled egg”
omplex in the sol phase exhibits a lamellar structure or
pherical-like domains (Fig. 41A), while a stoichiometric
adder-like complex in the gel phase forms a well devel-
ped fibrillar network structure that resembles a nanosized
eb (Fig. 41B) [160].

The state diagram of polybase–polyacid blends (Fig. 42,
160]) reveals areas of partial component miscibility and
he formation of a nonstoichiometric complex of “scram-
led egg” structure, which are separated by a field occupied
y a ladder-like polyelectrolyte complex of stoichiomet-
ic composition. The ladder-like complex is immiscible
ith both parent polymers at temperatures below 172 ◦C.
elting of the ladder-like complex and polybase–polyacid
iscibility above this critical temperature is thought to

e a result of the complex dissociation at high tempera-
ures, when intermolecular hydrogen bonds do not exist
ny longer. The plasticized polybase–polyacid blends of 20:

 and 10: 1 concentration ratios, that demonstrate pres-
ure sensitive adhesion, relate to the area of the phase
iagram which corresponds to the nonstoichiometric poly-

lectrolyte complex of the “scrambled egg” structure. The
toichiometric ladder-like polyelectrolyte complex in the
lends of 1: 1 polybase–polyacid composition ratio with
lasticizer exhibits no adhesion.
co-EA complex particles in a sol 70:30 (A, top) and gel 50:50 (B, bottom)
phases.
[160], Copyright 2011. Reproduced with permission from Wiley Periodi-
cals Inc.

As the most recent data of positron annihilation life-
time spectroscopy (PALS) measurements have shown
nonstoichiometric complex with PMAA-co-EA polyacid. The central zone
is occupied by a stoichiometric polyelectrolyte complex of a ladder-like
structure (Tm = melting temperature).
[160], Copyright 2011. Reproduced with permission from Wiley Periodi-
cals Inc.
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Fig. 43. Tensile properties of polyelectrolyte complexes. A: Nominal
stress–strain curves for uniaxial drawing of the mixture of FFP with
25 wt  % TEC plasticizer and the nonstoichiometric polyelectrolyte com-
plex ([FFP]:[LLC] = 10:1) plasticized with the same amount of TEC. B: Effect
of plasticizer concentration on tensile stress–strain curves of polyelec-
trolyte blends (FFP/LLC = 10/1). TEC content is indicated. Drawing rate is

20  mm/min.
[343], Copyright 2012. Reproduced with permission from Wiley Periodi-
cals Inc.

energy of the polyelectrolyte complex PSA is essentially
higher than for other typical representatives of the PSA
family, the behavior of free volume conforms well to the
values which are observed for typical PSAs of other chem-
ical compositions.

6.3. Mechanical properties of polyelectrolyte blends

We  come now to the macroscopic physical properties
of polyelectrolyte PSAs. Direct correlation occurs between
adhesion and large-strain tensile properties of the PSAs.
Hence, consideration of the tensile behavior of the PSA
allows us to establish and illustrate the role and func-
tion of each component in a polyelectrolyte blend. Since
stretching is the main type of deformation of the PSAs dur-
ing adhesive joint failure [14,41,53,54,58,344], the study of
the mechanical characteristics of polymer materials during

uniaxial drawing to break is of utmost importance.

As is seen from Fig. 43A [343], the stress–strain curve
for the binary blend of the FFP (polybase) with 25 wt.%
plasticizer is typical of the deformation of viscoelastic
er Science 42 (2015) 79–153

liquids, such as entangled linear macromolecules and non-
crosslinked rubbers. Our experimental data shows that
the polyacid in the blend with the polybase FFP plays the
role of the noncovalent ladder-like polymer crosslinker
(LLC), thereby increasing the cohesive strength of the mate-
rial and decreasing its free volume. The incorporation of
even small amounts of the polyacid (PMAA-co-EA; poly-
base:polyacid = 10:1) causes dramatic changes in the type
of deformation and in the profile of the curve. This type of
extension is typical for densely crosslinked rubbers. In this
case, the breaking strength of the films increases by a factor
of 6.6, while the maximum elongation decreases by a factor
of 4.3. The ultimate fracture stress is a direct measure of the
cohesive strength of deformed material, whereas the max-
imum elongation at break is proportional to the value of
free volume fraction, as measured by positron annihilation
spectroscopy [38,84].

Fig. 43B illustrates the effect of the plasticizer content
on the tensile stress–strain curves of the polyelectrolyte
blend [343]. The stress–strain curves for the blend under
study are similar in shape to the corresponding curves for
lightly crosslinked elastomers. All the PSAs belong to that
class. This is manifested by the high ultimate strains (εb)
typical for rubbers, as well as the occurrence of ductile or
“plastic flow” regions characteristic of plastic deformation.

As has been shown earlier, while conducting a phase
behavior study of the polyelectrolyte complexes [160],
TEC is a good plasticizer of the PDMAEMA-co-MMA/BMA
blends with PMAA-co-EA. This conclusion is now con-
firmed by the analysis of tensile stress–strain curves. As
the concentration of plasticizer increases, the ultimate ten-
sile strength and the work of viscoelastic deformation to
break (the area under the stress–strain curve) decrease,
whereas the maximum elongation increases. It is pertinent
to recall once again that both former values are the indirect
measures of cohesion strength, whereas the latter relates
directly to the content of free volume [38,84].

Thus, varying the composition of the FFP–LLC blends
with plasticizer provides easy tuning of the mechanical
properties. The ultimate strength and ductility of the blends
are such that they can be useful in many practical applica-
tions.

6.4. Adhesion of the PSAs based on nonstoichiometric
polyelectrolyte complexes

The probe tack profiles (Fig. 44) provide valuable infor-
mation about the mechanism of debonding [343]. The
PSAs are known to couple the properties of liquid-like and
solid-like materials. The shape of the stress–strain curves
illustrates qualitatively this dualism (see Fig. 4 above).

Fig. 44 illustrates the effect of LLC on the probe tack
curves of the polyelectrolyte complex at two concentra-
tions of plasticizer (25 and 35 wt.% TEC). As follows from
the curves, a ladder-like noncovalent cross-linking of FFP
(PDMAEMA-co-MMA/BMA polybase) with LLC (PMAA-co-
EA polyacid) results in a dramatic change in the debonding

mechanism. The mechanism changes from the one typi-
cal of liquid PSAs (observed for plasticized FFP) to more
elastic and solid-like, as found for the behavior of ternary
PDMAEMA-co-MMA/BMA blends with PMAA-co-EA and
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Fig. 44. 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. Cor-
responding values of the practical work of adhesion (debonding energy)
are  indicated in the Figure. A: 25 wt % of TEC plasticizer. B: 35 wt % of TEC
p
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lasticizer.
343], Copyright 2012. Reproduced with permission from Wiley Periodi-
als Inc.

EC. The LLC behavior, observed also based on the data for
ensile test (compare Figs. 44 and 43), implies the dom-
nance of intermolecular cohesion over the free volume
38,51].

As illustrated in the Probe Tack curves, Fig. 44(A and
), a binary blend of PDMAEMA-co-MMA/BMA contain-

ng 25 and 35 w/w% of plasticizer TEC and no polyacid
rosslinker is a tacky liquid that debonds cohesively at
elatively high elongation. Upon cohesive joint failure a
ignificant amount of adhesive is left on the surface of
he probe. The higher the TEC concentration the more the
SA is liquid-like. This is obvious from the values of the
aximum adhesive layer stretching at the point of debond-

ng, εmax. At 35 wt.% TEC in the blend, mixing the FFP
ith complementary LLC in the ratios of [FFP]:[LLC] = 20:

 and 10: 1 leads to an immediate change in the debond-
ng mechanism from cohesive to adhesive. Ladder-like
rosslinking of FFP decreases the work of debonding from

2
26 to 92 and 31 J/m , respectively. The 20: 1 nonstoi-
hiometric polyelectrolyte complex demonstrates a better
alance between elastic and plastic behaviors, as theoreti-
al models reviewed above in Section 4.5 predict. Although
er Science 42 (2015) 79–153 133

the debonding energy is somewhat decreased as compared
to uncrosslinked FFP, this lightly crosslinked PSA exhibits
an adhesive type of debonding. Further increase of LLC con-
centration lowers both the maximum debonding stress and
the adhesive layer stretching. Thus, the dominance of the
cohesive interactions over the free volume is produced by
ladder-like cross-linking of FFP that affects the adhesive
properties.

As is seen from Fig. 45A [343], in the course of
mixing the PDMAEMA-co-MMA/BMA–PMAAco-EA poly-
electrolyte complex with TEC plasticizer, 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 increases, passes through a maximum at
35–45 wt.% TEC, and finally declines. 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 as the amount of plas-
ticizer increases. The work of adhesive joint failure passes
through a maximum at 50–55 wt.% of the plasticizer [343].

At the same time, the Probe Tack curve obtained for
the blend containing 50 wt.% of the plasticizer suggests
the adhesive type of joint failure and indicates that, for
the blend containing 60 wt.% TEC, detachment of the adhe-
sive layer from the steel probe surface proceeds according
to the cohesion mechanism. The adhesive bond failure
in the Probe Tack curves is manifested as a sharp drop
of debonding stress, whereas the cohesion mechanism is
characterized by a gradual decrease of the debonding stress
in the final section of the curve (Fig. 45A) [343].

As is obvious from Fig. 45B [343], the plasticizer
hydrophilicity significantly affects the failure mechanism
of adhesive joints of the FFP–LLC polyelectrolyte com-
plex. The higher is the plasticizer hydrophilicity, the
higher is the adhesion. The work of probe detachment
from the adhesive film surface grows as the plasticizer
hydrophilicity increases in the sequence: acetyltributyl
citrate (ATBC) ≈ tributyl citrate (TBC) < acetyltriethyl cit-
rate (ATEC) ≈ triethyl citrate (TEC). If the blends with
hydrophobic plasticizers (ATBC and TBC) behave as solid
adhesives and fail without essential fibrillation of the adhe-
sive layer, the blends of the polyelectrolyte complex with
the hydrophilic plasticizers (ATEC and TEC) demonstrate
the existence of fibrillation, which is most pronounced in
the case of the most hydrophilic plasticizer – TEC.

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 mechanism of the
ladder-like polyelectrolyte complex formation. As Fig. 45C
illustrates, replacement of PMAA-co-EA polyacid by a
copolymer of maleic acid with methylvinyl ether (PMA-
co-MVE) increases adhesion appreciably, implying that the
approach illustrated in this research has a general character
[343].

6.5. Impact of the type of intermolecular bonding on

adhesion of polyelectrolyte complexes

Partial ionization of polybase or polyacid in the blend,
achieved with the addition of a strong inorganic acid (HCl)



134 M.M. Feldstein et al. / Progress in Polymer Science 42 (2015) 79–153

Fig. 45. Effects of composition on Probe Tack adhesion (stress-strain
behavior) of polyelectrolyte complex PSAs. A: Effect of triethyl citrate con-
centration on the deformation 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 the Figure. B: Impact of plasticizer hydrophilicity on Probe
Tack curves of the blends composed of the 10: 1 polybase complex with
polyacid. Plasticizer content is 45 wt %. ATBC is acetyl tributyl citrate, ATEC
is acetyl triethyl citrate, TBC is tributyl citrate, and TEC triethyl citrate. C:
Probe Tack behavior of interpolymer complexes containing ladder-like
cross-linkers of different hydrophilicity and hydrogen-bonding capabil-
ity: PMAA-co-EA and PMA-co-MVE. TEC content in blends is 25 wt  %.
[343], Copyright 2012. Reproduced with permission from Wiley Periodi-
cals Inc.
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Fig. 46. The effect of partial ionization of the amino groups in
PDMAEMA-co-MMA/BMA copolymer on Probe Tack curves of a ladder-
like interpolymer complex plasticized with TEC. Ionization degrees are

indicated in the Figure.
[343], Copyright 2012. Reproduced with permission from Wiley Periodi-
cals Inc.

or base (NaOH), also improves the adhesive properties
and changes the mechanism of debonding from fibrillar to
solid-like (Fig. 46) [343]. The implication of this Probe Tack
data is that the adhesive properties are affected by a mech-
anism of specific interaction between the components of
the polyelectrolyte complex (hydrogen or ionic bonding).
In turn, the molecular interaction governs the structure of
the complex and determines the balance between cohesive
energy and free volume.

The electron-donating amino groups of PDMAEMA-
co-MMA/BMA polybase are capable of forming hydrogen
bonds with the proton-donating carboxylic groups of
PMAA-co-EA polyacid (Scheme 1).

According to the quantum chemical modeling data (see
Table 9, [323]), such H-bonded complexes of uncharged
complementary functional groups are characterized by
the formation energy of ∼26 kJ/mol. Inclusion of water
molecule into the bonding makes the complex more stable
(	E = 43 kJ/mol). Treatment of PDMAEMA-co-MMA/BMA
by HCl in aqueous solutions causes partial ionization of
the polybase and the formation of ammonium cations,
which can interact with the carboxyl groups of PMAA-co-
EA through the exchange reaction [31,336,343] (Scheme 2).

Ionic bonds are much stronger than hydrogen bonds
[278,336] with an energy that ranges between 251 and
404 kJ/mol. Involving the associated water molecule into
the ionic complexes enhances intermolecular bonding
energy up to 524–650 kJ/mol [336]. As the data presented

in Fig. 46 illustrate, the increase in the energy of interpoly-
mer  bonding increases both the energy of intermolecular
cohesion and the practical work of adhesion (the area
under probe tack curve). This allows us to assume that the

N
CH3

CH3

+ HOOC N
CH3

CH3. .. HOOC

Scheme 1. Neutralization reaction of H-bonded interpolymer complex
formation between uncharged polybase and polyacid macromolecules.
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Scheme 2. Exchange reaction of ionic complex formatio

ree volume in ionic ladder-like polyelectrolyte complex
ncreases accordingly. Electrostatic repulsion of cationic
mmonium groups in ionized PDMAEMA-co-MMA/BMA
acromolecule leads to the increase in free volume.
Partial neutralization of the carboxylic groups of LLC

PMAA-co-EA–polyacid) by treatment with NaOH solution
esults in the formation of carboxylate anions that are
nable to interact with the uncharged amino groups of FFP
PDMAEMA-co-MMA/BMA–polybase) and therefore do not
ontribute to the increase of cohesive energy. However,
lectrostatic repulsion between these anions increases the
ree volume. As a result, adhesion increases likewise [343].

inally, the combined effect of ammonium cations in FFP
nd carboxylate anions in LLC enhances adhesion [343].

In this way, adhesion of PEC-based PSAs is controlled
y the same fundamental factors (polybase–polyacid

ig. 47. Effects of total voltage on elastic modulus G′ , loss modulus G′′ and vis
omplexes containing 25 wt. % of TEC plasticizer. A: uncharged complex formed by
ame  composition including 10 mol  % of ionic bonds. Unpublished data by A.P. M
CH3

en ammonium salt of polybase and uncharged polyacid.

stoichiometry, charge density, etc.) which also govern
supramolecular structure, single-chain elasticity and inter-
molecular interaction mechanisms. Analyzing the role of
each component in blend (FFP, LLC, plasticizer) makes
possible tuning the adhesion and development of novel
PSAs with tailored mechanical and adhesion properties.
The PSAs based on the ionic polyelectrolyte complexes,
described in this section of the review, represent an exam-
ple of “smart” pH-responsive PSAs. They can be employed
in various areas of industry and medicine as electroconduc-
tive adhesives with ionic type of conductivity.
6.6. Electrorheology of solid polyelectrolyte complexes

Fig. 47 shows how the total voltage affects linear vis-
coelastic properties of PEC. Fig. 47A relates to a H-bonded

cosity of 10:1 PDMAEMA-co-MMA/BMA – PMAA-co-EA polyelectrolyte
 polybase–polyacid hydrogen bonding. B: polyelectrolyte complex of the

oscalets, S.M. Khusyainov, K.A. Bovaldinova and M.M. Feldstein (2014).
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Fig. 48. Swelling and Sol–Gel behavior of PDMAEMA-co-MMA/BMA –
PMAA-co-EA polyelectrolyte complexes. A: Effect of LLC concentration
on sol fraction (S) and swelling ratio (˛) of polyelectrolyte complex with
45  wt  % TEC in water; pH 5.6. B: The soluble fraction content in the poly-
electrolyte complex as a function of the swell ratio value; pH 5.6. The
plasticizer concentration is 45 wt  %. C: Effect of plasticizer concentration
on solubility and water-absorbing capacity of the polyelectrolyte complex
(FFP:LLC = 20:1).
[343], Copyright 2012. Reproduced with permission from Wiley Periodi-
136 M.M. Feldstein et al. / Progress

10:1 complex of PDMAEMA-co-MMA/BMA polybase with
PMAA-co-EA polyacid, containing 25 wt.% of plasticizer
(TEC). Fig. 47B illustrates the changes of elasticity modu-
lus G′, loss modulus G′′ and complex viscosity 
 of ionic
PEG complex of the same composition based on HCl treated
polybase (10% protonization degree of the aminogroups).

As follows from Fig. 47, for both uncharged and charged
polyelectrolyte complexes the changes of moduli are rela-
tively small as compared with the variation of viscosity. The
viscosity relates to the elasticity modulus via the Maxwell
equation 
 = G′·�, where � is the relaxation time, a measure
of the polymer material molecular mobility. Longer relax-
ation times correspond to lower molecular mobility. As is
seen from Fig. 47, all the curves go through a minimum.
This means that under the influence of total voltage the
changes of complex viscosity are governed by the varia-
tion of molecular mobility to much greater extent tnan the
change of elasticity and, consequently, the supramolecular
structure of the PEC. At small voltage the molecular mobil-
ity increases and the relaxation time is reduced, whereas at
high voltage the mobility decreases, resulting in an increase
of the relaxation time. As comparison of Fig. 47A and 4B
demonstrates, the PECs formed by hydrogen and ionic
bonds exhibit much greater viscosity, elastic and loss mod-
uli than the complexes formed by solely hydrogen bonds.

6.7. Water-absorbing capacity of polyelectrolyte PSAs

Owing to the formation of three-dimensional network
of noncovalent intermolecular bonds, the PSAs based on
nonstoichiometric ladder-like polyelectrolyte complexes
are partially water insoluble, rubber-like gels capable of
absorbing a large amount of water. As illustrated by the
data in Fig. 48A, polyelectrolyte complex formation leads to
a loss of solubility of the polymer blend in water, expressed
in terms of its sol fraction (S), and a reduction of swell ratio
(˛), defined as the weight of material in a swollen state
divided by the dry weight of its gel fraction [343].

The swell ratio is a fundamental characteristic of cross-
linked polymeric gels that relates to the density of network
junctions. The higher the density of a ladder-like network,
the lower the swell ratio [345]. As the LLC concentration
increases i.e., the FFP: LLC ratio decreases, the ladder-like
network gets denser. The reduction of both values is more
pronounced at the comparatively small LLC concentra-
tions (below 40 wt.%) (Fig. 48A). A further increase in LLC
content has only a comparatively negligible effect on dis-
solution and swelling properties [343]. With an increase
of the LLC content in blends, the solubility (Sol Fraction)
and the swelling of the examined interpolymer complex
significantly decreases. As Fig. 48B illustrates, the density
of cross-links, which is expressed in terms of the swell
ratio, controls the solubility of the ladder-like interpoly-
mer  complex. The swell ratio and the content of the soluble
fraction in the ladder-like nonstoichiometric complex of
PDMAEMA-co-MMA/BMA with PMAA-co-EA increase with
pH and the concentration of plasticizer (Fig. 48C). The linear

relationship that exists between the plasticizer concentra-
tion and the content of sol fraction attests that the soluble
component of the hydrogel blend is mainly formed by the
plasticizer.
cals Inc.

The higher the hydrophilicity of the plasticizer, the
greater the sol fraction and the swell ratio of the blends.

The 10% ionization of PDMAEMA-co-MMA/BMA and
PMAA-co-EA polymers increases their solubility in water
[343].
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Replacement of PMAA-co-EA by a more hydrophilic
opolymer of maleic acid with methylvinyl ether (PMA-co-
VE) dramatically increases both the swell ratio and the

ol fraction of their blends with PDMAEMA-co-MMA/BMA.
he content of the soluble fraction in this case is 88% and
9% for the complexes with 6.8 and 10 wt.% PMA-co-MVE,
espectively [343].

Thus, the adhesive, mechanical, and water-absorbing
roperties of polyelectrolyte blends can be easily manip-
lated by changing the relative concentrations of various
opolymers in the blends and the ionization of their func-
ional groups. Coupling adhesive properties with high
ater-absorbing capacity, typical for hydrogels, defines

he polyelectrolyte PSAs as an innovative class of polymer
omposites with unique combination of performance prop-
rties. Owing to the presence of polar (ionic) and nonpolar
roups in the copolymers, materials based on polyelec-
rolyte complexes may  be classified as “amphiphilic”
dhesives. Such adhesives are compatible with both
ydrophilic and hydrophobic substances and can be devel-
ped for diverse applications in various fields of industry,
articularly in pharmacy for controlled drug delivery. In
ddition, they can serve as electroconducting PSAs and
espond to changes of voltage by varying their viscoelastic
nd adhesive properties.

. Pressure-sensitive adhesive hydrogels based on
ernary interpolymer complexes with telechelic
ligomer

As has been shown in the Section 3 of this review,
VP blends with 30–40 wt.% PEG-400 demonstrate peel
trength and probe tack adhesion typical of conventional
hydrophobic) PSAs. However, in contrast to the hydropho-
ic PSAs, the adhesion of PVP–PEG blends increases
ppreciably with the moistening of the surface of sub-
trates or in the course of water absorption. Nevertheless,
ractical use of the PVP–PEG PSA in hydrated environ-
ents is essentially restricted by the limitless dissolution

f the PVP–PEG complex in water. At the same time, it
s well known that ladder-like interpolymer complexes of
ydrophilic water-soluble polymers formed via hydrogen
onding or electrostatic interactions between complemen-
ary functional groups present in the repeat units of both
olymer backbones behave as hydrogels that mainly swell
ut are insoluble in water (see Section 4 of this review). For
his reason, we have used the ladder-like type of interpoly-

er complex formation to render the PVP–PEG hydrophilic
SA insoluble in water. With this purpose in mind, a third
olymeric component is incorporated into the PVP–PEG
lend, namely the polyacid, a copolymer of methacrylic
cid (MAA) with ethyl acrylate (EA), PMAA-co-EA. The car-
oxyl groups of the polyacid are capable of forming a

adder-like complex with the carbonyls in the repeat units
f long-chain PVP [31,48,72,103,104]. Fig. 49 illustrates

chematic structure of the ternary interpolymer–oligomer
omplex formed by two  complementaty high MW poly-
ers and telechelic oligomer bearing hydrogen bonding

roups at the ends of its short chains.
Fig. 49. Schematic illustration of the molecular structure of ternary com-
plex formed by two long-chain polymers containing complementary
functional groups in their repeat units and a telechelic oligomer.

7.1. Mechanisms of competitive hydrogen bonding
underlying phase behavior of ternary PVP–PEG–Polyacid
blends

Strong competition between PEG and PMAA-co-EA for
interaction with PVP was a subject of a recent investigation
[49]. The hydrogen bonding in partially miscible ternary
PVP–PEG–PMAA-co-EA blends has been characterized
with FTIR spectroscopy. In order to evaluate the relative
strengths of hydrogen bonds in PVP–PEG–PMAA-co-EA
blends, quantum-chemical calculations were performed.
The results are presented in Tables 3 and 10 [49].

According to this analysis, the most stable com-
plexes are the ternary PVP–PMAA-co-EA–PEG(OH) one
and the complex wherein comparatively short PEG
chains simultaneously form two  hydrogen bonds with
PVP carbonyl groups through both terminal OH-groups,
acting as H-bonding crosslinks between longer PVP back-
bones. Incorporation of water molecules into hydrogen
bonding of complementary functional groups of poly-
mer  components is capable of significantly increasing
the strength of ternary interpolymer–oligomer com-
plexes [49]. As a result, the most energetically favorable
complex in the PVP–PEG–PMAA-co-EA–H2O system is
a network structure formed by hydrogen bonding of
both PEG terminal hydroxyl groups to the carbonyl
groups in PVP recurring units through the two water
molecules located between the functional groups of
the polymers (PVP–H2O–PEG–H2O–PVP). The mechanism
of specific interaction in PVP–PEG–PMAA-co-EA blends
affects the phase behavior of the polymer system. In
turn, the interaction mechanism controls the physical
properties of the composite material at a macroscopic
scale, such as adhesion, viscoelasticity, and swelling
[44].

Blends containing less than 30 wt.% of PMAA-co-EA have
been shown to possess a single glass transition and are
miscible. However, the PVP–PEG blend with 35.7% PMAA-
co-EA demonstrates two  Tg’s of −38 and 55 ◦C [80]. Both
Tg values are atypical of the parent components and are
composition-dependent. It follows that the values relate to

mixed phases and that the system is partially compatible.
Based on the results of the phase behavior investigation
of binary PVP–PEG blends [44,80], the lower-Tg phase can
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Table 10
Schematic structures and the energies of hydrogen bonds formed between carboxyl groups of polyacid with proton-accepting groups in PVP and PEG in
the  presence of absorbed water [49].

Complex Schematic structure −	E (kJ/mol)

PVP-COOH–PEG-H2O
N

O HO C

O HO(CH2CH2O)6CH2CH2OH
O

H

H 66.0

PVP-H2O-COOH
N

O
H

O

H

H

O C

O

44.1

PVP-COOH–PEG
N

O HO C

O HO(CH2CH2O)6CH2CH2OH

40.7

COOH–HOOC C
O

OH O

HO
C 26.5

COOH-H2O

C

O

OH

H

O H

22.6

COOH-PEG (OH) C

O

OH

HO(CH2CH2O)6CH2CH2OH

23.5

COOH-PEG (COC)

C

OH O

CH2

CH2

O

18.5

PVP-COOH
N

O HO C

O

14.7
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Fig. 50. Tensile properties of ternary PVP–PEG–Polyacid complexes. A:
Stress–strain curves for ternary PVP–PEG–LLC blends containing 50% PEG
and a constant content of absorbed water (7 wt%) obtained under uni-
axial drawing at the rate of 1 mm/s. The solid curve corresponds to a
PVP–PEG binary blend containing 36 wt% PEG-400. The dashed curves are
for ternary blends with different fractions of the LLC indicated in the Fig-
ure.  B: Impact of PEG weight % on tensile deformation of PVP–PEG–LLC
blends. The PVP:LLC ratio is 5:1. The content of absorbed water is 7 wt%.
M.M. Feldstein et al. / Progress

e logically related to PVP–PEG–PMAA-co-EA complex,
hereas the upper-Tg phase corresponds most likely to the
hase enriched with PMAA-co-EA. Further increase in the
MAA-co-EA concentration leads to rapid growth of the
pper Tg value [49].

In the blends containing less than 9 wt.% of PMAA-co-
A all PEG is associated with PVP in the amorphous phase
nd is unavailable for crystallization. This fact is readily
xplained since in the binary PVP blends with PEG-400
he crystalline phase appears as the PEG content achieves
5–50 wt.% [44,76]. The most surprising feature of the DSC
races shown in an earlier paper of our research group
Fig. 4 in [49]) is that the endotherm of PEG melting appears
n the range between 10 and 30 wt.% of PMAA-co-EA and
anishes as its amount becomes as high as 36%. Even very
mall amount of absorbed water (∼ 2%) appreciably lowers
he PEG binding degree.

The increase in the LLC content begets crystallizable
unbound) PEG due to partial replacement of the PEG
n PVP–PEG complex by the LLC (PMAA-co-EA). On the
asis of this observation we are able to propose that the
arboxyl groups of PMAA-co-EA form stronger hydrogen
onds with the PVP carbonyls than with complementary
ydroxyl groups in PEG-400 [49].

The ladder-like cross-linking in the blends of favorably
nteracting polymers leads to an appreciable increase in
ohesion and a decrease in free volume. Thus, it is logical to
xpect that the PMAA-co-EA polyacid, having a pronounced
ffect on the balance between the cohesion and free vol-
me  in the blends with PVP polybase and PEG telechelic
ligomer, will appreciably affect the adhesive performance.

.2. Tensile properties of PSAs based on ternary
VP–PEG–Polyacid complexes

Tensile deformation accompanies the failure of adhe-
ive joints under a detaching force. At the moment of
ebonding, the elongation of PSAs reaches many hun-
reds or thousands of percents and involves orientation of
olymer chains in the direction of stretching. It is, there-
ore, no surprise that close correlation has been observed
etween the adhesion and the mechanical properties of soft
iscoelastic adhesives under tension [346–350], including
ydrophilic PVP–PEG adhesives [41,61].

The effect of LLC (PMAA-co-EA) concentration on the
ensile properties of ternary PVP–PEG–PMAA-co-EA blends
ontaining 50% PEG-400 is shown in Fig. 50A [72]. The
hape of the stress–strain curve changes significantly
ith the increase in polyacid content. The increase in

LC concentration causes an appreciable gain in mechan-
cal strength (ultimate tensile stress at break �b) and

 loss of compliance, manifested by a decrease of the
aximum elongation εb. The mechanical behavior of

he binary PVP–PEG blend is similar to that of the
ernary PVP–PEG–PMAA-co-EA system containing 4 wt.%
LC. While the blends containing 6% and 8% polyacid reveal
he deformation mechanism typical of rubbers, the blend

f 12% LLC shows the behavior typical of cured elastomers.
he tensile modulus E can be determined as the slope of the
nitial linear region of a stress–strain curve, where Hooke’s
aw is applicable, and is considered as a material constant
Tensile rate is 1 mm/s. PEG wt.% are indicated in the Figure. �n , nominal
stress (MPa), ε, relative elongation.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.

that characterizes polymer elasticity. With the increase
of LLC concentration the modulus increases significantly,
indicating a sharp increase in the ladder-like network den-
sity [72].

The value of ultimate tensile stress at break of a
stretched film is a measure of cohesive strength of a
strained material. As has been shown for binary PVP–PEG
blends, the larger the free volume the higher the value of
the maximum elongation-at-break [38,84]. The formation
of polymer–oligomer cross-linked PVP–PEG complex has
been shown earlier to lead to enhanced cohesive strength
and large free volume. Their combination determines the
adhesive properties of PVP–PEG blends. In contrast to this
behavior, the formation of a ladder-like complex is accom-
panied by an increase of cohesive strength coupled with a
decrease in free volume.
We consider now the effect of PEG concentration on ten-
sile deformation of ternary PVP–PEG–PMAA-co-EA blends
(Fig. 50B) [72]. The blend containing 30% PEG deforms as
a tough-solid material exhibiting a pronounced effect of



140 M.M. Feldstein et al. / Progress in Polymer Science 42 (2015) 79–153

Fig. 51. Effects of LLC and PEG contents on the total work to deform and

Fig. 52. Adhesion properties of ternary PVP–PEG–Polyacid complexes.
A: Probe tack curves of binary PVP–PEG (36 wt%) and ternary PVP–PEG
(29%)–LLC (PMAA-co-EA, 12%) blends. Debonding rate is 0.1 mm/s. B:
Effect of LLC (PMAA-co-EA) concentration on probe-tack stress–strain
break the PVP–PEG–LLC adhesive film, Wb; ultimate tensile strength, �b;
elongation-at-break, εb. Tensile rate is 1 mm/s. The content of absorbed
water is 7 wt%.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.

strain hardening, while the blend with 60% PEG reveals
a comparatively much more distinct liquid-like behavior.
The PEG is a good plasticizer for the PVP blends with
the PMAA-co-EA LLC [48]. As follows from the data in
Fig. 50B, the increase in PEG content promotes ductility of
PVP–PEG–LLC blends by increasing the free volume.

The data in Fig. 51 [72] indicates an essential difference
in the effects of the LLC (PMAA-co-EA) and the telechelic
oligomer (PEG-400) on tensile deformation of the ternary
PVP–PEG–PMAA-co-EA blends. Recall that the values of
ultimate tensile stress (�b) and maximum elongation-at-
break (εb) of a stretched polymer film are, respectively,
indirect measures of cohesive strength and free volume
of the strained polymer [38,84], whereas the work of vis-
coelastic deformation up to the break of the polymer film
Wb characterizes the amount of energy required to stretch
and break the polymer film. For binary PVP–PEG blends a
fairly reasonable correlation has been established between
the Wb, the adhesion characteristics such as peel strength
[41] and the practical work of adhesion measured with
probe tack test [42,61].

As is evident from the data in Fig. 51 [72], the LLC
(PMAA-co-EA) appreciably increases the cohesive strength

(�b) and decreases the free volume (εb), acting like an inter-
polymer noncovalent cross-linker. While the maximum
elongation as a function the LLC content monotonically
decreases, the tensile strength �b goes through a maximum
curves of PVP–PEG (50 wt%)–LLC ternary blends. The content of absorbed
water is 7 wt%. Debonding rate is 0.1 mm/s.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.

at 8% LLC concentration and then decreases slightly. At the
same time, the PEG-400, serving as a typical plasticizer in
PVP–PEG–PMAA-co-EA system, causes a smooth decrease
of cohesive strength (�b) and an appreciable increase in
free volume (εb). The role of PEG as crosslinker is, thus,
diminished in the ternary blends, in contrast to the binary
PVP–PEG blends [72].

7.3. Effects of the ladder-like and telechelic oligomer
crosslinkers on adhesion of ternary PVP–PEG–Polyacid
complexes

Because the ratio between the cohesive strength and
the free volume is a factor that accounts for adhesive capa-
bility of a material, and taking into consideration that the
binary PVP–PEG complex is tacky, it is logical to expect
that adding the LLC (PMAA-co-EA) to the PVP–PEG com-
plex would destabilize the specific balance between the
cohesion and free volume and as a result of this the adhe-

sion would deteriorate. In fact, as is seen from the probe
tack curves presented in Fig. 52 [72], incorporation of the
LLC (PMAA-co-EA) into the binary PVP–PEG adhesive blend
has only a negligible effect on the value of maximum stress,
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Fig. 53. Impact of ionization of carboxyl groups of LLC (PMAA-co-EA)

of the peak stress and the work of debonding indicates
that the former value cannot always be accepted as an
unequivocal characteristic of adhesion. This conclusion is
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ut decreases considerably the work of debonding (the area
nder the stress–strain curve).

The probe-tack profiles in Fig. 52A and B tell us
bout the mechanism of the debonding process. As
ollows from the curves in Fig. 52A, the ladder-like
oncovalent cross-linking of FFP (PVP) results in a
ramatic change of the debonding mechanism from
wofold, typical of PSAs (binary PVP–PEG blend), to
he solid-like, found for ternary PVP–PEG–PMAA-co-EA
lends. The transition from a liquid-like mechanism
f deformation to solid-like with an increase of LLC
oncentration is shown in Fig. 52B. The blend containing

 wt.% PMAA-co-EA deforms as a typical PSA. A twofold
ncrease in the LLC content rapidly reduces the free volume
nd, as a consequence, decreases the maximum elongation.
urther increase in the LLC concentration increases both
ohesive strength and cavitation stress, which reach max-
mum values at 8 wt.% of the PMAA-co-EA in the blends.
f the LLC concentration increases further the maximum
tress begins to decrease since the material under such

 debonding rate becomes brittle. The practical work of
dhesion Wa is a decreasing function of PMAA-co-EA con-
entration and achieves its limiting value (Wa = 37 J/m2) at

 wt.% LLC. The Wa value (J/m2) should not be confused with
he Wb (MJ/m3), the latter refers to the total work of vis-
oelastic deformation up to break of the adhesive film in
he course of uniaxial drawing [72].

The PMAA-co-EA is not a unique carboxyl-containing
olymer that can be employed as an LLC for a film-
orming polymer (PVP). Similar effects are exhibited by
nother polyacid, namely hydroxypropylmethylcellulose
hthalate (HPMCP). The transition to a solid-like behav-

or with the increase of LLC concentration is typical for
PMCP, which is a much more rigid-chain polymer than the
MAA-co-EA. This is likely the reason why the peak stress
f the PVP–PEG–HPMCP blend is higher than that of the
VP–PEG–PMAA-co-EA system. In the PVP–PEG–HPMCP
omplex both the maximum stress and the work of debond-
ng go through the maximum at 15 wt.% LLC concentration
72].

Due to the presence of carboxyl groups, an LLC is a
H-sensitive polymer. With the increase of pH value, neu-
ralization occurs that renders the carboxyl groups partially
onized. The effect of LLC ionization by treatment of poly-
cid with NaOH solution impacts adhesion due to the
ollowing reasons:

1) Only nonionized carboxyl groups are capable of form-
ing H-bonds with complementary groups in PVP and
PEG [49]. This factor affects the network density of H-
bonds and, consequently, the cohesive strength and
adhesion;

2) Due to the electrostatic repulsion between carboxylate
anions, the LLC chains become extended and increase
the free volume.

As is obvious from the probe tack data shown in

ig. 53, partial ionization of ionogenic groups in PMAA-co-
A results in tack improvement, but does not change the
echanism of debonding that remains solid-like and is not

ccompanied by fibrillation for PVP–PEG–LLC blends [72].
on the probe tack curves of the PVP–PEG–LLC ternary blend containing
12 wt% absorbed water. The degree of ionization (%) is shown in the Figure.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.

Fig. 54 demonstrates the effect of PEG-400 on probe
tack in PVP–PEG–PMAA-co-EA blends. The PEG-400 acts
as a plasticizer in PVP–PEG–LLC blends by promoting the
fibrillation process and increasing the value of maximum
elongation. In this respect, the effect of PEG concentration
increase is similar to the decrease of LLC content (Fig. 52A
and B).

As is obvious from a comparison of the curves in Fig. 54,
the practical work of adhesion increases with the increase
of PEG-400 concentration up to 60 wt.%. It follows that
PEG is an enhancer of adhesion for PVP–PEG–PMAA-co-EA
blends, while the peak stress goes through a maximum at
40 wt.% PEG-400 in the blend. The value of the maximum
of debonding force is traditionally considered as the tack
[351]. The observed disagreement between the amplitudes
Fig. 54. Effect of PEG-400 wt % on probe tack stress–strain curves of
PVP–PEG–LLC system. The PEG content in the blends is indicated in the
Figure, the contents of LLC (PMAA-co-EA) and water are 8.3 and 12 wt %,
respectively. Debonding rate is 0.1 mm/s.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.
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Fig. 55. Effects of pH and contact time on micro-interferograms of the
contact interface between PVP(59%)–PEG(29%)–PMAA-co-EA (12%) film
(left) and phosphate buffer (right). A: pH = 7.4 (50 mM).  Contact time is
2  min, T = 36 ◦C. B: pH = 5.6 (50 mM), at 36 ◦C. Contact time = 3 min. C: Con-
tact time = 20 h for the same system as in B.
142 M.M. Feldstein et al. / Progress

confirmed by the data for other PSA systems reported in
the literature [346].

The appropriate value of the glass-transition temper-
ature Tg is a necessary but insufficient condition for
pressure-sensitive adhesion [38]. PSAs possess generally
the Tg values below −50 ◦C. Being a good plasticizer of the
PVP–LLC interpolymer complex, the PEG decreases the Tg of
ternary PVP–PEG–PMAA-co-EA blends from −14 to −59 ◦C
as the PEG concentration increases from 15 to 60 wt.% [49].
PSAs based on PVP–PEG binary blends display Tg values
below −55 ◦C [44,80]. In this connection we can expect
that the ternary blends containing 50 wt.% PEG or higher
and featuring a Tg below −55 ◦C may  serve as PSAs. The
glass transition temperatures of PVP–PEG blends with rel-
atively low values of the PVP:LLC ratio have been found to
be too high for good adhesion [49]. However, the Tg can be
decreased to meet the value desired for PSAs by incorporat-
ing an additional plasticizer. One such auxiliary plasticizer,
compatible with the PVP–PEG–LLC system, is water.

7.4. Mechanisms of swelling and dissolution of ternary
PVP–PEG–Polyacid complex in water

Wedge micro-interferometry (WMI)  [352] was used to
study swelling and dissolution of films in phosphate buffers
at different pH. The principles underlying the wedge micro
interferometry (WMI)  technique have been described
in detail elsewhere [45,352]. Briefly, this technique uti-
lizes information provided by evolving interference fringe
patterns of light transmitted through a sample which thick-
ness varies gently along one axis, and its composition varies
in the perpendicular direction. Uniform samples exhibit
equally spaced interference fringes perpendicular to the
axis of increasing sample thickness, while the composition
gradients in the perpendicular direction cause sharp bend-
ing and crowding of the fringes. When all components of
the polymer blend are soluble in the solvent, the compo-
sition gradient and fringe density are large at early times
following initial contact at the interface, but later relax
to uniform composition, with an associated parallel fringe
pattern. When some of the components are immiscible,
however, a sharp phase boundary between the polymer
and the solvent and dissolved components will appear.
This phase boundary may  block light transmission, and will
show up as a dark band in the interferogram. At equilibrium
parallel fringes are expected on both sides of the interface,
but fringe spacing on the two sides will not be the same
due to differences in refractive index.

Typical WMI  interferograms of the contact inter-
face between PVP–PEG–PMAA-co-EA films and phosphate
buffers at two pH values, 5.6 and 7.4, are shown in Fig. 55
[352]. These pH values represent the nonionized and ion-
ized states of the PMAA-co-EAA component. At pH = 7.4
(Fig. 55A), the micrographs reveal interference patterns
that are typical of systems with unlimited solubility. No
phase discontinuity is observed, but a steep compositional
gradient is inferred in the region where the fringes are bent

and crowded. This region, which corresponds to the dis-
solution zone, separates the region of nearly pure buffer
(right) from the yet undissolved hydrogel (left). Curvature
in the fringes in the undissolved region is probably due
[352], Copyright 2008. Reproduced with permission from Society of
Chemical Industry.

to variations in composition resulting from selection of
components that dissolve at different rates. With time, the
dissolution zone broadens as interdiffusion proceeds. At
very long times, the sample composition becomes uniform
and displays parallel fringes [352].

At pH 5.6 (Fig. 55B,C) the interference patterns dis-
play a sharp persistent phase boundary, which indicates
immiscibility. At the early stages (Fig. 55B), there is a
rapid leaching of certain blend components, as the fringe
bending/crowding near the phase boundary indicates. At
later stages (Fig. 55C), buffer appears to be of uniform
composition, while the composition gradient remains in
the hydrogel. In the latter case, slow leaching of soluble
blend components from the gel occurs, but these compo-
nents equilibrate rapidly in the buffer. The nonmonotonic
behavior of fringes on the hydrogel side is probably due to
the multiplicity of interdiffusing components.

Fig. 56 shows the relationship between the fraction of
PEG initially incorporated in the hydrogel and the fraction

of polymer that is leached out as sol after 2 days. This sol
fraction increases linearly with PEG content. From these
graphs it can be concluded that PEG is the primary com-
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Fig. 56. Sol–Gel behavior of PVP–PEG–PMAA-co-EA hydrogels. A: Impact
of PEG loading on sol fraction. B: Effect of pH and PEG loading on
PVP–PEG–PMAA-co-EA hydrogel swelling.
[352], Copyright 2008. Reproduced with permission from Society of
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PEG content is 29 wt%. Debonding rate is 0.1 mm/s.

intrinsic feature of hydrophobic PSAs) with the capability
hemical Industry.

onent of the sol fraction. However, sol fraction is always
reater than PEG fraction, indicating that other compo-
ents such as low molecular weight PVP fractions are also

eached, but to a lesser extent. Except for the lowest PEG
raction, the sol fraction is the same at pH 4.6 and 5.6. It is
vident that the most stable three-dimensional hydrogen
onded network in the swollen state is formed predomi-
antly between PVP and the PMAA-co-EA copolymer.

As illustrated in Fig. 56A [352], swelling of
VP–PEG–PMAA-co-EA hydrogel after 2 days is pH
ependent. The hydrogels swell 15–30 fold, with the PEG
oncentration only weakly affecting the swelling ratio. The
welling ratio increases appreciably at higher pH due to
artial neutralization and ionization of PMAA-co-EA car-
oxylic groups present in the hydrogen bonded hydrogel.
onization provokes swelling in part due to the electro-
tatic osmotic repulsion of polyelectrolyte chains and in
art due to loss of carboxylic acid H-bond donors sites.

t is obvious that the same mechanism of PMAA-co-EA

onization governs eventual dissolution of the hydrogels
t higher pHs, as seen in Fig. 56B [352].
[351], Copyright 2008. Reproduced with permission from Society of
Chemical Industry.

7.5. Effect of absorbed water on adhesion of
PVP–PEG–Polyacid hydrogels

The capacity of PVP–PEG–PMAA-co-EA hydrogels to
adhere to a variety of substrates is a significant feature.
The blends are nontacky or have low tack in the dry state.
However, as shown in Figs. 57 and 58B, they develop appre-
ciable tack upon hydration [71]. As the hydration increases,
the tack passes through a maximum and stabilizes at a
moderate level as the swollen hydrogel becomes softer and
more compliant. Such an adhesive profile is characteris-
tic of bioadhesives that are designed to adhere to highly
moistened biological tissues.

Fig. 58 compares the effects of absorbed water
on the probe tack adhesion of a traditional synthetic
bioadhesive Carbopol® 974P (a slightly covalently
crosslinked poly(acrylic acid), PAA), binary PVP–PEG and
ternary PVP–PEG–PMAA-co-EA hydrogels. Note that in
Fig. 58B the values of practical work of adhesion for
binary and ternary blends are plotted against different
scales. Qualitatively, the behaviors of traditional and
novel bioadhesive hydrogels are very similar. Carbopol
bioadhesive exhibits no tack in dry state, but becomes
tacky upon absorption of moisture and demonstrates no
signs of probe tack adhesion reduction until absorption
of 100% of water by weight. In a similar manner, for
PVP–PEG binary blends and for ternary PVP–PEG–Polyacid
blends containing 17 wt.% of PMAA-co-EA, the adhesion
increases with blend hydration going through a maximum
at 9 wt.% water (PVP–PEG) and 17% for the ternary blend.
However, taking into account the scales of debonding
work in Fig. 58A and B, we  see that both the PVP–PEG
and PVP–PEG–Polyacid hydrogels display unprecedently
high adhesion as compared with the Carbopol bioad-
hesive. In this way, noncovalently crosslinked ternary
PVP–PEG–Polyacid complexes combine high tack (an
of forming adhesive joints with wet  substrates, featured
for bioadhesives.
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Fig. 58. Comparative effects of hydration on the practical work of adhe-
sion (W ) of Carbopol® 974P bioadhesive (A), PVP–PEG and PVP–PEG–LLC

such as unreacted monomers, sol fractions, nonaqueous
a

(PMAA-co-EA) hydrogels (B). Debonding rate is 0.1 mm/s.
[72], Copyright 2007. Reproduced with permission from Taylor & Francis.

This behavior enables the hydrophilic adhesives to per-
form as typical bioadhesives [26] and, thus, they are useful
for medical applications as they adhere to highly hydrated
biological substrates such as teeth and mucosal mem-
branes [31]. It is noteworthy that the PVP blend containing
36 wt.% PEG-400 demonstrates the best adhesion at ambi-
ent conditions (room temperature and a typical relative
humidity), because being exposed to the relative humidity
of the surrounding atmosphere of 50% at 20 ◦C, it contains
9–11 wt.% of absorbed water (see Fig. 8, Section 3.4). In con-
trast to the behavior of binary PVP–PEG blends, the ternary
PVP–PEG–LLC blends demonstrate much lower values of
practical work of adhesion (Fig. 58) [72]. Since addition of
LLC leads to a reduction in free volume and an increase
in intermolecular cohesion energy, it is not surprising that
the binary PVP–PEG complexes dissipate more detach-
ing energy and thus demonstrate higher adhesion than
the ternary PVP–PEG–PMAA-co-EA blends that combine
polymer–oligomer and ladder-like types of noncovalent
cross-linking (Fig. 57).

By comparing the probe tack data in Figs. 54 and 57,
it is apparent that the effect of absorbed water on tack is
similar to the effect of the other plasticizer, PEG. While
relatively dry PVP–PEG–PMAA-co-EA compositions (con-

taining up to 11 wt.% of water) are initially nontacky and
reveal solid-like mechanism of debonding without fibrilla-
tion, the adhesion increases with an increase of the content
er Science 42 (2015) 79–153

of absorbed water up to 17 wt.% (Figs. 57 and 58B) [72]. A
sharp transition in the deformation type showing a pro-
nounced plateau in the stress–strain curves and, thereby, a
well-expressed mechanism of fibrillation, occurs between
7 and 11 wt.% of absorbed water for the binary PVP–PEG
blends [72] and between 20% and 30% degrees of hydra-
tion for the ternary PVP–PEG–PMAA-co-EA blends (Fig. 57).
Thus, in strong contrast to the behavior of conventional
hydrophobic PSAs, water acts as an enhancer of adhesion
in ternary PVP–PEG–LLC blends.

PVP–PEG–PMAA-co-EA hydrogel films retain their
integrity upon hydration – a feature characteristic of cova-
lently crosslinked hydrogels. Since the PVP–PEG–PMAA-
co-EA hydrogels do not develop weak spots, they do not
leave residue after removal from a substrate. The observed
adhesive profile of the blends is also consonant with
improved ease of handling during manufacturing, since in
dry state the low tack prevents the blends from sticking to
machinery tools or packaging materials.

The PVP–PEG–PMAA-co-EA hydrogen bonded net-
works, described in this review, behave like covalently
crosslinked hydrogels over reasonably long timescales. The
components are all of pharmaceutical grade, and the blends
can be formed without introduction or formation of toxic
by-products. Moreover, since the hydrogen bonding inter-
actions that form the network are reversible, the blends
are much more readily processed by controlling tempera-
ture, solvent choice, etc. The materials are malleable under
various processing conditions such as drawing, molding,
and extrusion. Therefore, the blends appear to present
several advantages from the manufacturing and regula-
tory points of view. These favorable properties such as the
ability to swell but yet retain both cohesive strength and
tack, combined with processability, suggest a wide range of
applications of these materials in the biomedical, cosmetic,
industrial, and household fields.

8. Hydrophilic adhesives based on interpolymer
and polymer–oligomer complexes compared with
conventional PSAs and bioadhesives

As has been mentioned above (see Table 1), the vast
majority of commercial PSAs are made of hydrophobic
polymers and their common disadvantage is a lack of
tack toward wet substrates. Traditional synthetic bioadhe-
sives, based on covalently crosslinked hydrogels, adhere to
moistened substrates but demonstrate much lower adhe-
sion (compare Fig. 58 A and B).

Covalently cross-linked hydrogels have received much
attention due to their permanence of shape, their elastic
behavior under stress, and their ability to house, release,
and serve as a medium for controlled permeation of active
substances. Unfortunately, covalently cross-linked hydro-
gels have not been applied as broadly as was  hoped
particularly in the biomedical arena. One limiting factor has
been the difficulty in guaranteeing removal of impurities
solvents, and initiators. A second limitation is that once the
three-dimensional covalent network is formed, it cannot be
readily processed.



M.M. Feldstein et al. / Progress in Polym

Fig. 59. Classification guide of pressure sensitive adhesives of con-
trolled hydrophilicity and water-absorbing capability based on
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olymer–oligomer and interpolymer complexes.
31], Copyright 2009. Adapted with permission from Taylor & Francis.

Innovative technology of PSA formulation is based on
he molecular design of PSA materials and coupling high

olecular mobility with strong intermolecular cohesion
ffers products with varying adhesion, mechanical, and
ater-absorbing capabilities. This technology provides a

onvenient tool for obtaining the desired material per-
ormance by simply varying the composition of polymer
lends. The values of swell ratio and sol fraction can be used
s a basis for the classification of novel adhesives in terms
f their hydrophilicity. The higher the swell ratio and sol
raction values, the higher the hydrophilicity of the adhe-
ive and the lower the density of noncovalent cross-linking.
he binary blends of PVP–PEG demonstrate SF = 100% and
he value of swell ratio tends to be exceptionally high.
onventional hydrophobic PSAs such as acrylic Duro-Tak
7-900A and SIS-based Duro-Tak 387 2287 adhesives fall
n the other side of the scale of hydrophilicity (SF ≈ 0% and
well ratio  ̨ ≈ 0.1). This means that their percentage water
bsorbency (based on the grams of water absorbed per 1 g
f dry material at 25 ◦C and 100% relative humidity) does
ot exceed 10%.

Hydrophilic adhesives fill the range between these two
xtremes on the scale of hydrophilicity (Fig. 59). The
well ratio scale is used in Fig. 59 to classify the adhe-
ive absorbents of moisture in three broad categories
31]: amphiphilic PSAs based on polyelectrolyte com-
lexes, water swellable but mainly insoluble PSA hydrogels
ased on ternary polybase–polyacid–telechelic oligomer
omplexes (PVP–PEG–Polyacid), and water-soluble PSAs
PVP–PEG).

Comparison of the adhesive, viscoelastic and relax-
tion properties of traditional PSAs and the PSAs based on
nterpolymer complexes is described in a range of publi-
ations [17,31,38,51,61,100,101,103]. In spite of the fact
hat chemical compositions of traditional, hydrophobic and
nnovative hydrophilic PSAs have little in common, the
ame general factors govern their adhesive and viscoelas-
ic behaviors. For instance, the Dahlquist criterion of tack
olds for all PSA classes [51], longer relaxation times gov-

rn the elasticity and adhesion of different PSAs [99–102]
nd similar glass transition temperatures and coefficients
f self-diffusion are inherent in a variety of PSAs [38]. The
er Science 42 (2015) 79–153 145

adhesive joint strengths of hydrophilic PSAs fall generally
in the range usually found for covalently uncrosslinked
hydrophobic PSAs, though they can be somewhat exceeded
by covalently crosslinked PSAs and adhesives based on
triblock copolymers [31]. While molecular theory of pres-
sure sensitive adhesion [38] predicts correctly the position
of the adhesion maximum along the scale of the ratio
of molecular mobility to intermolecular cohesive interac-
tion energy, the absolute magnitude of adhesion strength
depends also on supramolecular architecture of adhesive
material.

9. Conclusions

Earlier the phenomenon of pressure sensitive adhe-
sion was  considered not only in its traditional aspect,
as a specific property of viscoelastic materials under
applied compressive and tensile forces, but as a permanent
three-stage process that includes three indivisible consec-
utive stages: adhesive bond formation, adhesive material
relaxation and debonding [353]. This implies that the
second (relaxation) and the third (debonding) stages can-
not be studied separately if the adhesive joint in the
course of the first stage is never formed. The PSA behav-
ior at each subsequent stage is affected by the earlier
stages, providing a “memory effect”. In other words, at
each stage of the process the PSA “remembers” what
happened at earlier stages [100]. The relaxation repre-
sents continuous rearrangements of PSA supramolecular
structure that includes diffusion and translational move-
ment of polymer segments as a constituent mechanism
induced and driven by macromolecular interaction. In
addition, the pressure sensitive adhesion should also be
treated as an interfacial phenomenon, wherein the strength
of an adhesion joint depends on the properties of the
adhesive material and a substrate. In the present review
we consider only those aspects of pressure sensitive
adhesion which are indispensable for molecular design
of innovative PSAs: their molecular and supramolecular
structures.

At the most fundamental molecular level, a high
strength of PSA joints requires a compromise between
two mutually conflicting factors, namely high energy of
intermolecular cohesion and large free volume. The former
factor governs the amount of mechanical energy dissi-
pated in the course of debonding process, whereas the
latter contributes both to adhesive bond formation (tack)
and the ability of a PSA material to develop large defor-
mations under a detaching force, when the PSA polymer
demonstrates large tensile strain and fibrillation. Insights
gained into the molecular structures responsible for the
pressure sensitive adhesion have opened the doors to
molecular design of new PSAs with optimized perfor-
mance properties. The production of innovative PSAs has
been made possible by blending nonadhesive polymers and
oligomers bearing complementary functional groups capa-
ble of forming intermolecular hydrogen or electrostatic
Considering that the functions of adhesive blend com-
ponents in PSA performance are clearly characterized, as
described in this review, the molecular design method
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Table 11
Functional groups of complementary polymers and oligomers capable of serving as parent components of PSA composites based on polymer–oligomer and
interpolymer complexes.

Component 1 Component 2 Bonding Type

COOH
SO3H

NH2, NHR, NR2 Electrostatic
OH, C O C , CONH2, CONHR, CONR2 Hydrogen

COO− SO − NH +, NH R+, NHR2
+, NR + Ionic

PhOH

[8] Kinloch AJ. Adhesion and adhesives: science and technology. Lon-
3 3 2

PhOH OH CONH2, CONHR, CONR2

suggests in a very illustrative manner how the adhesive
and mechanical properties of the hydrophilic PSA materials
may  be improved by a change of PSA composition. Additive
tools to optimize adhesion include conventional practice
employed in adhesive technology: incorporation of plas-
ticizers, fillers and tackifiers, variation of absorbed water
content and debonding rate. Also it must be remembered
that the PSA of each type exhibit best adhesion in its own
specific temperature interval. For instance, the adhesion
strength of PVP–PEG blend increases from 114 to 152 J/m2

as the temperature rises from 20 to 30–40 ◦C. Adhesion of
the polyelectrolyte complex reaches its maximum at 60 ◦C,
etc. [51].

The time has passed when the efforts of adhesive mate-
rial designers were solely directed to the achievement
of strongest adhesion. The time is ripe for the adhe-
sion scientists to develop innovative materials with a
wide and well-balanced spectrum of various and often
unprecedented performance properties. Adhesive super-
absorbents of moisture, “smart” thermoswitchable and
electroconductive PSAs are the typical examples of such
innovative materials. Currently they are in well-advanced
stage of the development in our laboratory.

Table 11 summarizes the types of major complementary
functional groups in numerous polymers and oligomers
that are feasible for use as parent components in novel PSA
composites. The number of functional polymers suitable
as parent components for novel PSAs with tailored perfor-
mance properties is very large, suggesting that the blending
approach, based on molecular design considerations, will
lead to significant innovations by the adhesives industry in
the coming decades.

The PSAs of controlled hydrophilicity and water-
absorbing capacity, as described in the present review, find
use in health and personal care as skin contact adhesives
(see Section 3.11), adhesive platforms for tooth whitening
strips [354,355], and “smart”, thermoswitchable, painlessly
removable from skin surface superabsorbents of moisture
in wound and ulcer dressings [356]. They are also miscible
and compatible with numerous low and high molecu-
lar weight compounds, leading to a broad spectrum of
future commercial products with presently unachieved or
unexplored performance properties. Such adhesive inno-
vations include hybrid PSAs based on biomacromolecules.
The hybrid PSAs combine the conventional rheological
principles of pressure sensitive adhesion with biospecific
mechanisms of cell adhesion, as well as bioinspired PSAs

for various medical, household, and industrial applications.
The age of rationally designed adhesives is just around the
corner.
3

 OH COOH Hydrogen
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