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Abstract: The history of volume phase transition of responsive gels from its theoretical prediction
to experimental discovery was described and the major role of mixing Gibbs energy function in
theoretical models was stressed. For detailed analysis and fine tuning of the volume phase transition,
the generalized Flory–Huggins model with concentration and temperature dependent interaction
function coupled with Maxwell construction as a tool is very suitable. Application of expansive
stresses can uncover the potential of various swelling gels for volume phase transition. Experimentally,
the abrupt, equilibrium-controlled phase transition is often hard to achieve due to passage of gel
through states of mechanical instability and slow relaxation processes in macroscopic objects.

Keywords: volume phase transition; phase separation; gel; stimuli-responsive; swelling; polymer
network; cross-linking; Gibbs energy

1. Introduction

The volume phase transition (VPT) in gels is characterized by an “abrupt” (discontinuous) change
in the degree of swelling and by the possibility of coexistence of two gel phases differing in the degree
of swelling. It is a special kind of phase equilibria pertaining to swollen cross-linked systems. The idea
of the existence of volume phase transition originated in the consideration of phase separation during
network formation.

In early 1960s, macroporous cross-linked ion exchange resins became interesting because of
their combined ion exchange and selective adsorption properties [1]. Macroporous matrices were
prepared by cross-linking free-radical copolymerization in presence of additives—low-molecular
weight diluents or of a soluble polymer. The experimental experience gathered at Permutit, Ltd. in
U.K. (John Millar’s group) was published in a series of articles [2–5]. In parallel, some practically
oriented research was going on at Rohm and Haas, Inc. in the U.S. (R. Kunin), but quite broad
research was started on in one of the Czechoslovak research centers. Their work was summarized
later in a review [6]. It is interesting to note that the research covered not only macroporous materials,
but also micro- to mesoporous highly cross-linked polymer matrices of high specific pore surface
which nowadays belong to the group of metal–organic frameworks—a hit of first and second decades
of the 21st century because of their interesting application properties—storing of gases (hydrogen),
specific catalysis, etc. (cf., e.g., [7]). At the same time, the research on ion-exchange matrices addressed
a variety of separation materials for just emerging gel permeation chromatography [7].

The findings of pore formation were initially interpreted empirically, but we had a strong desire
to embed them into the framework of the polymer theory at that time represented by the P. J. Flory’s
Principles of Polymer Chemistry “bible” [8]. Formation of heterogeneous structures was considered
thermodynamically as phase separation and the incipience of phase separation was identified with
the moment when the cross-link density (a function of the polymerization conversion) reached such
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value that the maximum degree of swelling in the existing liquid (diluent + monomer) reached its
actual value in the system (φ2 = φ0

2) [9–11]. Phase separation was enhanced by increasing dilution,
increasing polymer-diluent interaction parameter χ, increasing degree of cross-linking and increasing
molar volume of the diluent. For the first time it was made clear why good solvents and soluble
polymers identical in chemical composition with network chains are so effective in phase separation.
Further studies of phase separation in gels explained when and why in some cases phase separation
occurs in micro or macro forms [12,13]. A number of approximations were adopted concerning the
evolution of structure, role of sol fraction, system dispersity, multicomponent interactions, etc.

In the course of analysis of various factors on phase separation, cases were encountered when
the dependence of the chemical potential of the diluent (∆µ1/RT) or its Maxwell construction form
(∆µ1/RTφ2

2) on the volume fraction of polymer (φ2) passed through two extremes corresponding
to three roots satisfying the condition ∆µ1 = 0 for pure diluent. This special feature indicated the
possibility of a three-phase equilibrium between two gel phases differing in the degree of swelling and
satisfying the condition

µ′1 = µ′′1 = 0; µ′2 = µ′′2 (1)

where µ2(φ2) was calculated from the Gibbs–Duhem equation or just from ∆Gsw showing two minima.
For the Flory–Huggins mixing and the Gaussian network elasticity case, such treatment [14] resulted in
phase diagram showing an abrupt (discontinuous) change of the degree of swelling with temperature
or other stimuli, the position and width of which was determined by fixed values of the concentration
of elastically active network chains, degree of dilution and Flory–Huggins interaction parameter.

At that time, such prediction was quite puzzling because nothing like that was observed
experimentally before and the picture of a possible coexistence of two phases differing in the degree
of swelling within a macroscopic piece of covalently cross-linked gel seemed absurd. Moreover,
from theoretical models of phase separation and experimental experience, preparation of a network
combining the necessary ranges of cross-link density, dilution and polymer-solvent interaction seemed
difficult because of a possible liquid–gel phase separation was likely to occur. However, it is necessary to
note that our considerations were based on then available experience with weakly polar non-ionizable
polymers and solvents.

The experimental evidence of such kind of volume phase transition was supplied by Toyoichi
Tanaka and collaborators (cf., e.g., refs. [15–17]) who recognized the important role of specific interactions
involving hydrophilic sites and water. Ionized groups fixed to the network chains of the gel were
especially effective because they were capable to provide highly hydrated counter ions. Theoretically,
it meant addition of a negative term to the chemical potential expression causing transformation
of a monotonous dependence of the chemical potential of the solvent on φ2 into such dependence
showing two extremes necessary for phase transition to occur. The theoretical interpretation of the
experiment was made along similar lines as that in 1968, but fully independently. Toyoichi Tanaka’s
papers had started a great interest in the phenomenon of volume phase transition first in Japan and
later worldwide. The number of papers on this phenomenon published so far is estimated to have
reached the order of 104. However, not in all papers the phenomenon of phase transition is well
understood and not all interpretations of experimentally observed steep changes of the swelling
degree are well substantiated. The state of art at the given time aimed mainly on VPT interpretation
and modeling [17–25]. The change of temperature has been the primary stimulus to induce volume
phase transition, but the transition can be induced by any stimulus by which the ∆Gsw and ∆µ1 are
changed: either such as degree of ionization of ionizable groups, mechanical strain, solvent exchange
or indirectly such as by light (conformational changes), electric fields, etc. In this short overview,
we want to emphasize two aspects: (a) how to use a simple theoretical analysis to help designing
and synthesizing gels that potentially show VPT and (b) the forms of VPT observed experimentally.
Concerning the aspect (a) we will show the usefulness of observation of the changes using Maxwell
construction and using generalized interaction function in the Flory–Huggins theory.
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2. Mean-Field Description of Volume Phase Transition

Let us review the basic mean-field theory in order to understand the role of basic parameters
in VPT. The swelling equilibrium is characterized by change of the Gibbs energy ∆Gsw considered
as additive contributions due to mixing of the cross-linked polymer with the solvent, ∆Gmix, and
due to deformation of elastically active network chains, ∆Gel. In the case of presence of ionizable
groups, ∆Gsw is contributed by the Donnan effect (presence of counter-ions and possibly co-ions),
∆Gion, and in some cases by electrostatic repulsion between fixed charges of the same sign, ∆Gelstat, cf.,
e.g., ref. [26,27],

∆Gsw = ∆Gmix + ∆Gel + ∆Gion + ∆Gelstat (2)

In this overview due to its limited extent, we will consider non-ionized networks only, i.e., ∆Gsw =

∆Gmix + ∆Gel. This is not because the ionization factor is less important, on contrary, introduction of
∆Gion can induce VPT in many networks with interesting backbone chains.

3. The Mixing Contribution

Over the past century, polymer-solvent mixing was one of topical disciplines of macromolecular
science. In addition, it plays the most important role in VPT phenomena. Since the Flory–Huggins
simple lattice model with purely enthalpic interaction term, the theoretical models advanced in several
directions. Only a few representative literature sources are added here to characterize the main
directions. It was first of all improvement of the lattice model taking into account more realistically the
topology of the chain structures starting from the works of Guggenheim to Dudowicz and Fried [28–32]
and consideration of the free-volume and volume changes on mixing [33–35]. In the double lattice
model of Oh and Bae [35] conventional weak physical interactions in polymer solutions were described
by the primary lattice, while a secondary lattice was introduced as a perturbation to account for oriented
interactions. Perturbed-chain statistical associating fluid theory (PC SAFT), a hard core chain model,
is suitable to deal with systems containing polymers and associating fluids [35,36]. Other theories view
solutions with strong interactions as reversible, temporary clusters (networks) [37–39]. In addition,
the fact has been considered that equilibrium (at “infinite” time) is hardly to reach experimentally in
strongly interacting systems [40]. All these theories mentioned above work with physically defined
models described by physically meaningful parameters, although their values are often not available
and difficult to assess.

On contrary the generalized Flory–Huggins model is based on the very simple mixing entropy of
non-interacting chains (combinatorial entropy) and an enthalpic-entropic excess function in which all
deviations of a real system are absorbed. This excess function is expressed through the concentration
(and temperature) dependent interaction function [40] g(φ2) which takes into consideration interactions
of higher than binary orders. This concentration dependence of g(φ2) can also be expressed as a
power series of polymer volume fraction φ2. In fact, the results of the various theories mentioned
in the preceding paragraph can be approximated by expansion into such power series with specific
dependences of the coefficients on temperature.

For cross-linked systems, it has been suggested that the combinatorial part of ∆Gmix refers to the
loss of entropy due to coupling of segments into clusters of functionality f [41–43] because there is
no logical reason to reduce ∆Gmix for networks to solutions of linear polymers of infinite molecular
weight. Within this concept, the extensive form of ∆Gsw for Flory–Huggins lattice model reads

∆Gmix,n = kBT(N1 lnφ1 + Ξe lnφ2 + gN(φ2)N1φ2) (3)

where subscript n denotes a network, N1 is number of moles of solvent, φ1 and φ2 are volume fractions
of solvent and polymer, respectively, Ξe is the cycle rank of elastically active network chains, EANCs;
it holds Ξe = (( fe − 2)/ fe)Ne where f e is the number–average number of EANCs issuing from an
elastically active crosslink,Ne is the number of elastically active chains; gN(φ2) is the interaction
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function. The two first terms of eq. 3 can be considered as the combinatorial part of ∆Gmix,n for a
network. Proceeding to the chemical potential of the solvent in the usual way, one gets

∆µ1,mix,n

RT
=

(
1

m1
lnφ1 +

φ2

m1
+

fe − 2
fe

νeVmol,1φ2 +

(
g(φ2) −

∂g(φ2)

∂φ2
φ1

)
φ2

2

)
(4)

where Vmol,1 is the volume of lattice site, νe is the concentration of elastically active network chains per
volume, and m1 is the ratio of molar volumes of solvents to volume of lattice site. Such rationalization
makes it possible to compare interactions for solvents of various sizes because the interaction energies
are related to the same volume/mass of polymer.

Equation (4) shows us why the mixing contribution is so important for reaching the VPT behavior
of polymer gels. Besides the size of the solvent molecule relative to the size of polymer segment,
it is the interaction function, especially its concentration and temperature dependences. Even for
uncross-linked polymers, its special forms can produce not only UCST and LCST phase diagrams,
but also closed-loop or, hour–glass shapes [44] where the immiscibility gap increases with increasing
molecular weight. The maximum/minimum temperature for solutions of polymers of molecular
weight approaching infinity is reached at polymer concentrations approaching zero (zero critical
concentration systems). Yet, there exist a special group of polymer-solvent system for which the critical
temperature is reached not at zero concentration, but at a concentration quite far from zero. These
systems were called systems with “off-zero critical concentration” (OZCC). Such behavior was first
observed experimentally [45,46] and later generalized referring to their importance for existence of
VPT [47,48]. The detailed analysis [48] has shown that there exist several classes (within certain ranges
of values of coefficients of power series expansion of g(φ2)) showing one, two or three OZCCs. Such
analysis was then applied to several experimental gel systems showing VPT such as PNIPAm, [49,50]
or poly(vinyl methyl ether) [51,52]. The gels used in these experimental studies are lightly cross-linked
mainly in order to prevent them from transforming into liquids when the critical value of stimulus is
surpassed. For this class of VPT gels, the effect cross-links on ∆µ1,sw is minor but needed.

4. The Elastic Contribution and Swelling Change of the Chemical Potential

In cross-linked gels, the osmotic pressure generated by mixing is opposed by the force generated
due to stretching of network chains and the respective contribution to the Gibbs energy (at low external
pressures equals to the Helmholtz energy) for a network (subscript n) can be expressed as

∆Gel,n ≈ ∆Fel,n = ∆Fel −RTXe ln(V/V0) (5)

where Xe is either Ne or Ξe (eq. 3) and depends on whether phantom or affine behavior is considered
and V/V0 is the swollen volume relative to the reference volume; ∆Fel refers to elastically active
network chains. Several rubber elasticity theories are available. The best known and widely used is
based on model of network of Gaussian chains (cf., e.g., ref. [53]); for highly swollen or stretched gels,
models respecting the finite extensibility of network chains are required. One of such equations was
used for the analysis of the effect of strain in ref. [43] and a choice of them can be found in ref. [41].
Thus, for the Gaussian networks

∆Fel/kT =
Ξe

2
(λ2

x + λ2
y + λ2

z − 3) and ∆Fel/kT =
Ne

2
(λ2

x + λ2
y + λ2

z − 3) (6)

for phantom network (The combination the volumeless phantom model for elasticity with volume
occupancy determined mixing model is unphysical.) and affine network, respectively, where λx, λy

and λz are the deformation ratios along the x, y and z axes related to the isotropic reference dimensions.
This gives, for affine network

(∆µ1)el/RT = V1mνeφ
1/3
2 (φ0

2)
2/3

(7)
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This gives for equilibrium swelling of a covalently cross-linked gel in a solvent of activity a1

1
m1

lnφ1 +
φ2

m1
+

fe − 2
fe

νeVmol,lsφ2 +

(
g(φ2) −

∂g(φ2)

∂φ2
φ1

)
φ2

2 + νeVmol,ls

(
φ1/3

2 (φ0
2)

2/3
−φ2

)
= ln a1 (8)

The swelling degree and swelling behavior are determined by

• m1 volume of solvent molecule with respect to the volume of lattice site: increasing causes
decreasing of swelling degree;

• fe effective functionality of an elastically active crosslink which can vary between 3 and chemical
functionality for perfect network: fe increasing causes decreasing of degree of swelling;

• νe concentration of elastically active network chains; with νe increasing swelling degree decreases;
• g(φ2) the interaction function and its concentration dependence: increasing g(φ2) usually

contributes positively to ∆µ1 (decreases the region of thermodynamic stability). The concentration
dependence can cause VPT behavior;

• φ0
2 = 1−φ0

1, φ0
1 is the volume fraction of diluent present during network formation: increasing φ0

1
increases degree of swelling; too high φ0

1 may cause reaction induced phase separation during
formation of the network.

Swelling Under Constraint

The equilibrium swelling degree is dependent on deformation. This dependence is sometimes
utilized in application, in other cases, it is rather a complicating factor. Extensive literature exists on
the effect of deformation on swelling of gels including those showing VPT [36,54–58]. Sometimes, this
dependence can serve to make the transition observable for systems that do not show the transition at
free swelling. To use uniaxial elongation to make the transition visible for a UCST system was already
suggested in the first paper on VPT [14]. Subjecting gels to strain was suggested as a way of uncovering
the potential to show VPT behavior of various polymer-solvent system [43]. Indeed, many systems
seem to hide this potential and a small chemical modification could shift the abrupt change of the
degree of swelling to be observable at free swelling conditions. The elastic Gibbs energy contribution
is expressed as a function of deformation ratios along the x, y, z-axes

∆Gel,n ≈ ∆Fel,n = ∆Fel(λx,λy,λz) −RTNe ln(λxλyλz) (9)

Generally, expansive strains decrease the chemical potential and increase the degree of swelling
while compressive modes act in the opposite direction. Thus, the researcher has several handles available
through which she/he can finely tune the parameters by changing the conditions of gel synthesis

• by changing molar volume of solvent molecule;
• somewhat by changing functionality of cross-links;
• by changing cross-link density (i.e., the concentration of EANCs);
• by changing the interaction function and its concentration dependence through (minor); changes

of the chemical composition of the gel polymer (e.g., copolymerization) or small change in the
solvent structure;

• by increasing or decreasing dilution during network formation.

5. Tools for Fine Tuning of Volume Phase Transition

Fine tuning of the gel system to show VPT behavior at conditions of observation requires a piece
of chemical and physicochemical sense (intuition) and a means by which the effect of such structural
change is visualized. Intuition means to find easy modification at synthesis to alter interactions
(copolymerization, grafting, monomer bulkiness, number of H bonds donor or acceptor sites, etc.).
As visualization means, the Maxwell construction was offered [43] which was already used by
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Shibayama and Tanaka [17] for finding of composition of coexisting phases. The condition for existence
of the VPT is the existence of two extremes on the ∆µ1 vs. φ2 dependence (van der Waals loop).
According to the Gibbs–Duhem equation, the equality of chemical potential of the solvent is reached at
two non-zero concentrations if in the plot of (∆µ1/φ2

2) vs. φ2 (Figure 1, the integral I = 0.

I =

φα2∫
φ
β
2

(∆µ1/φ2
2)dφ2 = 0 (10)
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Figure 2. Maxwell plot. Effect of changing values of parameters on the shape and position of the van
der Waals loop. (a) Ratio of volumes of solvent molecule to polymer segment for νe = 3× 10−4mol/cm3,
g0 = 0.755, g1 = 0.600; (b) concentration of EANCs in mol/cm3 for m1 = 1, g0 = 0.755, g1 = 0.600;
(c) constant g0 in interaction function g(φ2) for m1 = 1, νe = 3× 10−4mol/cm3, g1 = 0.600; (d) degree
of ionization αi, for m1 = 1, νe = 1× 10−3mol/cm3, g0 = 1.0, g1 = 0.400. For all dependences fe = 4,
Vls = 100.
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The change of parameters makes the vdW loop more or less pronounced and shifts the dependence
along the ordinate axis with the aim to fulfil the condition I = 0 for the given solvent activity, a1, for free
swelling a1 = 1. For comparison, the effect of ionization degree of a polyelectrolyte gel is included.
One can see that very delicate changes of parameters are necessary to accommodate the VPT behavior
to equilibrium condition.

Mechanical strains act similarly, as it is shown in Figure 3. Expansive strains shift the plots to
lower values (∆µ1/φ2

2) and make the vdW deeper, compressive stress act oppositely; sometimes,
the vdW loop disappears completely.Gels 2020, 6, x FOR PEER REVIEW 8 of 13 
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2 are fixed;
an example for PNIPAm–water gel is shown in Figure 4.
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For a fixed transition temperature (i.e., value of g), the two gel-phases region is limited to a narrow
choice of cross-link densities and dilutions. Although for PNIPAm and similar gels their LCST given
by g(T,φ2) is dominating, the dependences on νe and φ0

2 are important for fine tuning.
In the literature, large data exist on chemically different systems both non-ionic (PNIPAm based

gels are in lead) and ionic ones. Volume changes are interpreted in terms of equilibria analogous to
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those discussed here. In addition to temperature, changes in composition of mixed solvents are used as
VPT stimuli. Using the single-liquid approximation for interpretation of data are very inaccurate since
this approach neglects preferential sorption and excludes the possible four-phase equilibria (two gel
and two liquid phases).

6. Equilibrium Theory vs. Experimental Observations

From early times of VPT, it was realized and observed that the experiment deviates from that
predicted by simple phase equilibrium theory of coexistence of two gel phases and from discontinuity
of the transition. “Discontinuous or Continuous” was a part of the title of Wu and Zhou paper [59].
The authors argue that the transition should be continuous because the gel is composed of distribution
of network chains differing in degree of polymerization and the collapse of single linear chains in
dilute solutions is molecular weight dependent. This argument in fact objects the application of
the mean field theory for the concentrated regime to systems where the transition extends to the
region of high swelling degrees of semi-dilute regime. Indeed, an analogous problem was analyzed in
the case of phase equilibria in polymer solutions and a correction through “bridging function” was
proposed [60–62]. Nothing like that has been attempted in the case of gels.

The character of the transition is basically affected by the continuity of network structure causing
shear rigidity of the system, which determines the transition from one volume to another one through
states of mechanical instabilities. Moreover, due to finite relaxation time of the cross-linked and
entangled network, demixing occurs through microphase separation. Microphase separation is
characteristic for classical demixing systems, not only for VPT, whenever the concentrated phase is
continuous. Already in 1969–1973, Dušek and Sedláček [12,63–65] carried out extensive experimental
light scattering (LS) study of microphase separation in lightly cross-linked poly(2-hydroxyethyl
methacrylate) gels (non-VPT systems) upon change of temperature or solvent exchange. In binary
systems, solvent was the minority phase. Upon change of temperature, turbidity developed which was
caused by formation of objects (assumedly microdroplets) of size of tens of nanometers (Mie scattering,
wavelength ratio method). By keeping the system at constant temperature, the turbidity decreased in
time revealing decreasing number of particles while their size remained constant. A liquid macrophase
of phase separated solvent was formed outside. The clearing process was completed in 2–3 months for
samples about 1-mm thick. The turbidity decay was interpreted by diffusion of the solvent in droplets
being under pressure of locally deformed network; the constant size was a result of balance of pressure
and interfacial tension on the gel liquid boundary (measured independently). Interestingly, when the
cross-linking density was higher, the clearing process was faster and the macrophase equilibrium was
reached within hours. The particle size was smaller. Similar experiments with other gels were done later
by Style et al. [66] who found that the separated droplets were highly uniform, and their size correlated
with the cross-link density. Formation of these droplets is initiated by spinodal decomposition. Ikkai
and Shibayama [67] showed that the size of the swollen object must exceed a certain limit in order
phase separation to occur in the microform.

In VPT systems, the passage through the region of thermodynamic instability is similar, but due
to the extent and steepness of the volume change, it is the concentrated microphase that separates
first as minority phase after the VPT threshold is reached. When the concentrated phase becomes
continuous, the microphase separated systems transforms to droplet type characterized by slow volume
decrease. When deswelling (collapse) transition is observed visually; one sees first a swollen gel to
shrink remaining transparent; then turbidity develops, but shrinkage is still relatively fast, followed
by the third stage of very slow volume decrease of turbid gel [68,69]. Sometimes, the transition is
accompanied by transient formation of mechanical instabilities such as buckling or wrinkling especially
when the opposing forces are large (e.g., ionization vs. cross-links) and slow microdroplet stage can
be avoided [70]. The dynamics of VPT in gels was described many times both experimentally and
theoretically (cf., e.g., [56–58,71–75]). Thus, slow relaxation can also be a reason for softening the
abruptness of VPT. The best experimental way to approach the abruptness and to find the composition
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of conjugated phases is to let a series of samples swell until equilibrium at different temperatures
and narrow the transition interval (cf., e.g., [76,77]). Monitoring of the transition of the swollen gel
phase into the concentrated one by NMR is a very convenient method [78]. Fine resolution spectra
characterize the dilute phase while only a broad band is displayed by the concentrated phase.

7. Conclusions

Many VPT systems of various chemical compositions are known and used at present time.
The chemical composition of the gel can be fine-tuned by examining the effect of the changes in the
position and width of the transition by using the equilibrium theory and concentration and temperature
dependent interaction function. The present level of theoretical description of VPT dynamics and
stress/strain effects seems to be sufficient for design and manufacture of multifunctional gel constructs
and devices where slow transition modes can be reduced by miniaturization. Such structurally complex
systems will be manufactured by reactive 3D printing controlled by FEM-based programs.
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43. Dušková-Smrčková, M.; Dušek, K. How to Force Polymer Gels to Show Volume Phase Transitions. ACS Macro
Lett. 2019, 8, 272–278. [CrossRef]

44. Knychała, P.; Timachova, K.; Banaszak, M.; Balsara, N.P. 50th Anniversary Perspective: Phase Behavior of
Polymer Solutions and Blends. Macromolecules 2017, 50, 3051–3065. [CrossRef]

45. Flory, P.J.; Daoust, H. Osmotic pressures of moderately concentrated polymer solutions. J. Polym. Sci. 1957,
25, 429–440. [CrossRef]

46. Dušek, K. Solubility of poly(2-hydroxyethyl methacrylate) in some aliphatic alcohols. Collect. Czechoslov.
Chem. Commun. 1969, 34, 3309–3317. [CrossRef]

47. Erman, B.; Flory, P.J. Critical phenomena and transitions in swollen polymer networks and in linear
macromolecules. Macromolecules 1986, 19, 2342–2353. [CrossRef]

48. Šolc, K.; Dušek, K.; Koningsveld, R.; Berghmans, H. “Zero” and “Off-Zero” Critical Concentrations in
Solutions of Polydisperse Polymers with Very High Molar Masses. Collect. Czechoslov. Chem. Commun. 1995,
60, 1661–1688. [CrossRef]

49. Moerkerke, R.; Koningsveld, R.; Berghmans, H.; Dusek, K.; Solc, K. Phase Transitions in Swollen Networks.
Macromolecules 1995, 28, 1103–1107. [CrossRef]

50. Afroze, F.; Nies, E.; Berghmans, H. Phase transitions in the system poly(N-isopropylacrylamide)/water and
swelling behaviour of the corresponding networks. J. Mol. Struct. 2000, 554, 55–68. [CrossRef]

51. Schäfer-Soenen, H.; Moerkerke, R.; Berghmans, H.; Koningsveld, R.; Dušek, K.; Šolc, K. Zero and Off-Zero
Critical Concentrations in Systems Containing Polydisperse Polymers †with Very High Molar Masses. 2.
The System Water−Poly(vinyl methyl ether). Macromolecules 1997, 30, 410–416. [CrossRef]

52. Moerkerke, R.; Meeussen, F.; Koningsveld, R.; Berghmans, H.; Mondelaers, W.; Schacht, E.; Dušek, K.; Šolc, K.
Phase Transitions in Swollen Networks. 3. Swelling Behavior of Radiation Cross-Linked Poly(vinyl methyl
ether) in Water. Macromolecules 1998, 31, 2223–2229. [CrossRef]

53. Erman, B.; Mark, J.E. Structures and Properties of Rubberlike Networks, 1st ed.; Oxford University Press: Oxford,
NY, USA, 1997; ISBN 0-19-508237-0.

54. Drozdov, A.D.; Christiansen, J.D. A simplified model for equilibrium and transient swelling of
thermo-responsive gels. J. Mech. Behav. Biomed. Mater. 2017, 75, 20–32. [CrossRef]

55. Drozdov, A.D.; Christiansen, J.D. Mechanical response and equilibrium swelling of temperature-responsive
gels. Eur. Polym. J. 2017, 94, 56–67. [CrossRef]

56. Ding, Z.; Liu, Z.; Hu, J.; Swaddiwudhipong, S.; Yang, Z. Inhomogeneous large deformation study of
temperature-sensitive hydrogel. Int. J. Solids Struct. 2013, 50, 2610–2619. [CrossRef]

57. Shoujing, Z.; Zishun, L. Phase Transition of Temperature-Sensitive Hydrogel Under Mechanical Constraint.
J. Appl. Mech. 2018, 85. [CrossRef]

58. Zheng, S.; Li, Z.; Liu, Z. The fast homogeneous diffusion of hydrogel under different stimuli. Int. J. Mech. Sci.
2018, 137, 263–270. [CrossRef]

59. Wu, C.; Zhou, S. Volume Phase Transition of Swollen Gels: Discontinuous or Continuous? Macromolecules
1997, 30, 574–576. [CrossRef]

60. Koningsveld, R.; Stockmayer, W.H.; Kennedy, J.W.; Kleintjens, L.A. Liquid-Liquid Phase Separation
in Multicomponent Polymer Systems. XI. Dilute and Concentrated Polymer Solutions in Equilibrium.
Macromolecules 1974, 7, 73–79. [CrossRef]

61. Irvine, P.; Gordon, M. Graph-Like State of Matter. 14. Statistical Thermodynamics of Semidilute Polymer
Solution. Macromolecules 1980, 13, 761–772. [CrossRef]

http://dx.doi.org/10.1016/j.reactfunctpolym.2013.04.010
http://dx.doi.org/10.1063/1.2976341
http://www.ncbi.nlm.nih.gov/pubmed/19044888
http://dx.doi.org/10.1021/ma5006217
http://dx.doi.org/10.1002/masy.201500025
http://dx.doi.org/10.1021/acsmacrolett.8b00987
http://dx.doi.org/10.1021/acs.macromol.6b02619
http://dx.doi.org/10.1002/pol.1957.1202511104
http://dx.doi.org/10.1135/cccc19693309
http://dx.doi.org/10.1021/ma00163a003
http://dx.doi.org/10.1135/cccc19951661
http://dx.doi.org/10.1021/ma00108a043
http://dx.doi.org/10.1016/S0022-2860(00)00559-7
http://dx.doi.org/10.1021/ma960114o
http://dx.doi.org/10.1021/ma971512+
http://dx.doi.org/10.1016/j.jmbbm.2017.06.034
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.045
http://dx.doi.org/10.1016/j.ijsolstr.2013.04.011
http://dx.doi.org/10.1115/1.4038497
http://dx.doi.org/10.1016/j.ijmecsci.2018.01.029
http://dx.doi.org/10.1021/ma960499a
http://dx.doi.org/10.1021/ma60037a015
http://dx.doi.org/10.1021/ma60075a050


Gels 2020, 6, 22 12 of 12

62. Stockmayer, W.H. Bridging Treatment of Polymer Solutions In Good Solvents. In Integration of Fundamental
Polymer Science and Technology—4; Springer: Dordrecht, The Netherlands, 1990; pp. 3–10.
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64. Dušek, K.; Sedláček, B. Structural changes in swollen polymer gels induced by solvent exchange. Collect.
Czechoslov. Chem. Commun. 1973, 38, 3434–3439. [CrossRef]

65. Dušek, K. Inhomogeneities Induced by Crosslinking in the Course of Crosslinking Copolymerization.
In Polymer Networks; Chompff, A.J., Newman, S., Eds.; Springer US: Boston, MA, USA, 1971; pp. 245–260,
ISBN 978-1-4757-6212-9.

66. Style, R.W.; Sai, T.; Fanelli, N.; Ijavi, M.; Smith-Mannschott, K.; Xu, Q.; Wilen, L.A.; Dufresne, E.R.
Liquid-Liquid Phase Separation in an Elastic Network. Phys. Rev. X 2018, 8, 011028. [CrossRef]

67. Ikkai, F.; Shibayama, M. Gel-size dependence of temperature-induced microphase separation in
weakly-charged polymer gels. Polymer 2007, 48, 2387–2394. [CrossRef]

68. Chang, Y.-W.; Dimitriyev, M.S.; Souslov, A.; Nikolov, S.V.; Marquez, S.M.; Alexeev, A.; Goldbart, P.M.;
Fernández-Nieves, A. Extreme thermodynamics with polymer gel tori: Harnessing thermodynamic
instabilities to induce large-scale deformations. Phys. Rev. E 2018, 98, 020501. [CrossRef]

69. Dimitriyev, M.S.; Chang, Y.-W.; Goldbart, P.M.; Fernández-Nieves, A. Swelling thermodynamics and phase
transitions of polymer gels. Nano Futur. 2019, 3, 042001. [CrossRef]

70. Mussel, M.; Horkay, F. Experimental Evidence for Universal Behavior of Ion-Induced Volume Phase Transition
in Sodium Polyacrylate Gels. J. Phys. Chem. Lett. 2019, 10, 7831–7835. [CrossRef]

71. Tanaka, T.; Sun, S.-T.; Hirokawa, Y.; Katayama, S.; Kucera, J.; Hirose, Y.; Amiya, T. Mechanical instability of
gels at the phase transition. Nature 1987, 325, 796–798. [CrossRef]

72. Matsuo, E.S.; Orkisz, M.; Sun, S.-T.; Li, Y.; Tanaka, T. Origin of Structural Inhomogeneities in Polymer Gels.
Macromolecules 1994, 27, 6791–6796. [CrossRef]

73. László, K.; Guillermo, A.; Fluerasu, A.; Moussaïd, A.; Geissler, E. Microphase Structure of Poly(N
-isopropylacrylamide) Hydrogels As Seen by Small- and Wide-Angle X-ray Scattering and Pulsed Field
Gradient NMR. Langmuir 2010, 26, 4415–4420. [CrossRef] [PubMed]

74. Onuki, A. Theory of phase transition in polymer gels. In Responsive Gels: Volume Transitions I.; Dušek, K., Ed.;
Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany, 1993; Volume 109, pp. 63–121, ISBN
978-3-540-56791-2.

75. Okumura, D.; Kuwayama, T.; Ohno, N. Effect of geometrical imperfections on swelling-induced buckling
patterns in gel films with a square lattice of holes. Int. J. Solids Struct. 2014, 51, 154–163. [CrossRef]

76. Ilavsky, M. Phase transition in swollen gels. 2. Effect of charge concentration on the collapse and mechanical
behavior of polyacrylamide networks. Macromolecules 1982, 15, 782–788. [CrossRef]

77. Ilavský, M. Effect of phase transition on swelling and mechanical behavior of synthetic hydrogels. In Responsive
Gels: Volume Transitions I; Dušek, K., Ed.; Advances in Polymer Science; Springer: Berlin/Heidelberg, Germany,
1993; Volume 109, pp. 173–206, ISBN 978-3-540-56791-2.
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