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Abstract
The attainment of true equilibrium conditions is a dynamic process that encompasses a 
time span. For slow relaxing systems, non-equilibrium steady states can often look like 
equilibrium states. This is the case of viscoelastic systems, whose properties reflect their 
thermo-rheological history. After a summary of the seminal woks by Eyring, Adam & 
Gibbs and Angell, and mention of promising recent approaches that imply updated theo-
retical and experimental techniques, the paper suggests a simplified approach for aqueous 
systems, through a modified expression of the chemical potential of water and use of the 
“dynamic” phase diagram, so far proposed by Slade and Levine. For homogeneous systems 
(aqueous solutions), an extra term in the expression of the chemical potential accounts for 
the energy related to the residual strains produced during the thermo-rheological history 
of the system. This approach allows estimation of the effect of viscosity on the observed 
freezing point of polymer solutions. For heterogeneous systems (hydrogels, colloidal 
glasses), changes of the phase boundaries in the phase diagram explain the gel/sol hyster-
esis and the syneresis process as the result of water exchange between hosting meshes and 
trapped aqueous solution. Finally, physical hurdles that hinder inter-phase water displace-
ments and/or the access to the headspace of the system can lead to the coexistence of aque-
ous phases with different aW within the same heterogeneous system.

Keywords  Aqueous systems · Viscosity · Excess entropy · Metastable states · Relaxation 
processes · “Dynamic” phase diagram

1  Introduction

Classical thermodynamics deals with equilibrium states, i.e., those attained once any 
gradient of the chemical potentials across the considered system vanishes. The attain-
ment of true equilibrium conditions is a dynamic process that encompasses a time span 
during which long-range strains and dishomogeneities relax. That is why for slow relax-
ing systems non-equilibrium steady states can often look like equilibrium states. This is 
the case of soft materials, like many food products, animal and vegetal tissues, gels, etc.: 
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they are viscoelastic systems, showing a behavior that substantially changes with the 
temperature. The preparation procedure (e.g., stirring, kneading, mixing, etc.) produces 
structural strains coupled with short- and long-range heterogeneous regions, which can 
remain for long periods. Quenching below a critical threshold (glass transition) makes 
any molecular displacement “frozen” and favors the persistence of these strains. The 
material becomes fragile and brittle. Examples are frozen food and frozen tissues. Heat-
ing above a threshold (glass–rubber, rubber–liquid, gel-sol transition) makes these 
strains relax partially. The system first becomes plastic (i.e., keeps some deformation 
after the removal of a shearing stress) and, at higher temperatures, it becomes a vis-
cous fluid that flows in the direction of the applied stress. Plasticity and viscosity thence 
reflect strains within the structure. Relaxation of these strains implies release of some 
energy (either as heat or as mechanical work). This means that retained strains are tanta-
mount to an additional potential energy that tends to vanish when they relax.

It is known that relaxations at the molecular scale encompass time windows (from 
10−15 to 10−3 s) that are much narrower than the macroscopic scale (10(n ≥ −2)  s). The 
latter are relevant to properties of the whole system, like heat capacity, entropy, den-
sity, water activity, elastic modulus, viscosity, etc. Any correlation between processes at 
the molecular scale, with very short relaxation times, and those dealing with isotropic 
properties at the macroscopic scale, with much longer relaxation times, usually requires 
statistical or molecular dynamics approaches.

As for aqueous systems, the traditional approach puts aW = XW γa,W (where aW, XW 
and γa,W stand for: water thermodynamic activity, molar fraction and activity coefficient, 
respectively). Polynomial (often dubbed “virial”) expressions allow the fit of the γa,W 
values calculated from aW experimental data. Each term of the virial expression is a 
power of XW and reflects a specific solute–solute or solute–solvent interaction, accord-
ing to the selected model to describe the system [1]. This is tantamount to relating 
thermodynamic properties of the whole system to structure peculiarities and molecu-
lar interactions, which normally imply different scales for the related relaxation times. 
The relevant connection between macro- and micro-scale is the “model” used with the 
assumption of a Boltzmann distribution of the accessible states and the ergodicity of the 
system.

A measure of the structural strains experienced by an aqueous solution that slowly flows 
in a tube is the relative viscosity, ηr = η/η* (where “*” stands for pure solvent), that can be 
determined with an Ubbelohde viscometer. The η/η* ratio reflects the change of the ability 
of the system to flow because of the presence of the solute. In this case too, polynomial and 
empirical relationships are proposed for the ηr vs XW trends [2], with an interpretation of 
the XW powers rather similar to that for γa,W. Thence, one could be inclined to draw an aW 
vs ηr expression from the aW vs XW and ηr vs XW empirical relationships.

The experimental evidence shows that such a correlation may be difficult to justify for 
aqueous solutions (Fig. 1), which show, at a given temperature, rather different aW vs XW 
and ηr vs XW trends. aW practically does not depend on the kind of solute, as expected 
for a thermodynamic, namely “static”, property, while ηr shows solute-related trends, that 
mainly depend on the relevant steric hindrance, as expected for a “dynamic” property.

However, thermodynamic equilibrium and any steady metastable state is not a “static” 
condition at the molecular level, being the result of local fluctuations that imply displace-
ments and back relaxations of molecules governed by the local hindrance of the medium 
(see below). This means that the distinction between “static” and “dynamic” depends on 
the time scale considered.
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For poorly viscous aqueous solutions, an applied shear tress, τ, mainly produces flow, 
since any structural long-range strain, γ, relaxes quickly. For soft materials, an applied 
stress mainly produces strains with long relaxation times, typical of the viscoelastic behav-
ior. Increasing T favors the former condition and crossing the rubber–liquid threshold 
makes the soft material behave as a viscous fluid.

Long-range strains within the system depend on its thermo-rheological history and 
affect its internal energy for periods that are much longer than the relaxation times of pro-
cesses at the molecular scale. However, the relaxation mechanism of long-range strains 
implies a concerted cooperation of short-range relaxations within mesoscopic regions 
of the system [6]. This justifies the search of a correlation between local relaxation pro-
cesses, in the so-called zero shear conditions, and thermodynamic excess properties, like 
excess configuration entropy or excess Gibbs free energy. The relevant models therefore 
are “static” or “quasi-static”.

2 � Scope of the Work

The first part of the present work briefly summarizes the “state of the art” reporting the 
main relationships between viscosity and excess thermodynamic properties of homogene-
ous systems, since the seminal works by Eyring, Di Marzio, Adam and Gibbs, and Angell 
to the more recent approaches that highlight the need to account for different time scales to 
describe the relaxation processes. The second part of the paper aims to suggest a simplified 
phenomenological approach by use of a modified expression of the chemical potential of 
water and the expected changes of the so-called supplemented or dynamic phase diagram 

Fig. 1   At 25  °C, water activity, aW, shows practically the same trend for: saturated electrolytes (K2CO3, 
NaCl, KCl, BaCl2, KNO3, K2SO4) [3, 4], triangles, D-glucose [3], full dots, and PEG 400 [5], squares, 
while substantial differences appear for the respective relative viscosities (right hand axis). Water molar 
fraction XW (assuming complete dissociation of salts) replaces the concentration units of the original data
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for aqueous homogeneous (solutions) and heterogeneous (hydrogels and dispersed multi-
phase) systems.

3 � The State of the Art

Most of the papers that suggest a correlation between zero-shear η and thermodynamic 
properties are based on the seminal works by Di Marzio and Adam and Gibbs (AG) [7–9] 
who proposed a model for glass-forming liquids that relates structural relaxations at the 
molecular level with long wave relaxation processes that involve the whole system at the 
macroscopic scale. The most mentioned expression of the AG model is as follows: 

where τR(∞) is the relaxation time at T = ∞, and Sc is the molar configurational entropy of 
the system with respect to a stable solid state. Using the Maxwell relationships [10], 
G(t) = G∞exp(−

t

�R
) and η = τR G(∞), where G is the shear modulus, Eq. 1 becomes [11],

which apparently correlates η with Sc that is a thermodynamic property of the system. It is 
important to remind that, in Eq. 2, η = (τ/𝛾̇ ) is the zero-shear viscosity, namely the extrapo-
lated value of (τ/𝛾̇ ) for either quantity tending to zero.

Both Eqs.  1 and 2 are expressions for relaxation processes at supra molecular level 
(“cooperative regions” [7, 8]) that enlarge to macroscopic size on decreasing T [8, 9].

It must be noticed that the true concern of Adam and Gibbs was “the temperature 
dependence of relaxation phenomena in glass-forming liquids… essentially in terms of 
the temperature dependence of the size of the cooperatively rearranging region”, which “is 
shown to be determined by the configuration restrictions associated with amorphous pack-
ing … described by the configurational entropy of the melt” [8].

The same authors [8] showed that their model leads to an expression for the ratio of 
relaxation times, aT, at the temperatures T and Tg (glass transition temperature), which 
agrees with the WLF empirical equation [12],

provided that no “universality” is attributed to the values of C1 and C2. Equation 3 directly 
reflects the Boltzmann time–temperature superposition principle, which allows prediction 
of properties detected at low shear rate, 𝛾̇ , at the temperature T2 from those detected at 
larger shear rate at the temperature T1. This may be the reason why, despite its “quasi-
static” [8] character, Eq. 3 can apply to relaxation processes corresponding to a prevailing 
loss component of the macroscopic shear modulus, G″, directly related to the viscosity of 
viscoelastic systems, as η = G″/ω (ω standing for the frequency of the applied oscillating 
strain or the shear rate). One therefore may replace aT in Eq. 3 with the ratio [η(T)/η(Tg)], 
provided that the viscosity values are independent on 𝛾̇ and correspond to a Newtonian-like 
behavior [7–9].

(1)�R = �R(∞) exp

(
C

TSc

)
,

(2)� = �(∞)exp
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C
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)

(3)− log
(
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With this constraint, Eq. 3 allows description of the η vs T trends of a number of liq-
uid systems above their glass transition thresholds. Many experimental trends observed 
for aqueous solutions of salts, sugars and polymers [13] seem better described with 
the VTF empirical equation [14], although straightforward algebraic relationships 
reconcile WLF and VTF equations if C1 and C2 have no “universal” values [15] (see 
Appendix).

Angell [16–18] proposed the picture of “strong” and “fragile” liquids as an enhance-
ment of the Adam and Gibbs model, as far it describes the empirical evidence of the 
non-Arrhenius dependence of the viscosity and the electrical conductivity of many 
liquids. The representation of experimental data uses the scaled temperature (Tg/T) 
assuming that the condition attained at Tg implies a quasi-iso-viscous, or iso-relaxation 
state of liquids.

A more “dynamic” model for the viscosity of liquids comes from the Eyring’s pro-
posal [19, 20] of an “activated” mechanism for flowing systems that corresponds to the 
expression of the absolute rate of reaction by the same author [19] and its extension 
to viscosity and diffusion [20]. Eyring’s model reflects those proposed in the same 
decade by Shottky [21] and Frenkel [22] to describe the diffusion of point defects in 
ionic solids. The jump mechanism underlying the mobility at the molecular scale in 
liquids would not imply any neat displacement of the jumping particle, as forward and 
backward direction of successive jumps have equal probability. The crucial role of an 
ad hoc factor, 0 < k ≤ 1, is to favor the jumps in the direction of the driving force that 
sustains the displacement of the whole system or its flow in a given direction. The k 
factor makes an otherwise quasi-static picture a kinetic model of transfer.

This approach found general support in works where viscosity data collected at var-
ious temperatures allowed estimation of an activation Gibbs energy, split in enthalpy 
and entropy contributions [23].

where P is a pre-exponential factor. A non-negligible “activation entropy”, ∆S*, and its 
dependence on T are supposed to be responsible for the deviation from the Arrhenius 
behavior of many glass-forming systems, which show a smaller than expected decrease in η 
on increasing T: which looks like an embryonal picture of the “fragility” defined by Angell.

More intriguing and appealing seems the approach that relates thermodynamic equi-
librium to the time scale considered [6, 24–28]. Assuming the ergodicity of the sys-
tem, this approach allows a connection between long wave relaxation processes that 
deal with the viscoelastic behavior and thermodynamic properties of many materials, 
which imply two time scales, one related to the linear dependence on time of the mean 
squared displacement, the other related to the Gaussian distribution of the particle 
displacements. Further developments of this approach eventually lead to the descrip-
tion of the non-equilibrium condition met in most soft materials that show a viscoe-
lastic behavior and a memory of their thermo-rheological history, because of struc-
tural arrangements, produced by decreasing the temperature or applying mechanical 
stresses, with possible loss of ergodicity (see [29] for a wide survey of this subject). It 
is worth noticing that the relevant formal description requires in many cases advanced 
mathematical tools, including fractional differentiations [29] and physical theories pro-
posed for complex systems [30–32].

(4)� = P exp
(
−
ΔS∗

R

)
exp

(
Eatt

RT

)
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4 � An Alternative Approach

The “dynamic” phase diagram, proposed 30 years ago by Slade and Levine as a funda-
ment of the Food Polymer Science [33] and more recently reviewed as “supplemented” 
phase diagram [34], reports the trend of the glass transition temperature, Tg, vs the com-
position, CW (water mass fraction), at constant pressure. The cross-point between freezing 
and Tg trends, (Cg′, Tg′) corresponds to the lowest temperature for a homogeneous liquid 
phase. Formally defined for an aqueous binary, such a diagram can represent the phase 
map of a pseudo-binary, as far as (1−Cw) can gather the mass fractions of all the non-water 
components of the system. This phase diagram reports the boundaries between phases, but 
does not provide any connection with the relevant viscosities, which nonetheless play a 
crucial role on their trends. This is the case of aqueous polymers and aqueous gel formers, 
for which a rest condition, that (depending on temperature, thermo-rheological history and 
age of the system) can last for a long time, but does not necessarily correspond to a true 
thermodynamic equilibrium. Figure 2 reports a sketched view of the effects of viscosity 
and aging on the trends of the phase boundaries. For a given molar fraction of water, XW, 
cooling produces an increase in the relative viscosity of the homogeneous liquid phase, 
which means a decreased probability of forming crystal nuclei and ice growth, and on the 
solubility trend (dotted line in Fig. 2). Aging implies shift of the Tg and solubility trends 
because of water exchanges between coexisting phases (see below). Such shifts modify the 
coordinates of the maximally concentrated liquid phase.

Steady metastable states are indeed possible which slowly relax towards an eventual state 
that can still be metastable [35]. When so, some extra energy remains within the system as an 

Fig. 2   Phase diagram of an aqueous system. XW is the water molar fraction. The cross-point between the 
trends of the glass transition temperature, Tg, and the freezing curve corresponds to the maximally freeze-
concentrated liquid phase. The relative viscosity, ηr, of the liquid phase increases either by isothermal dry-
ing or by cooling. Viscosity and aging (black arrows) produce substantial effects on the phase boundaries
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excess Gibbs energy associated with residual strains or structural rearrangements (shear thin-
ning and shear thickening) generated during a previously experienced stress. This is why the 
Gibbs free energy and any measured property of the system reflect an instantaneous state and 
therefore depend on the “waiting time” [35], namely the time gap between preparation and 
investigation.

4.1 � Homogeneous Aqueous Phases

One can try to account for the deviation from the true equilibrium by modifying the classical 
expression for the chemical potentials. As for water,

where μvisc stands for the residual strain energy entrapped within the system.
In a steady condition that can mimic a true thermodynamic equilibrium, one can apply the 

Adam–Gibbs relationship and rewrite the term μvisc, choosing the pure solvent as reference 
state, namely

where “*” stands for pure solvent. Finally, one can rewrite Eq. 5

The exponent α ≥ 0 would depend on temperature, T, pressure, p, kind (polymers, small 
mass compounds, polar molecular moieties, etc.) and concentration, N, of the solute, and on 
the “waiting time”, t.

For dilute aqueous solutions of salts or simple sugars at room temperature, no significant 
strains remain when the applied stress is withdrawn, namely α = 0. However, for temperatures 
close to the freezing point, η* would represent the viscosity of undercooled liquid water and 
η»η*. In such condition, one may not neglect the term μvisc that, using Eq. 7, becomes

One may accordingly write

This expression leads to predict that the freezing point expected for β(T) = 0 (namely, 
neglecting the effects of viscosity), Tf, is above the actually observed one, Tf′, for any given 
composition of the liquid phase,

(5)�W = �∗
W
+ RT ln aW + �visc
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For a given composition of the liquid, XW, cooling produces an increase in the viscosity. 
Since, for a given temperature, η increases with increasing (1−XW), the 

(
Tf − T

�

f

)
 differ-

ence increases on cooling. The function β(T) must therefore be null for T = Tf* (* stands for 
pure water), and increase on decreasing XW.

A dramatic example of the effect of viscosity on the freezing point is the case of aque-
ous arabino-xylans, well known for their exceptionally large viscosity even at very low 
concentration. For high (410  kDa) and low (52  kDa) number average molecular weight 
arabino-xylans (HMW and LMW) Tg‘ = − 17 °C and − 35 °C, respectively, while in either 
case the water mass fraction is Cg‘ ≈ 0.75 [36] (which nonetheless corresponds to different 
polymer molar fractions [36]).

These data allow a rough estimation of the β(T) values at the respective Tg′. Applying 
Eq. 10, one can easily realize that the depression of the freezing point mainly depends on 
the viscosity, as XW ≈ 1 for either polymer solution, and that for T = Tg′

which yields β(Tg′)HMW ≈ 0.17 ≈ 0.5 β(Tg′)LMW. If one assumes that the (CW′, Tg′) state 
implies the same viscosity for both polymers, as in either case this is the point where the 
formation of ice nuclei ceases, then

which means that (αHMW/αLMW)Tg′ ≈ 0.5.
Equation 8 allows an estimation of the difference between the values of μvisc at the two 

Tg′, ∆μvisc ≈ 13 J · mol−1, namely an almost negligible value, in line with the assumption 
that the (Cg′, Tg′) state actually is an iso-viscous condition.

For concentrated aqueous solutions, especially of polymers, η would change with 
the system aging and depend on the previous thermo-rheological history. Applying the 
Gibbs–Duhem relationship,

or

This leads to:

and
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where A = �∗
∞
exp

(
−

Svisc

(
T=T

�

g

)

�R

)
 and B =

(
C∗

S∗
c

+
Hvisc

�R

)
 , having applied the Adam & Gibbs 

expression (Eq. 3) for the viscosity of pure water. Equation 16 corresponds to the expecta-
tion for “strong” liquids [16] and to the Eyring’s model (Eq.  4) when neither A nor B 
depends on T.

4.2 � Heterogeneous Aqueous Systems

Aqueous systems, like gels, pastes and doughs, etc., in spite of the macroscopic homogene-
ous appearance, actually are heterogeneous. Many of these systems almost do not flow at 
all when experience a mild shear stress, showing a viscoelastic character, mainly related to 
the non-water components that host a poorly viscous aqueous solution. In hydrogels, water 
occupies the voids left by the entanglements of polymer chains, or the meshes of pseudo-
lattice arrays of hydrated solute molecules, from where it can squeeze out once a sufficient 
stress reduces the volume of such watery pouches. On applying stresses or strains, what 
actually flows within a gel is a solution that can diffuse through the meshes and pores of 
the framework, which is practically immobile with respect to water and small mass solutes.

Some examples can be of interest. Overmixing a flour dough stretches its gluten meshes 
expelling part of their water content [37] that can evaporate more easily on baking: the 
final product is drier, harder and crispier. If the overmixed dough remains at rest for a cou-
ple of hours, it relaxes back and allows the re-uptake of water into its meshes [38]: the 
entrapped water meets some hurdles to evaporate and the final baked product is heavier, 
softer and gummier [39]. Many aqueous gels undergo syneresis, a process during which 
the resting gel, under the force of its own weight, releases a much less viscous aqueous 
solution. The dehydration reflects the percolation through pores and channels of the host-
ing structure and leads to a modest shrinkage of the system that can eventually collapse 
missing the mechanical support of the entrapped aqueous phase. This isothermal process 
is spontaneous and corresponds to an increase in entropy and a decrease in the viscosity of 
the aqueous phase, as confirmed in micro-rheology investigations based on Dynamic Light 
Scattering experiments where multiple scattering are analyzed through Diffusing Wave 
Spectroscopy [40, 41].

The gel–sol transition of the so-called physical gels too implies changes of entropy 
and viscosity. One can describe the gel formation and its evolution by considering the 
“dynamic” nature of the phase diagram of the system (Fig. 3).

The gel formation occurs within the biphasic region of the diagram between the glass 
transition and the solubility trends. The process starts at the “gel point”, Tgel on cooling, on 
cooling a homogeneous liquid. This threshold actually depends on the cooling rate and 
reflects the viscosity increase in the sol phase, which hinders the displacements of the gel 
forming compound(s) favoring the formation of an early soft meshwork. A further cooling 
below Tgel, cooling and during the rest at Troom, the aqueous phase becomes richer in water 
at the expenses of the hydrated amorphous component, which becomes drier and stiffer. 
This implies that the viscosity of the aqueous phase would decrease (see Fig.  2), while 
the amorphous component rearranges its structure to build a stiffer meshwork, at constant 
overall composition of the system (full circle in Fig. 3). This explains the high diffusivity 
of the aqueous phase that leaves the system during the syneresis. In the phase diagram, this 

(16)�(T) = A exp

(
Hvisc

�RT

)
= A exp

(
B

T

)
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transformation corresponds to the shift of the limits A and B of the early tie line toward the 
new limits C and D (Fig. 3). This is tantamount to modify both the Tg and the solubility 
trends (dotted lines in Fig. 3). In other words, the phase diagram of the system before the 
formation of the gel differs from the phase diagram after the formation of the gel (from 
continuous to dotted lines, Fig. 3). This is why, on heating, the transition to the “sol” state 
occurs at higher temperature, Tgel, heating. If the overall water content remains unchanged 
and the gel is really “reversible”, heating above Tgel, heating implies the moisture re-uptake 
by the amorphous component (hydration shell), which is again solubilized.

The cooling/heating DSC cycle would show an exothermic and an endothermic signal 
with practically equal thermal effect, |∆gelH|, at Tgel, cooling and Tgel, heating,

A qualitative (as the effect of the cooling rate is neglected) treatment of the available 
data (∆gelH, Tgel, cooling and Tgel, heating) allows a rough estimation of the excess configura-
tional entropy. The experimental finding suggests that the exo- and endothermic effects 
have practically the same absolute value, 

⌊
ΔgelH

⌋
.

Putting Tgel, cooling = T1 and Tgel, heating = T2,

(17)Transition entropy ∶ Δsol/gelS =

�
ΔgelH

�
Tgel

=

⎧⎪⎨⎪⎩

Δsol∕gelScooling =
⌊ΔgelH⌋

T1

Δsol/gelSheating =
⌊ΔgelH⌋

T2

(18)

Excess configuration entropy: Sexc
conf

=

⌊
ΔgelH

⌋
T1

−

⌊
ΔgelH

⌋
T2

=
|||ΔgelH

|||
(

1

T1
−

1

T2

)

Fig. 3   Dynamic phase diagram of a hydrogel forming system. The formation of the hydrogel occurs within 
the two-phase region between the Tg trend and the solubility curve. At room temperature, the limits A and 
B of the tie line define the composition of the two phases of the gel (full dot). However, these limits change 
toward C and D during the rest at this temperature. On heating the gel, the transition occurs at higher tem-
perature. The insert shows the expected DSC record of a cooling/heating cycle
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Equation 18 suggests that the excess configuration entropy would be much smaller than 
the transition entropy and mainly depend on the difference (T2 – T1). The width of the 
gel–sol hysteresis would therefore reflect the excess configuration entropy, related to the 
local strains and stresses within the hosting amorphous meshes.

To give the order of magnitude of this entropy, one can use the data collected from two 
different hydrogels, Xanthan/Konjac Gluco-Mannan (X—KGM, 0.34% dry matter) [42] 
and agar–agar gels (0.8% dry matter) [43], respectively (Fig. 4).

As for Δsol∕gelS , 36 and 78  mJ · g−1 · K−1 (dry polymer) can be roughly estimated for 
X-KGM and Agar gels, respectively. The observed heating/cooling hysteresis in the rel-
evant DSC trace (Fig.  4) is about 2  K and 50  K wide (peak-to-peak) for the X-KGM 
and Agar gel, respectively. This leads to the estimation of Sexc

conf
 (Eq.  20), 0.2 and 

12.6 mJ g−1 · K−1, namely about 1% and 16% of the transition entropy, for the X-KGM and 
Agar gel, respectively.

Now, some simulations of the structural conformations of the X-KGM system [42] 
reveal that the intermolecular assembly in the sol phase is almost equal to that in the gel 
phase, when the Xanthan/Konjac mass ratio is close to 1: this is in line with the small 
width of the gel/sol hysteresis and the small estimated excess configuration entropy. The 
wide hysteresis observed in the case of Agar gel would instead reflect a large degeneration 
of accessible conformations [44, 45] in the gel structure.

Similar approaches for the phase diagram of starch [46] are in line with the expected 
supramolecular interactions and changes of molecular conformations [47, 48].

Multi-phasic systems, which can host aqueous droplets, microbial cells, tissues, sus-
pended bodies, etc., behave as supercooled liquids and undergo similar relaxation pro-
cesses that depend on either the water content or the temperature [49]. Actually, some of 
these systems show a glass-like rheological behavior, especially for what concerns the 
temperature range close to the glass transition threshold. This is why they are “colloidal 
glasses” [50]. Experimental and theoretical simulations [51, 52] indicate the need of vari-
ous time scales to define all the relaxation processes [52] and the conditions that allow the 
system to flow.

The different phases may appear as dispersed micro- or nano-domains, each containing 
some thousands of water molecules. Water can migrate through the phase boundaries, if 
these are permeable, and equilibrate its chemical potential throughout the system allowing 
the detection of a reliable value of water activity, aW. However, it can indeed happen that, 
because of the hindered displacements of water molecules, some water remains concealed 

Fig. 4   DSC cooling/heating scans of Xanthan/Konjac Gluco-Mannan (left) adapted from [42] and Aga-
Agar gels (right) [43]. Vertical lines evidence the width of the respective hysteresis
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within a given environment and does not contribute to the overall relative humidity, 
RH ∼ (aW × 100) , of the system. Leathers and animal/vegetal tissues, some industrial ice 
creams poured into fat coated wafers, wrapped candies,1 etc., can host regions with differ-
ent aW [53]. Of special interest are the W1/O/W2 nano-emulsions (where composition and 
aW may be different in the two aqueous phases) and the cytoplasm of living cells that is 
much more similar to a gel than to a concentrated aqueous solution. Here, the molecular 
crowding [54] and the phase separation (governed by the thermodynamic incompatibility 
of different polymers [55]) strongly limit the mobility of water molecules. Not to say of 
the water exchanges between intra- and extra-cellular environments across the cell wall, 
governed by osmotic and oncotic effects, and affected by the mechanical tension of the 
membrane and by the energy consuming ionic pumps. Any value of aW determined with 
isopiestic, or Knudsen [3] investigations would reflect only the aW of the phase that has a 
direct access to the head space of the system, ignoring phases that cannot exchange water 
with the former and can have either lower or higher aW.

For such systems, one therefore has to account for the physical constraints, like poorly 
porous membranes, lipid layers, dispersion in hydrophobic mediums or other hurdles that 
can make the displacement of water difficult, or even impossible. The experimenter needs 
different methods to get some information about the state of water in each single phase. 
Reasonable choices can be MR Image and/or MR Relaxometry which allow ranking of 
water mobility, uW, of the different “water families” coexisting in heterogeneous systems 
[56–61]. A NMR investigation would reveal that some kind of segregated water can indeed 
be mobile with an activity not too far from unity, as survival and growth of microbes within 
a polymeric medium of apparently low relative humidity (32%) indicate [62, 63].

In such cases, rheological and thermodynamic properties seem irreconcilable with each 
other, as the former mainly depend on the stiffest phase, which often shows a viscoelastic 
and, possibly, not isotropic behavior, while the latter mainly concerns the dispersed homo-
geneous liquid phases.

In view of the above arguments, one may try to account for such hurdles by including a 
new extra term in μvisc. Taking into account Eq. 7, for each homogeneous phase within the 
heterogeneous system, one can write

The RTln (H) term deals with the hurdles (H > 1) that hinder the access either to the 
headspace or to the water exchanges between next neighboring phases, but may also 
account for preferential diffusion paths (0 < H < 1), like pores and channels at mesoscopic 
level, which favor percolation processes.

The first term of Eq. 19 is proportional to the logarithm of the relative viscosity of the 
aqueous phase which is a function of the solute concentration, ln(ηr) = F(c), like in the 
Jones and Dole equation [2]. A more detailed expression has to account for all the inter-
phase boundaries within the heterogeneous system. For the ith aqueous phase of a n-phase 
heterogeneous system,

(19)�visc = RT ln

(
�

�∗

)�

− RTln(H)

1  “A difference in water activity, either between candy and air or between two domains within the candy, 
is the driving force for moisture migration in confections. When the difference in water activity is large, 
moisture migration is rapid, although the rate of moisture migration depends on the nature of resistances 
to water diffusion. Barrier packaging films protect the candy from air whereas edible films inhibit moisture 
migration between different moisture domains within a confection.” [53].
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where Fi stands for 
[
F
(
ci
)]�i , and the parameters hij reflect the inter-phase exchanges, with 

hij ≥ 0 (“ = ” for not next neighboring phases) and hii = 1. The hij term actually is a vector 
directed from the phase i toward the phase j: thus hij ≠ hji if the water displacement encoun-
ters different hurdles in the two directions. For a heterogeneous system hosting n aqueous 
phases, a general steady condition (namely, no neat inter-phase water displacements) there-
fore is as follows:

The numerator of each fraction in Eq. 21 deals with the homogeneous properties of the 
respective phase, while the denominator accounts for the hurdles (or free passages) related 
to the water exchanges with next neighboring phases. Limiting the discussion to a two-
phase system, a steady state (no neat inter-phase water displacements) obeys the condition

If F1 = F2, then aW1 = aW2: which corresponds to a true thermodynamic equilibrium. If 
F1 ≠ F2, then the steady condition implies that (aW1/aW2) = (F2/F1): the two phases can host 
solutions with different aW, as the inter-phase hurdles reduce the rate of water exchanges, 
depending on the exponents α1 and α2 (see Eq. 19). If either h12 or h21 = ∞, Eq. 22 is mean-
ingless as the two phases actually are isolated from each other.

5 � Conclusions

Soft materials and very viscous systems are often far from the true thermodynamic equilib-
rium, because of residual strains and mesoscopic heterogeneous regions. Their metastable 
state can last for a long period and produce experimental evidences that depend on the 
“waiting time” between preparation and investigation, namely the age of the system.

Literature reports a number of theoretical and experimental approaches to relate relaxa-
tion processes at the molecular scale with the relaxation of long-range strains that keep the 
system far from the thermodynamic equilibrium. The most recent papers describe equilib-
rium and steady metastable states with sophisticated theoretical visions and mathematical 
treatments.

The present paper suggests a much simpler phenomenological approach for viscous 
homogeneous aqueous systems through a modified expression of the chemical potential 
of water. Taking advantage of the Gibbs and Adam relationships between viscosity and 
excess configurational entropy, the proposed approach suggests a modified expression of 
the chemical potential of water by addition of an extra term that accounts for the effects 
of the relative viscosity, like the extra drop of the freezing point of aqueous solution of 
polymers. The approach leads to formal expressions that reproduce the Eyring’s equation 
for the viscosity of flowing liquids and Angell’s Arrhenius like equation for the viscosity of 
“strong liquids”.

(20)�W,i = �∗
W
+ RT ln

(
aW,iFi

)
− RT ln

n∑
j

hij

(21)
aW1F1

1 +
∑n

j≠1
h1j

= ⋯ =
aWkFk

1 +
∑n

j≠k
hkj

= ⋯ =
aWnFn

1 +
∑n

j≠n
hnj

(22)
aW1F1

1 + (h12 + h21)
=

aW2F2

1 + (h12 + h21)



	 Journal of Solution Chemistry

1 3

Heterogeneous aqueous systems, like simple physical hydrogels, can find a reliable rep-
resentation in a “dynamic” phase diagram. The gel/sol “transition would imply exchange 
of water between aqueous phase and amorphous hydrated components, at constant overall 
composition of the system. This allows an interpretation of the commonly observed hyster-
esis that characterizes this process.

As for more complex multiphasic systems, one has to take into account hurdles that 
can reduce the rate of water exchanges between next neighboring phases. These can delay 
the attainment of a steady (and possibly equilibrium) condition or actually isolate some 
aqueous phase from the surrounding medium: one can envisage the coexistence of aqueous 
phases with different aW. In such cases, ad hoc experimental techniques allow the achieve-
ment of some information about the state of water in each single phase.

Appendix

Equivalence of WLF and VTF Equations [12–14]

Taking into account that either equation is empirical and aims at the description of the 
relaxation time at the temperature T, with reference to Tg and To, for WLF and VTF, 
respectively, one may put:

WLF

VTF

For T = Tg, Eq. 5 leads to

that can be replaced in Eq. A1 which in combination with A2 gives

The eventual result is as follows:

(A1)�R(T) = �R
(
Tg
)
exp

[
−

C1

(
T − Tg

)

C2 +
(
T − Tg

)
]

(A2)�R(T) = �R(∞)exp

(
B(

T − To
)
)

(A3)�R
(
Tg
)
= �R(∞) exp

(
B(

Tg − To
)
)

(A4)

�R(T) = �R(∞) exp

(
B(

Tg − To
)
)
exp

[
−

C1

(
T − Tg

)

C2 +
(
T − Tg

)
]
= �R(∞) exp

(
B(

T − To
)
)
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Putting T = To, one gets

and

Taking into account that (T – To) = (T – Tg) + (Tg –To) = C2 + (T – Tg), Eqs.  A6 and 
A7 state the formal equivalence of the WLF and VTF equations. However, it is impor-
tant to recall that the WLF equation seems more adequate for polymer solutions at 
(Tg + 100 K) > T > Tg and therefore does not cover the (To, Tg) range, while the VTF equa-
tion holds for T > To and describes the experimental evidence of many glass-forming sys-
tems [14].

Equation 6 reveals that C1 corresponds to the abrupt change of the order of magnitude 
of τR on crossing the glass transition threshold Tg [15]:

which, for 8 orders of magnitude viscosity drop, implies for C1 a “universal” value around 
17 (while C2 ≈ 50 °C) [15].

When combined with Eqs. 1, A6 and A7, A8 leads to

where To is the temperature at which Sc = 0, possibly coincident with the Kauzmann tem-
perature, TK, where the entropy of the undercooled liquid becomes equal to that of the ther-
modynamically stable solid phase.
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