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Recent works have shown that gels with a large amount of solvents can still exhibit a glass transition behavior
with the thermomechanical properties exhibiting tremendous change over a narrow temperature region. Similar
to dry polymers, the rheological behaviors of gels also show a broad distribution of relaxation times. However,
so far the effects of solvents on the relaxation spectrum have rarely been studied. In this work, we first develop
a viscoelastic model to relate the rheological properties of gels and the corresponding properties in the dry
state. We then apply the theoretical model to analyze the complex modulus of gels measured in the small strain
dynamic tests. The results show that the breadth of relaxation spectrum has been expanded by increasing the
swelling ratio. The physical mechanism behind this observation needs a deep investigation in further study and
also raises a significant challenge for developing constitutive models for gels.
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I. INTRODUCTION

Glass transition has been widely observed in various
materials systems, ranging from amorphous solids, col-
loidal suspensions, supercooled liquids, granular materials,
etc. [1-3]. Across the glass transition region, the properties,
such as heat capacity, dielectric constant, refraction index,
modulus, and viscosity, show a tremendous change even by
many orders of magnitudes [4,5]. So far a general theory for
glass transition is still far from settled, though several theories
like the classic configurational entropy theory [6,7], mode-
coupling theory [8,9], and more recently random first order
transition theory [10] can illustrate many important features
of glass transition. In addition, Zaccone and Terentjev [11]
developed a theory for glass transition in solids, which shows
that the sharp drop of shear modulus across the glass transition
region of polymers is controlled by nonaffine displacements
and their interplay with thermal expansion. This theoretical
framework can provide an excellent parameter-free descrip-
tion on the frequency-dependent storage modulus and loss
modulus of amorphous polymers [12]. Najafi et al. [13] suc-
cessfully applied the above theory to describe the dependence
of the modulus of microgels on the effective volume fraction.
These works can provide insight on the physical origin of
glass transition.

Gels, composed of chemically cross-linked polymer net-
works and solvents, are ubiquitous in our daily life. However,
different from dry polymers, the glass transition behaviors of
gels have been rarely studied in the literature. In fact, gels
are commonly assumed to be elastic materials [14,15], though
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several works [16-21] have also reported the rate-dependent
viscoelastic response in gels. If gels can exhibit a glass transi-
tion behavior, the glass transition temperature (7,) in gels will
be significantly lower than the corresponding dry polymers
due to the remarkable plasticization effects. For hydrogels, if
the Ty is below the freezing temperature of water, it is typically
not possible to observe the glass transition behavior. Instead,
a frozen stiff gel with crystallized ice can be obtained [22].
Thus, for hydrogels to demonstrate a glass transition behavior,
the T, of the polymer matrix needs to be well above the
freezing temperature of water. For example, Wang et al. [23]
have reported the 7, of tough hydrogels around 60 °C while
the dry polymer has a T; of 190 °C. In addition to water, it is
also possible to use the organic solvents with a low freezing
point to swell gels. For example, Xiao et al. [24] showed that
the glass transition temperature of a gel system composed of
acrylate polymers and isopropyl alcohol (IPA) can be tuned
from 40 °C to —50 °C through controlling the amount of IPA,
which has a freezing point of —90 °C.

So far, the research on glass transition behaviors of gels
is still in its infancy. Several fundamental issues remain un-
solved. For example, the viscoelastic relaxation behaviors of
polymers can span multiple decades of time, which means
a relaxation spectrum is needed to capture the mechanical
response. Polymers typically exhibit a broad distribution in
the molecular weight, length of polymer chains, etc., which
further results in different time scales for relaxation processes.
The recent experimental works [23,25] have also confirmed
that the rheological properties of gels also have a broad dis-
tribution of relaxation time. For example, the master curve of
storage modulus of PIMA Am-co-MAAc) hydrogels can span
four to five decades in the frequency domain [23]. In addition
to experiments, several groups have also developed models to
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describe the viscoelastic behaviors of gels [20,26]. Bosnjak
et al. [20] developed a model which is able to describe the
viscoelastic of VHB elastomers as well as the hyperelastic
behaviors of swollen elastomers. Drozdov et al. [26] devel-
oped a viscoplastic model to describe the mechanical response
of HEMA gels with different swelling ratio. However, to the
best of our knowledge, no theoretical and experimental works
have been carried to investigate the effects of solvents on the
distribution of relaxation processes. In order to address the
above issue, the rheological properties, such as storage mod-
ulus and loss modulus, should be fully characterized for gels
with different amounts of solvent concentration. In addition, a
theoretical framework should be built to relate the rheological
properties of gels with the corresponding properties of dry
polymers. This is essential to obtain the intrinsic effect of
solvent on the distribution of relaxation processes in polymer
matrix.

The paper is arranged as follows. Section II shows the ex-
perimental procedures to obtain the dynamic properties of gels
with different swelling ratio. A theoretical model is further
developed to relate the mechanical properties of gels with
those in the dry state in Sec. III. Through combination of
the experimental characterization and theoretical model, in
Sec. IV we can reveal the change of the mechanical properties,
such as modulus and relaxation spectrum, in the presence of
solvents. The last section summarizes the main conclusions.

II. EXPERIMENTAL METHODS

Here we investigate the glass transition behaviors of
gels. The acrylate-based polymers were synthesized based
on the procedures shown in Xiao et al. [24]. In brief, the
chemicals tert-butyl acrylate (tBA), poly(ethylene glycol)
dimethacrylate with molecular weight 550 (PEGDMA), 2,
2-dimethoxy-2-phenylacetophenone (DMPA) and IPA were
all ordered from Sigma Aldrich. The polymer solution was
obtained through mixing the monomer tBA, the cross-linker
PEGDMA and the photoinitiator DMPA with the weight ratio
98:2:0.1 or 80:20:0.1. The polymer solution was injected into
two glass slides separated by 1 mm. The curing was achieved
in a UV oven (CL-1000L Crosslinker) for 30 mins. The syn-
thesized polymer film was then cut into a size of 20 mm x
5 mm x 1 mm. After immersed in IPA for a different amount
of time, the specimens were wrapped by an aluminum foil
for 72 hours to achieve a homogeneous solvent distribution.
The mechanical characterization was then performed on a
DMA Q800 using the dynamic frequency sweep mode. In the
tests, the temperature was first increased by 5 °C in a discrete
manner from low temperatures to high temperatures and then
a dynamic loading with frequencies 0.3 Hz, 1 Hz, 3 Hz, 10 Hz,
and 30 Hz was applied to obtain the storage and loss modulus.

III. THEORY

Here we present a constitutive model for the polymer-
solvent systems. Since we only focus on the uniaxial
deformation conditions, the model is formulated in the prin-
cipal directions without using complex tensor forms. The
polymer is subject to a deformation in the three principal di-
rections with the stretch ratio as A; (i = 1:3). The stretch ratio

can be caused by either swelling or mechanical deformation
leading to a decomposition as A; = AgAp;, wWhere Ag is the
isotropic stretch ratio caused by swelling and Ay is stretch
ratio caused by mechanical deformation in each principal
direction. Due to the broad distribution of relaxation mecha-
nisms, the deformation gradient can also be split into multiple
pairs of elastic and viscous parts as A; = A5A%, j=1:N.
The free energy density of the polymer-solvent systems (W)
can be represented as [21,27-30]

v =1 = )n(1 - )+ x6(1 - $))

Q¢
5 (/\2 + 23+ 23 =3 —2In(AA2h3))
N neq
¢ c 2 [ 2
Z (2 g (A%5,)" + (155)
J
—3 = 2In (A$,15,45;)), (1)

where kg is the Boltzmann’s constant, 7T is the temperature, 2
is the volume per solvent molecule, ¢ is the polymer fraction,
G4 is the equilibrium shear modulus, G} is the nonequilib-
rium shear modulus of the jth relaxation process, and N is
the number of relaxation processes. The polymer fraction is
related to the total number of the solvent molecule per refer-
ence volume of dry polymer (Cy) as ¢ = 1/(1 4+ QCy). The
first term on the right side in Eq. (1) represents the free energy
change caused by mixing the polymer and solvent, which has
contributions from entropy change and enthalpy change. For
this part, the Flory-Huggins model has been adopted, which
is described in details in Flory [27] and Hong et al. [28]. The
second term is the free energy caused by stretching polymer
chains, which is a function of the total deformation. The third
term is the free energy density caused by the viscoelastic
deformation showing dependence on the viscoelastic stretch
ratio A%;. This function is similar to the hyperelastic part,
which only replaces the total stretch ratio with the viscoelastic
stretch ratio. Such an approach is common for constructing the
free energy density for the viscoelastic solids [31]. Polymeric
materials exhibit rate-dependent viscoelastic responses, such
as relaxation and creep. Several molecular-based theories,
such as the reptation model [32] and the transient network
model [33,34], have been proposed to illustrate the physical
mechanism behind the rate-dependent effects in polymers.
Here we adopt the rheological phenomenological approach
to describe the viscoelastic relaxation since the main focus
of work lies on understanding the effects of solvents on the
distribution of relaxation processes.

It is typically assumed that the volumetric change is purely
caused by swelling, leading to 1 + QCs — A1A2A3 = 0. Thus,
the free energy can be modified by imposing this kinetic
constraint as

U =W+ p(l + QC; — Ahas), 2)

where p is a Lagrangian multiplier. Based on thermodynam-
ics, the Cauchy stress o and the chemical potential v can be
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FIG. 1. The swelling ratio of two polymers as a function of the
immersion time.
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Following the work of Chester [30], the evolution equation of
viscous stretch is represented as

A M
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where M;; = Gr;eq(()ﬁi)2 — 1) is the Mandel stress and v; is
the viscosity of the jth relaxation process.
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In this work, we investigate the mechanical properties of
partial swollen gels. Based on the experimental setup, we
make the following assumptions. The gels have been swollen
isotropically with the stretch ratio A2 in each principal direc-
tion. Before applying the mechanical deformation, the viscous
stretch ratio has reached the equilibrium state AY; = A?. This
assumption is reasonable since the partially swollen gels are
in the equilibrium rubbery state at room temperature as shown
in the later part of the paper. The swollen gel is then sub-
jected to a uniaxial loading deformation with Ay = An(f)
in the principal direction with i = 1. Due to the symme-
try, the responses in the other two principal directions are
the same. Since we assume the mechanical loading does
not induce volumetric change, Ayy = Ams = 1/+/An(@). The
elastic and viscous stretches in the principal directions have
the relationship as A;Am = A5,1%; and A;/v/Am = 15,2}, The
corresponding true stress can be represented as

1
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The evolution equation for the viscous stretch of Eq. (4) can
be rewritten as
2
_ () -1
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where 7; = v;/G]™ is the relaxation time.

The above equations can be further linearized if the applied
deformation is small. The applied mechanical strain in the
loading direction can be represented as €, = In Ay. Corre-
spondingly, the mechanical strain in the other two principal
directions can be estimated as —0.5¢,,. The elastic and vis-
cous strains can be defined as €}, = InA%; and €}; =1In2a%,.
Similarly, the corresponding elastic and v1scous strains in the
other two directions can be represented as €7, = In k‘;fz and
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FIG. 2. The storage modulus measured at a frequency of 1 Hz for swollen gels with (a) 2 wt% cross-link density and (b) 20 wt% cross-link

density.
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FIG. 3. The loss modulus as a function of storage modulus (Cole-Cole plot) of the swollen gels with (a) 2 wt% cross-link density and

(b) 20 wt% cross-link density.

€}, = In1},. Considering that the value of A%, is close to 1 and

the value of AJ; is close to 12, the elastic and viscous strains
can be represented as A, =1+¢€j; and 1}, = A1+ €5
Thus, Eq. (6) can be written as

. i, €

&Y = %, €h= IL @)
J j

From Eq. (7), the following relationship can be obtained,

v . €51 + 2¢j
Ejl + 26;2 = ]‘[—j (8)
J

Considering the volume incompressible by the mechanical
deformation, we have €%, + 2¢%, + €}, +2¢;, =0 and the
initial state 6;1 =0+ 26;?2(t = 0) = 0. Combining Eq. (8)
and the above conditions, we can obtain €}, = —0.5¢}, and
€, = —0.5¢j;.

Thus, Eq. (5) can be written as
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Since o, = 0, the pressure term p can be eliminated as

3G ;
_ - e 10
N=5e +; 20 €51 (10)

Thus, the stress response can be obtained by combining
Egs. (7) and (10). We further derive the storage modulus and
loss modulus of the swollen gels. We assume a small ampli-
tude dynamic strain €, = Ae€pe, where Ag is the amplitude
and w is the angular frequency. The corresponding stress can
be calculated using Eqs. (7) and (10) as
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o =+ —— ———— | Agpe
: 20 ; 207 14w’} 0
. A E;eq COT]' A it 11
+i Z_A(ﬁ —1+w2112 €0e'”, (11)
J S

where £ = 3G and E;*! = 3G are the equilibrium and
nonequilibrium Young’s moduli.
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FIG. 4. The obtained parameters (a) E™4 and (b) « as a function of immersion time.

065604-4



GLASS TRANSITION IN GELS

PHYSICAL REVIEW MATERIALS §, 065604 (2021)

10°

Storage modulus (MPa)

107 102 108 108
Frequency(Hz)

(2)

o Ex
108 L —WLpF fit|

Shift factor
=
>

-20 -10 0 10
Temperature(°C)

(b)

FIG. 5. For polymers with 20 wt% cross-link density and two hours immersion time: (a) the master curve of storage modulus and (b) the
shift factor obtained through the time-temperature superposition principal.

Thus, the storage modulus E” and loss modulus E” can then
be obtained as

N preq 2 2
E,=Eeq+ZEj 1
0 3 2.2°
A r 107 1+ wt;
N pneq
E™ Lo
E’ = -7 12
; A83 1+a)21j2 (12)

The above results show that the equilibrium modulus of gels
is related to the corresponding component of the dry polymer
as E.o = E®/)%, which is consistent with the results in the
literature [35]. Here we further show that the nonequilibrium
modulus of gels and dry polymer is scaled by 1 /)\23.

The distribution of E}°! — t; characterizes the viscoelastic
relaxation spectrum. Alternatively, the viscoelastic relaxation
spectrum can also be described by the continuous spectrum.
For amorphous thermosets, one widely used model is the
fractional Zener model with four parameters: the equilibrium
Young’s modulus E®4, the nonequilibrium Young’s modulus
E™4, the relaxation time 7, and the breadth of relaxation
spectrum «. Here we extend the fractional Zener model for
the swollen gels. The storage and loss modulus is represented
as

E&d Ered

I (wT)** + (w7)* cos(am /2)

20 + 207 1+ (w1)* + 2(wt)” cos(am /2)’
_ Ema (w7)? sin(ar /2)
- )‘23 1 4 (w1)?* + 2(wT)* cos(am /2)

"

13)

TABLE I. Parameters for the polymers with 2 wt% cross-link
density.

The above equation shows that given the mechanical prop-
erties of the dry polymer and the swollen ratio, the corre-
sponding dynamic properties of swollen gels in the small
strain condition can be obtained with the assumption that the
viscoelastic relaxation spectrum remains unchanged in the
presence of solvent. On the other side, if the dynamic proper-
ties of both dry polymer and swollen gels are provided, we can
verify whether the viscoelastic relaxation spectrum changes or
not. Based on Eq. (13), the corresponding storage modulus
and loss modulus of the polymer matrix can be calculated
given the corresponding measured properties of the swollen
gels as

E =EN +EN(1-30%), E/=EN. (14

IV. RESULTS AND DISCUSSIONS

The mass change was measured before the mechanical
characterization, which can be used to calculate the volu-
metric swelling ratio Af =1+ (m; —mg)pp/(mops) With mg
representing the initial weight of polymer, m, representing the
weight of the swollen gel, p, = 1.05 g/cm® representing the
density of the polymer, and p, = 0.785 g/cm® representing
the density of the IPA. Figure 1 shows the volumetric swelling
ratio as a function of the immersion time for the two polymers.
For two polymers, an equilibrium state can be achieved with
an immersion time of 10 h. The equilibrium swelling ratio
for polymers with 2 wt% cross-link density is 3.67, while the
value for polymers with 20 wt% cross-link density is 1.68.
Increasing the cross-link density can result in a larger free
energy of stretching polymer chains, which further leads to
a smaller swelling ratio.

TABLE II. Parameters for the polymers with 20 wt% cross-link
density.

Parameter Dry 30 min lh 10h Parameter Dry lh 2h 10h
o 4.7 5.9 7.8 24.6 o 5.5 9.9 7.8 8.8
CY (K) 62.7 64.9 79.5 144.1 CY (K) 55.8 78.3 73.8 82.3
Ty (K) 348 283 273 248 Ty (K) 333 288 283 263
7(s) 2.5x107¢  8.0x1077 1.0x1077  3.0x1071° 7(s) 1.1x1073 6.0x1076 7.0x1077 9.0x1078
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FIG. 6. Comparison between the measured and predicted (a) storage modulus and (b) loss modulus for polymers with 20 wt% cross-link

density and two hours immersion time.

To obtain the glass transition region of swollen gels, the
temperature-dependent storage modulus is shown in Fig. 2.
The results show that the glass transition region shifts to
lower temperature with increasing of the immersion time.
For polymers with 2 wt% cross-link density, the onset 7; is
around 40 °C while for nearly fully swollen gels (immersion
time 10 h) the onset T is decreased to —70 °C. For polymer
with 20 wt% cross-link density, the onset 7, changed from
30°C for dry polymers to —50°C for the fully swollen gels.
It should be emphasized that even though the solvent vol-
ume fraction can occupy more than 70%, a glass transition
behavior can still occur in the low temperature region in the
gel systems. Classic theories, like the free volume theory and
configurational entropy theory, can qualitatively explain the
occurrence of glass transition. Introducing the solvent into
polymer matrix can induce an increase in the free volume or
configurational entropy [36], while lowering the temperature
can still reduce the free volume or configurational entropy
of the whole system. This provides a possible mechanism
to explain the shifting of the glass transition region to lower
temperatures with increasing solvent concentration.

For amorphous polymers, the viscoelastic relaxation ex-
hibits a broad distribution of relaxation behaviors. The
characteristic relaxation time typically spans several decades.
Thus, a relaxation spectrum is required to fully describe the
viscoelastic relaxation of amorphous polymers in the glass
transition region, which can be determined using the stress
relaxation tests or small strain dynamic tests. Here, we adopt
the small strain dynamic tests at multiple temperatures to
determine the viscoelastic relaxation spectrum. Motivated by
the Cole-Cole plot to analyze the dielectric relaxation, we
plot the loss modulus as a function of the storage modulus
of the polymer matrix [Eq. (14)] in Fig. 3. As shown, the
dynamic properties measured at different temperatures and
frequencies can overlap and form a smooth curve, indicating
the time-temperature superposition principal is applicable for
gels. For gels with different swelling ratio, the curves do not
overlap indicating that the shape of the viscoelastic relaxation
spectrum of polymer matrix has been changed.

In order to quantitatively evaluate the relaxation spectrum
of swollen gels, the fractional Zener model [Eq. (13) with

10 = 1] is used to fit the Cole-Cole plot. The model totally
contains four parameters, while the value of parameter t does
not influence the shape of the Cole-Cole plot. The equilib-
rium modulus E°Y and nonequilibrium modulus E™9 can be
determined from the lower and upper bound of the storage
modulus. As shown in Fig. 3, the E°? is assumed to be con-
stant for two types of gels with a value of 0.53 MPa for the
polymers with 2 wt% cross-link density and 3.4 MPa for the
polymers with 20 wt% cross-link density. The breadth of
the relaxation spectrum has the most significant influence on
the Cole-Cole plot. In general, a smaller « results in a smaller
loss modulus at the same value of the storage modulus. The
obtained E™1 and « for different swollen states are plotted in
Fig. 4, showing that both values of E"Y and « decrease with
the swelling ratio. For gels with 2 wt% cross-link density, the
nonequilibrium modulus decreases from 900 MPa for the dry
polymer to 300 MPa for fully swollen gels. In the presence
of solvent, the breadth of relaxation spectrum is significantly
expanded with a tremendous decrease in the value of «.
This phenomenon has rarely been reported in the literature.
Some works on copolymers [37,38] have shown that the
glass transition region can be significantly expanded, which
may share a similar mechanism as the observation in this
work.

As shown in Fig. 3, the fractional Zener model can gener-
ally capture the features of the Cole-Cole plot. However, the
model predicts a sharp decrease in the loss modulus when the
storage modulus approaches its limit, which is inconsistent
with the experimental observations. This is because the model
assumes that the relaxation time continuously increases with
decreasing temperatures. However, due to physical aging, the
structure of polymers falls out of equilibrium. The relaxation
time shows a limited increase with further decreasing of the
temperature. Thus, for all the levels of swollen gels or dry
polymers, the measured loss modulus still remains at a large
value in the glassy state.

For amorphous polymers, a master curve of the dynamic
properties can be constructed using the time-temperature prin-
cipal. Here we use the same procedure to construct the master
curves of the storage modulus for gels. Gels with 20% cross-
link density and two hours immersion time ()»? = 1.075) are
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FIG. 7. Comparison between the measured and predicted temperature-dependent storage modulus for polymers with (a) 2 wt% cross-link

density and (b) 20 wt% cross-link density.

provided as an example to demonstrate whether the classic
methods for analyzing the rheological properties of dry poly-
mers can also be applied for gels. Figure 5(a) shows the
master curve of the storage modulus as a function of frequency
while Fig. 5(b) shows the corresponding shift factor used to
construct the master curve. Equation (13) is then used to fit the
storage modulus. The only fitting parameter is the character-
istic relaxation time t, while the other parameters have been
determined from the Cole-Cole plot. As shown, the theory can
describe the obtained master curve. For amorphous polymers,
the shift factor can be described by the Williams-Landel-Ferry
(WLF) equation. The WLF equation can be derived based on
the free volume theory or the configurational entropy theory
with both widely adopted for describing the glass transition.
To fit the shift factor for the swollen gels, the WLF equation
with the following form is employed,

—CN(T — Tp)

— 15
A+T-T (15

loga(T) =
where C), C3 are the WLF constants, and T is the reference
temperature used for constructing the master curve. Using the
method shown in Ferry [39], the values of these parameters
are obtained for polymers with different immersion time as
listed in Tables I and II. Figure 5(b) clearly shows that the
WLF equation can describe the measured shift factor.

The theory is applied to describe the storage modulus
and loss modulus measured in the frequency sweep tests
by combining Egs. (13) and (15). As shown in Fig. 6,
the model well reproduces the temperature-dependent and
frequency-dependent dynamic properties especially in the
high temperature region. In the low temperature region, the
model overestimates the storage modulus. The model also
predicts a sharp decrease in the loss modulus. As discussed
in the previous content, these inconsistencies are due to over-

estimation of the relaxation time using the WLF equation. We
also compare the measured and predicted storage modulus as
a function of temperature for different specimens as shown in
Fig. 7. As expected, the model can well predict the storage
modulus in the glass transition region for various specimens.
However, the model cannot describe the increase of storage
modulus in the glassy state, which is related to fast relaxation
processes and is not incorporated in the model.

V. CONCLUSION

In summary, we have investigated the glass transition be-
haviors of two gels with different cross-link density. It is found
that glass transition still occurs in the low temperature even for
heavily swollen gels. The results also show that increasing the
swelling ratio leads to a lower T,. A theory is formulated to
connect the properties of polymer matrix and swollen gels. A
combination of the theory and the measured dynamic prop-
erties of gels with different swelling ratios indicates that the
breadth of the viscoelastic relaxation spectrum has been ex-
tended by solvents, while the glassy modulus decreases with
increasing solvent concentration. The time-temperature super-
position principal can still be applied to gels while the shift
factor can be described by the classic WLF equation. These
findings can potentially promote the fundamental understand-
ing of the glass transition in complex material systems.
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