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Unusual Temperature Dependence of Water Sorption in
Semicrystalline Hydrogels

Xinyue Liu, Lenan Zhang, Bachir El Fil, Carlos D. Díaz-Marín, Yang Zhong, Xiangyu Li,
Shaoting Lin,* and Evelyn N. Wang*

Water vapor sorption is a ubiquitous phenomenon in nature and plays an
important role in various applications, including humidity regulation, energy
storage, thermal management, and water harvesting. In particular, capturing
moisture at elevated temperatures is highly desirable to prevent dehydration
and to enlarge the tunability of water uptake. However, owing to the
thermodynamic limit of conventional materials, sorbents inevitably tend to
capture less water vapor at higher temperatures, impeding their broad
applications. Here, an inverse temperature dependence of water sorption in
poly(ethylene glycol) (PEG) hydrogels, where their water uptake can be
doubled with increasing temperature from 25 to 50 °C, is reported. With
mechanistic modeling of water–polymer interactions, this unusual water
sorption is attributed to the first-order phase transformation of PEG
structures, and the key parameters for a more generalized strategy in
materials development are identified. This work elucidates a new regime of
water sorption with an unusual temperature dependence, enabling a
promising engineering space for harnessing moisture and heat.

1. Introduction

Water vapor sorption from the atmosphere broadly impacts many
fundamental processes in life science and physical systems.[1,2]

On the one hand, the ability to capture moisture dictates the
hydration state of tissues and plants in nature.[1] On the other
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hand, water sorption-based technologies
that enable highly efficient capturing, pro-
duction, and transport of water, have shown
promising applications in dehumidifica-
tion, energy storage, passive cooling, and
freshwater production.[2–4] Understanding
how to manipulate the behavior of sorbent
materials is hence critical to enhance the
potential of water sorption-based technolo-
gies.

Water sorption behavior typically can be
quantified by the water uptake (w), which
describes the mass of water vapor uptake
per mass of dry sorbent materials at differ-
ent relative humidities (RHs).[2] Tempera-
ture is one of the most significant factors
for the water uptake of a specific sorbent
material.[5] In general, water uptake de-
creases with the temperature rise due to the
thermodynamic limit. At a higher tempera-
ture, there is an increased probability for ad-
sorbed water molecules to escape because

their kinetic energy due to thermal motion (∼kBT) increases
(Figure 1a). Figure 1c shows the temperature sensitivity of wa-
ter uptake for four representative sorbent materials including sil-
ica gels,[6,7] zeolites,[7] metal–organic frameworks (MOFs),[8] and
hydrogels.[9,10] The temperature sensitivity, Δw/ΔT, is defined as
the ratio of the change of water uptake (Δw) to the corresponding
temperature rise (ΔT). Most traditional sorbent materials show a
negative Δw/ΔT, indicating a decrease in water uptake due to in-
creasing temperature (Figure 1c; Figure S1, Supporting Informa-
tion). This behavior fundamentally limits the potential of water
sorption for high-temperature applications.

Meanwhile, hydrogels have become an emerging material plat-
form for water sorption.[11–13] In addition to their hydrophilicity,
flexibility, and scalability, hydrogels hold significant promise be-
cause of their large tunability in water sorption properties.[14,15]

By engineering the interaction between water and polymer at the
molecular level, a range of water sorption capabilities and kinet-
ics of hydrogels have been demonstrated and adapted for specific
applications.[16–18] It is, therefore, highly desirable to further ex-
plore the engineering space of hydrogels, in particular to enhance
water sorption with increasing temperature (Δw/ΔT > 0).

In this work, we report an unusual temperature dependence
of water sorption in semicrystalline hydrogels (Figure 1b), where
water sorption is increased with elevated temperatures (Δw/ΔT
> 0, Figure 1c). Using a poly(ethylene glycol) (PEG) hydrogel
as an example, we demonstrated that its water uptake at a high
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Figure 1. Dependence of water sorption on temperature. a) Schematic of traditional sorbents: sorption at a low temperature and desorption at a high
temperature. b) Schematic of PEG hydrogels: desorption at a low temperature and sorption at a high temperature. The temperature-controlled phase
transformation of nanocrystalline structures creates different interactions between the polymer and water molecules. When it is cooler than the melting
point (Tm), the PEG chains are semicrystalline. When it is hotter than Tm, the PEG chains are amorphous. c) Comparison of the temperature sensitivity of
water sorption of four representative traditional sorbent materials[3,6,7,9,19] and the PEG hydrogel. The water uptake change (Δw) is obtained at ≈40% RH
and the temperature change (ΔT) is ≈ 50 °C. d) Water vapor uptake isotherms of the PEG hydrogel in g g−1 (g of water per g of the dried PEG hydrogel,
w) as a function of RH at temperatures of 5, 25, 50, and 75 °C. Arrow: temperature increases. Error bars: standard deviations of three independent
measurements.

temperature (50 °C) is much higher than that at room tem-
perature (25 °C) (Figure 1d). With detailed characterizations of
nanocrystalline structures in the polymer network, we observed
that this unusual water sorption is associated with the first-order
phase transformation of polymers from the semicrystalline state
to the amorphous state (Figure 1b). Using mechanistic model-
ing, we showed how its thermodynamics is distinct from that
of conventional water sorption. The melting of crystalline poly-
mer chains induces additional changes in the partial molar free
energy during the polymer mixing and deformation, leading to
more water uptake at a higher temperature. Our measured water
uptake at different RHs and temperatures shows good agreement
with the thermodynamic analysis. With insights gained from the
model, we identified three key parameters, i.e., adsorption en-
thalpy, polymer melting point, and crystallinity, that govern the
temperature dependence of water sorption. This work presents a
new material regime that shows an inverse temperature depen-
dence of water sorption. Our results not only elucidate the under-

lying physics of water sorption in semicrystalline hydrogels but
provide quantitative guidelines to further manipulate the temper-
ature dependence of water sorption. These results pave the way
toward various water sorption-based applications for a wide range
of operating temperatures.

2. Results and Discussion

2.1. Structural Characterization of Crystalline-to-Amorphous
Transition

Figure 2a shows a schematic of the crystalline polymer chains be-
low the melting point and the amorphous polymer chains above
the melting point. The transition between crystalline and amor-
phous polymer chains leads to distinct polymer–water interac-
tions and potentially affects the water sorption. To understand
the impact of crystalline-to-amorphous transition on the water
uptake in hydrogels at higher temperatures (Figure 2a), we used
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Figure 2. Evolution of polymer crystallinity in the semicrystalline hydrogel with temperature. a) Schematic of the PEG hydrogel desorbing at a low
temperature (T < Tm) and adsorbing at a high temperature (T > Tm) under a constant RH. The polymer chains are semicrystalline when T < Tm, while
the crystalline chains melt into amorphous chains when T > Tm. b) DSC thermograph of the PEG hydrogel when RH = 0%. c) DSC thermograph of
the PEG hydrogel when RH = 50%. d) Crystallinity of the PEG hydrogel varying with different temperatures when RH = 0%. e) Crystallinity of the PEG
hydrogel varying with different temperatures when RH = 50%. f) WAXS profiles of the PEG hydrogel at different temperatures when RH = 0%. g) WAXS
profiles of the PEG hydrogel at different temperatures when RH = 50%. h) 2D SAXS and WAXS patterns of the PEG hydrogel at 25 °C (T < Tm) when RH
= 0%. i) 2D SAXS and WAXS patterns of the PEG hydrogel at 25 °C (T < Tm) when RH = 50%. j) 2D SAXS and WAXS patterns of the PEG hydrogel at
50 °C (T > Tm) when RH = 0%. k) 2D SAXS and WAXS patterns of the PEG hydrogel at 50 °C (T > Tm) when RH = 50%.

a tetra-arm PEG hydrogel as the model material system (molec-
ular weight: 10 kDa in each polymer chain between two chem-
ical cross-linkers; see the Supporting Information for detailed
synthesis).[20,21] Depending on the molecular weight, the melting
point of PEG may vary from 1 to 66 °C,[22] falling in the temper-

ature range where water exists in the liquid state at atmospheric
pressure. In addition, the A-B type tetra-arm PEG hydrogel repre-
sents a homogeneous network structure of stereoregular polymer
chains, ensuring the crystallization of polymer chains below the
melting point.[20] At the nanoscale, the crystalline polymer chains
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are usually closely packed in parallel with one another, forming
highly ordered regions called spherulites (Figure S2, Supporting
Information), which are impermeable to water vapor. In contrast,
amorphous polymer chains exhibit high mobility and high affin-
ity with water.

We first quantified the crystallinity of PEG hydrogels at differ-
ent RHs and temperatures using differential scanning calorime-
try (DSC). We considered two representative RHs at 0% and 50%.
When the RH was kept constant at 0% during the measurement,
there was no water remaining in the material system. Increasing
and maintaining the RH level inside the furnace at 50% led to
significant water sorption in the hydrogel. The heat flow curves
revealed the endothermic melting peaks (Tm) to be 51.2 °C at 0%
RH and 46.5 °C at 50% RH (Figure 2b,c). The melting peaks de-
crease slightly when increasing the RH level inside the furnace,
indicating that the moisture weakens PEG crystalline lamellae.
The melting enthalpy of crystalline polymers Hmelt(RH,T) was de-
termined by integrating the thermographic curve from 20 °C to T,
and crystallinity can be calculated as n3 (RH, T) = [Htot

melt(RH) −
Hmelt(RH, T)]∕H0

melt, where Htot
melt(RH) is the integration of the

thermographic curve from 20 to 60 °C, and H0
melt= 165 J g−1 is the

enthalpy of fusion of 100% PEG crystal.[23] We obtained the crys-
tallinity of the PEG hydrogel at specific conditions in Figure 2d,e.
At both RHs (0% and 50%), the crystallinity showed a sharp tran-
sition only around the melting point; that is, when the tempera-
ture was far below Tm, it maintained a high crystallinity of 70%
and 30%, respectively; when the temperature was far above Tm,
all crystalline polymers disappeared due to the melting of crys-
talline lamellae (Figure 2d,e). When we did not control the RH
to be constant in the testing furnace, a significant amount of wa-
ter in hydrogels desorbed, leading to a broad peak around 120 °C
in the calorimetry, which may interfere with the polymer melt-
ing peak (Figure S3, Supporting Information). In contrast to the
polymer melting, the glass transition cannot change the polymer
crystallinity, because it is a second-order phase transformation
process. Instead, only the polymer chain stiffness varies across
the glass transition temperature.[24]

To analyze the morphological evolution of crystalline polymers
at different temperatures at the nanoscale, we performed X-ray
scattering measurements on the PEG hydrogels at both 0% and
50% RHs. We first obtained 2D patterns of small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS), and
then converted them to 1D profiles by conducting a circular aver-
age. In the 2D SAXS patterns (Figure 2h,i) and 1D SAXS profiles
(Figure S4, Supporting Information) at 25 °C, the scattering peak
(q*) shifted from 0.48 to 0.24 nm−1, when the RH increased from
0% to 50%. Based on Bragg’s equation, we calculated the long
period of the crystalline lamellae stacking to be D = 2𝜋/q*.[25]

This indicated that the high RH led to a sparser distribution of
PEG crystalline lamellae (D = 25.8 nm), compared to the one at
a low RH (D = 13.1 nm). In contrast, no peaks were observed
in the 2D SAXS patterns (Figure 2j,k) and 1D SAXS profiles
(Figure S4, Supporting Information) at 50 °C for both RHs, since
PEG crystalline lamellae were melted above Tm. In the 2D pat-
terns of WAXS, two strong crystalline reflection rings were seen
when the temperature was 25 °C (Figure 2h,i), and amorphous
halos were presented when heated up to 50 °C (Figure 2j,k).
For both RH levels at 25 °C, there were peaks located at 2𝜃 =
18.8° and 22.9°, which represent the (120) and (124)/(124) planes

of the crystalline lamellae, respectively (Figure 2f,g).[25] Further-
more, the increased RH led to a lower peak intensity, indicating
a smaller size of crystalline lamellae. The size of the PEG crys-
talline lamellae L can be further estimated from the 1D WAXS
profiles using the Scherrer equation L = k𝜆/𝛽cos𝜃, where k is
a dimensionless shape factor set as 0.9, 𝜆 is the wavelength of
X-ray, 𝛽 is the full width at half maximum of the peak in radi-
ans, and 𝜃 is the Braggs angle in radians.[26] When the RH in-
creased from 0% to 50%, L measured at 2𝜃 = 18.8° decreased
from 17.6 to 10.9 nm (Figure 2f,g). The structural change of PEG
hydrogels due to melting was also confirmed by polarized opti-
cal microscopy (POM), where we directly imaged the disappear-
ance of spherulites at an elevated temperature and RH (Figure S2,
Supporting Information). Observations obtained from the DSC,
SAXS, WAXS, and POM consistently indicate that either a higher
temperature or a higher RH results in lower crystallinity, lower
density, and smaller size of the crystalline lamellae.

To further support the insights gained from the above micro-
scopic characterizations, we performed mechanical and optical
measurements of the crystalline-to-amorphous transition in PEG
hydrogels at a macroscopic level. The stress–strain curves at var-
ious temperatures show the transition from a ductile to an elas-
tomeric state due to the phase transformation of PEG hydrogels
(Figure S5a, Supporting Information). When exposed to uniaxial
tension at 25 °C and RH = 50%, PEG hydrogels first experienced
elastic deformation with Young’s modulus of 24 MPa, followed
by plastic deformation when the strain was above the elastic
limit (strain 𝜖 = 0.3). During the yielding process, some aligned
fibrils emerged due to strain-induced crystallization (𝜖 = 5,
Figure S5b, Supporting Information). The mechanical responses
above 50 °C were markedly different because of the melting of
crystalline structures, exhibiting a much lower Young’s modu-
lus of 46 kPa. At elevated temperatures, hydrogels were highly
deformable, while maintaining elasticity even when the uniax-
ial strain was above 10 (Figure S5c, Supporting Information). In
addition, the UV–vis spectrophotometry provided the quantified
light transmittance spectrum of a PEG hydrogel film at different
temperatures (Figure S6, Supporting Information). In the visible
light spectrum, the semicrystalline hydrogel at a low temperature
(25 °C) showed low transmittance comparable to the amorphous
hydrogel at higher temperatures (50 and 75 °C), due to the scat-
tering centers formed by crystalline polymers at 25 °C.

2.2. Temperature-Dependent Water Sorption of Semicrystalline
Hydrogels

To highlight the role of crystalline-to-amorphous transition and
the resulting distinct temperature-dependent water sorption of
PEG hydrogels, we synthesized a polyacrylamide (PAAm) hydro-
gel composed of a completely amorphous polymer network as
a control sample for the PEG hydrogel. Owing to atactic poly-
mer chains after crosslinking, the stereorandom polymers in the
PAAm hydrogel cannot crystallize.[27] We characterized the wa-
ter uptake and kinetics of both the PAAm and PEG hydrogels us-
ing a vapor sorption analyzer. Hydrogel samples were subjected
to varying conditions of RH and temperature, and the resulting
water uptake of hydrogels was measured gravimetrically. The ki-
netics of water sorption was quantified by a time constant, which
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Figure 3. Comparison of the temperature-dependent water uptake between semicrystalline and fully amorphous hydrogels. a) Water uptake of the PAAm
hydrogel (fully amorphous) as a function of temperature at RH = 50%. b) Water uptake of the PAAm hydrogel as a function of RH at T = 25 and 75 °C.
c) Time constants of water uptake of the PAAm hydrogel as a function of temperature at RH = 50%. d) Water uptake of the PEG hydrogel (semicrystalline)
as a function of temperature at RH = 50%. e) Water uptake of the PEG hydrogel as a function of RH at T = 25 and 75 °C. f) Time constants of water
uptake of the PEG hydrogel as a function of temperature at RH of 50%.

is defined as the time duration when the water uptake increases
from zero to a factor of (1-1/e) of its equilibrium mass gain, where
e is Euler’s number.

We first performed the vapor sorption analysis on the PAAm
hydrogel. As expected, the PAAm hydrogel exhibited lower wa-
ter uptake at higher temperatures (Figure 3a). For example, it
adsorbed 0.15 g g−1 of water at 25 °C and 0.10 g g−1 at 75 °C,
when the RH was 50% (Figure 3a,b). This conventional temper-
ature dependence is attributed to the exothermic nature of water
sorption.[28] Additionally, increased temperature enhances the va-
por transport in the PAAm hydrogel.[16,17] Figure 3c shows that
the time constant of water sorption by PAAm hydrogel gradually
decreased from 14.5 to 5.0 h as the temperature increased from
25 to 75 °C.

We further performed vapor sorption analysis on the PEG hy-
drogels. With temperature-dependent crystalline-to-amorphous
transformation, the water uptake of PEG hydrogels versus tem-
perature exhibited an inverse trend ranging from 20 to 50 °C

(Figure 3d,e). Specifically, when the RH was kept as 50%, the
water uptake increased from 0.025 g g−1 at 25 °C to 0.050 g g−1

at 50 °C (Figure 3d). This result is because the crystalline poly-
mers are densely stacked and inaccessible for water molecules at
low temperatures. Within the temperature range of 20–50 °C, the
higher temperature induced more amorphous polymers, which
can imbibe more water. Note that the temperature for the tran-
sition in water sorption (Figure 3d) is in the same range as the
crystalline-to-amorphous transition (e.g., 45 ± 5 °C at 50% RH,
Figure 2e), indicating that the unusual water sorption behavior of
PEG hydrogels is mainly governed by the phase transformation.
When the temperature was above the melting point of PEG, the
PEG hydrogel was completely amorphous (>50 °C). The exother-
mic sorption dominates the water uptake again, leading to the
conventional temperature dependence similar to the PAAm hy-
drogel (Figure 3a,d). For the water uptake isotherms of PEG hy-
drogels in Figures 3e and 1d, the RH range is limited to 0–60%.
Beyond 60% RH, the higher humidity leads to the melting of
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crystalline domains in the PEG hydrogels, and the temperature
dependence returns to the conventional mode (Figure S7, Sup-
porting Information).

On the other hand, distinct water uptake kinetics of the PEG
hydrogel was also observed at different temperatures. The water
sorption time constants decreased sharply from 124 to 11 min
when the temperature increased from 25 to 50 °C (Figure 3f),
which is due to the melting of crystalline polymers (Figure 2e,g).
In addition, the sorption kinetics for PEG hydrogels (460 min
at 50 °C) were generally much faster than that of PAAm hydro-
gels (11 min at 50 °C) even when they had the same dimensions
(Figure 3c,f). The difference between the time constants of PAAm
and PEG hydrogels can be attributed to the different chain mobil-
ity. Polymer chains in PAAm hydrogels remained in a glassy state
(glass transition temperature, Tg = 220 °C) with very low mobility
for water diffusion.[29] Even though the crystalline regions in PEG
hydrogels were impermeable to water transport, polymer chains
in the amorphous regions of PEG hydrogels were in a rubbery
state (Tg = −60 °C) with high chain mobility for water diffusion
in the amorphous regions.[30]

The comparison with amorphous PAAm hydrogels reflects the
unusual behavior of PEG hydrogels in water sorption. Most poly-
mer networks fail to show such inverse temperature dependence,
because either they are hydrophobic polymers so that they can-
not absorb water effectively or their melting temperatures are not
between the freezing (0 °C at 1 atm) and boiling (100 °C at 1 atm)
points of water to maintain absorbed water in the liquid state
(Figure S8, Supporting Information). Referring to the material
library, most common polymers such as PAAm, poly(vinyl alco-
hol), and poly(acrylic acid) present usual temperature-dependent
water sorption (Figure S8, Supporting Information), while PEG
(and its derivatives, Pluronic F127) is likely one of the few com-
mercially available polymers showing the unique temperature
dependence.[31,32] Although the amount of water vapor sorp-
tion for PEG hydrogels is relatively low (<0.1 g g−1), hygro-
scopic salts and hydrophilic plasticizers can be potentially incor-
porated into the PEG hydrogel for regulating the interactions
between the water vapor and PEG and further enhancing the
water uptake.[11,33] Depending on the types and amounts of hy-
groscopic salts, the PEG–salt composites may exhibit different
temperature-responsive water sorption behaviors.[11,33,34]

2.3. Theory for the Unusual Temperature Dependence of Water
Sorption

We formulated a thermodynamic theory to elucidate the funda-
mentals of water uptake in semicrystalline hydrogels. In gen-
eral, water vapor molecules in the humid air are first adsorbed
and condense on the outmost surface of the dry polymers, and
then the liquid water molecules on the surface start to mix with
the amorphous polymer chains and further induce the volu-
metric expansion of the polymer network (Figure S9, Support-
ing Information).[17] Therefore, our theoretical framework ac-
counts for the effects of vapor adsorption on the polymer sur-
face, polymer–water mixing, polymer network deformation, and
polymer melting. At equilibrium, the chemical potentials of wa-
ter molecules in the gas phase 𝜇1,gas and in the hydrogel 𝜇1,hydrogel
are balanced[15]

𝜇1,gas (p, T) = 𝜇1,hydrogel (p, T) (1)

where p is the vapor pressure. In the gas phase, the chemical
potential of water molecules can be expressed as

𝜇1,gas (p, T) = −ΔHvap

(
1 − T

T0

)
+ RT ln (RH) (2)

where ΔHvap is the enthalpy of vaporization of water at its boil-
ing point T0, and R is the gas constant. In the hydrogel sample,
the chemical potential of water molecules is determined from the
partial molar Gibbs free energy changes when water molecules
transport from the gas phase to the hydrogel. Incorporating the
multiple processes of water uptake, we can obtain

𝜇1,hydrogel (p, T) =
(
𝜕ΔGads

𝜕n1

)
p,T

+
(
𝜕ΔGmix

𝜕n1

)
p,T

+
(
𝜕ΔGdef

𝜕n1

)
p,T

+
(
𝜕ΔGmelt

𝜕n1

)
p,T

(3)

where n1 is the moles of water in the hydrogel, ΔGads is the Gibbs
free energy change for adsorbing n1 mol of water vapor on the
surface of 1 mol of the dry hydrogel, ΔGmix is the Gibbs free en-
ergy change for mixing n1 mol of liquid water with 1 mol of the
dry hydrogel, ΔGdef is the Gibbs free energy change for deform-
ing the polymer chains in 1 mol of the dry hydrogel due to water
uptake, and ΔGmelt is the Gibbs free energy change for melting
the crystalline polymer in 1 mol of the dry hydrogel.

Specifically, the partial molar Gibbs free energy change due
to the sorption is associated with the monolayer adsorption and
multilayer liquefaction on the polymer surface, which can be de-
scribed by(
𝜕ΔGads

𝜕n1

)
p,T

= −ΔHvap

(
1 − T

T0

)
− RT ln c (4)

where c is the Brunauer–Emmett–Teller (BET) constant describ-
ing the energy difference between monolayer adsorption and
multilayer liquefaction, and c = exp((ΔHliq − ΔHads)∕RT) ,[35]

where ΔHads is the molar enthalpy of water adsorption on the
hydrogel surface, and ΔHliq is the molar enthalpy of water con-
densation (i.e., ΔHliq = − ΔHvap). Note that the above adsorption
mechanism described by Equation (4) is a unique process asso-
ciated with vapor molecule–polymer surface interaction, which
is not involved in the conventional interactions between liquid
molecule and bulk polymer, such as swelling and dissolution.
Derived from the Flory–Huggins theory,[36,37] the partial molar
Gibbs free energy change due to the mixing between amorphous
polymers and water is

(
𝜕ΔGmix

𝜕n1

)
p,T

= RT

[
ln 1

1 + (1−n3)
w

+

(
1 − 1

1 + (1−n3)
w

)

+𝜒

(
1 − 1

1 + (1−n3)
w

)2]
(5)
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where n3 is the crystallinity of polymer chains in the hydrogel, w
is the water uptake of the dry hydrogel, and 𝜒 is the interaction
parameter between amorphous polymers and water. Based on the
rubber elasticity,[38] the partial molar Gibbs free energy change
due to polymer deformation can be expressed as

(
𝜕ΔGdef

𝜕n1

)
p,T

=
EV1

3

(
1 − 1

2(1 + w)2∕3

)
(6)

where E is the Young’s modulus of the hydrogel and V1 is the mo-
lar volume of water. Note that in the PEG hydrogel, both chemical
crosslinking and physical crosslinking (i.e., crystalline lamellae)
contribute to the hydrogel elasticity. Assuming that the melting of
crystalline polymers per mol of the dry hydrogel is independent
of the water content, the partial molar Gibbs free energy change
due to polymer melting is 0

(
𝜕ΔGmelt

𝜕n1

)
p,T

= 0 (7)

Substituting Equations (2–7) into Equation (1), we arrived at an
equation describing the water uptake of hydrogels as a function
of RH and T.

ln (RH) = −
(ΔHliq − ΔHads

RT

)
+ ln

⎛⎜⎜⎝ 1

1 + (1−n3)
w

⎞⎟⎟⎠ +
⎛⎜⎜⎝

(1−n3)
w

1 + (1−n3)
w

⎞⎟⎟⎠
+𝜒

⎛⎜⎜⎝
(1−n3)

w

1 + (1−n3)
w

⎞⎟⎟⎠
2

+
EV̂1

3RT

(
1 − 1

2(1 + w)2∕3

)
(8)

With known numerical quantities of n3, E, ΔHads, and 𝜒 (Ta-
ble S1 and Figures S10 and S11, Supporting Information), Equa-
tion (8) was solved numerically. Note that Equation (8) is valid
for both semicrystalline hydrogels and amorphous hydrogels. For
the water sorption of amorphous hydrogels, n3 is zero for all RH
and T. We plotted the theoretically calculated water uptake ver-
sus temperature and RH for the PAAm hydrogel (Figure 3a,b)
and PEG hydrogel (Figure 3d,e). The water uptake of both hy-
drogels showed good agreement with experimental data. For the
PEG hydrogel, the thermodynamic theory also predicts the in-
creased water uptake with the temperature rise at 30–45 °C due to
crystalline-to-amorphous structural change (Figure 3d,e). Insert-
ing the calculated water uptake back to Equation (3), we quan-
tified how the thermodynamics of semicrystalline hydrogels is
fundamentally different from that of fully amorphous hydrogels.
In particular, the existence and evolution of crystalline polymer
chains induce additional changes in chemical potentials during
the polymer mixing 𝜕ΔGmix∕𝜕n1 and deformation 𝜕ΔGdef∕𝜕n1
(Figure S12, Supporting Information), which is the physical ori-
gin of this unusual temperature-dependent water sorption be-
havior. As a result, these changes lead to more water uptake at
a higher temperature, compared to that at room temperature.

2.4. Engineering Space for Water Sorption of Semicrystalline
Hydrogels

With our thermodynamic model, we demonstrate the tunability
of the unusual temperature-dependent water sorption by evalu-
ating the effects of various parameters on the final water uptake
at different temperatures. First, we studied the role of water–
polymer interaction in water sorption of semicrystalline hydro-
gels. Specifically, (ΔHads − ΔHliq) represents the enthalpy differ-
ence between the first-layer of water adsorption and multilayer
water condensation. The smaller quantity of (ΔHads −ΔHliq) indi-
cates a more negative value of adsorption enthalpy and a stronger
affinity between the water vapor and hydrogel surface. As pre-
dicted by our theory, the decrease of (ΔHads − ΔHliq) from −0.4
to −2.4 kJ mol−1 not only enhances the water uptake in the full
range of operating temperature, but also enlarges the difference
of water uptakes between the semicrystalline and amorphous
states (Figure 4a; Figure S13a, Supporting Information). 𝜒 , an-
other quantity that describes the interaction between liquid wa-
ter and polymers during mixing, follows the similar trend as
(ΔHads − ΔHliq); that is, a lower value of 𝜒 leads to higher uptake
among all temperatures (Figure S13b, Supporting Information).
For melted hydrogels above Tm, the slope in the plot of normal-
ized water uptake versus temperature increases with the decrease
of (ΔHads − ΔHliq) (Figure S13c, Supporting Information), while
remaining independent of 𝜒 (Figure S13d, Supporting Informa-
tion).

Besides the parameters describing the interaction between wa-
ter and polymer (e.g., ΔHads − ΔHliq and 𝜒), we also investi-
gated the effect of material parameters, in particular, the melt-
ing point (Tm) and maximum crystallinity (n3,max) of crystalline
polymers. The increase of Tm right shifted the transition point in
water uptake versus temperature (Figure 4b) due to the change
of the temperature-dependent crystallinity and Young’s modu-
lus (Figure S14a,b, Supporting Information). For the tempera-
ture range of 20–70 °C, the hydrogel will exhibit a uniformly high
water uptake if Tm = 10 °C, and a uniformly low water uptake if
Tm = 70 °C. If we keep a constant melting point but vary the maxi-
mum level of crystallinity from 0% to 70%, the transition of water
uptake between the semicrystalline and amorphous state will be-
come more significant (Figure 4c; Figure S14c,d, Supporting In-
formation). Practically, we found that the polymer melting point
(Tm) and maximum crystallinity (n3,max) can be well-controlled by
engineering the chain length of polymer networks. We tested the
crystalline-to-amorphous transition and the resulting water sorp-
tion behaviors of PEG hydrogels with different polymer chain
lengths (Table S2, Supporting Information). When the polymer
chain length between two chemical cross-linkers increased from
5 to 40 kDa, Tm and n3,max increased from 25.6 °C and 0.44 to
53.6 °C and 0.78, respectively (Table S2, Supporting Informa-
tion). The rise of melting point led to a right shift of the water
sorption curve (Figure S15a–c, Supporting Information), as well
captured by the model predictions in Figure 4b. On the other
hand, we showed that the larger maximum crystallinity resulted
in the sharper change in water sorption around melting temper-
ature (Figure S15a–c, Supporting Information), which is consis-
tent with the modeling results in Figure 4c. This proof-of-concept
experiment further demonstrates the large engineering space
for the water sorption behavior of semicrystalline hydrogels and
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Figure 4. Theoretical water uptake of the semicrystalline hydrogel as a
function of temperature in response to the changing design parameters.
a–c) Parametric analysis of the enthalpy difference between adsorption
and condensation (ΔHads − ΔHliq) (a), the melting point of the polymers
(Tm) (b), and the maximum polymer crystallinity (n3,max) (c).

confirms the validity of using the developed thermodynamic
model to guide the practical design, where we can rationally
achieve the targeted water uptake behavior through the inverse
design of adsorption enthalpy, polymer–water interaction param-
eter, melting point, and crystallinity. In contrast toΔHads −ΔHliq,
𝜒 , Tm, and n3,max, we showed that the polymer mass ratio during
sample preparation had negligible effects on water sorption (Ta-
ble S3 and Figure S15d–f, Supporting Information) because the
hydrogel was fully dried before the water sorption tests regardless

of the initial amount of water. In addition to temperature, other
physical variables (e.g., the mechanical stress, co-solvent, light,
and electric field) that can trigger the structural transformation
in semicrystalline hydrogels are highly desirable to modulate the
water sorption behavior.[39]

3. Conclusion

We have reported an unusual sorption behavior in semicrys-
talline hydrogels, where water sorption increases with temper-
ature. Using a semicrystalline PEG hydrogel as a typical material
system, we showed that its water uptake at an elevated temper-
ature (50 °C, 50% RH) is twice as high as that at room temper-
ature (25 °C, 50% RH). Through systematic characterization on
thermal, structural, mechanical, and optical performances of the
nanocrystalline structures in PEG hydrogels at different temper-
atures and RHs, we showed that the increased water uptake at a
higher temperature is due to the crystalline-to-amorphous transi-
tion of polymers. To further elucidate the underlying physics, we
developed a mechanistic model that couples the melting, mix-
ing, and deformation of semicrystalline polymers with the wa-
ter sorption process. Our model showed that the temperature de-
pendence of water sorption of semicrystalline hydrogels is fun-
damentally determined by both properties of crystalline poly-
mers (e.g., melting point and crystallinity) and interactions be-
tween amorphous polymers and water molecules (e.g., adsorp-
tion enthalpy and polymer–water interaction parameter). Specifi-
cally, the melting of crystalline polymer chains induces additional
changes in the partial molar free energy during the polymer mix-
ing and deformation, leading to more water uptake at a higher
temperature.

Our findings provide generalized molecular design principles
to realize an inverse temperature dependence of water sorption,
indicating a large engineering space to further manipulate the
water sorption of hydrogels. While this work focused on a spe-
cific material system of PEG hydrogels controlled by tempera-
ture, our analysis can be extended to understanding and engi-
neering the water sorption of hydrogels that experience different
thermoresponsive physical transitions, such as glass transition
and coil-to-globule transition, or hydrogels that are responsive to
various external stimuli, such as mechanical stress and electrical
field. In addition, we believe the unusual temperature-dependent
sorption behavior will enable a new degree of freedom to harness
moisture and heat, promising the development of various water
sorption-based technologies in humidity regulation, energy stor-
age, thermal management, and water harvesting, among others.

4. Experimental Section
Synthesis of PEG Hydrogels: The PEG hydrogel was synthesized

from tetra-amine-terminated PEG macromers (4-arm-PEG-amine,
20 000 g mol−1, Laysan Bio) and tetra-NHS-terminated PEG macromers
(4-arm-PEG-NHS, 20 000 g mol−1, Laysan Bio), following the reported
protocol. First, 100 mg of PEG-amine was dissolved in 1 mL phosphate
buffer solution with a pH of 7.4 and ionic strength of 100 mm. Then,
100 mg of PEG-NHS was dissolved in 1 mL of phosphate-citric acid
buffer solution with a pH of 5.8 and ionic strength of 100 mm. Thereafter,
both the solutions of PEG-amine and PEG-NHS were vigorously mixed
and poured into a rectangular mold with the thickness of 1.5 mm. The

Adv. Mater. 2023, 35, 2211763 2211763 (8 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 22, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202211763 by M
ichigan State U

niversity, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

final concentration of PEG-based macromers was 100 g L−1, nearly at
the overlap concentration of PEG macromers. After incubation at room
temperature for 2 h, the A-B type tetra-arm PEG hydrogel was generated
with the molecular weight of each effective strand as 10 000 g mol−1.
The PEG hydrogel was dried in an environmental chamber (RH = 0%)
overnight to get a dry PEG hydrogel. The thickness after drying was ≈

0.7 mm, measured by a caliper.
To prepare PEG hydrogels with different polymer chain lengths, dif-

ferent tetra-amine-terminated PEG macromers (4-arm-PEG-amine, 5000,
10 000, or 40 000 g mol−1, JenKem Technology USA) and different tetra-
NHS-terminated PEG macromers (4-arm-PEG-NHS, 5000, 10 000, or
40 000 g mol−1, JenKem Technology USA) were used, and the synthe-
sis followed the abovementioned procedure. Note that all of the PEG
macromers obtained from Laysan Bio or JenKem Technology USA had a
polydispersity of less than 1.07. To prepare PEG hydrogels with different
PEG mass ratios, the same tetra-amine-terminated PEG macromers (4-
arm-PEG-amine, 20 000 g mol−1, Laysan Bio) and tetra-NHS-terminated
PEG macromers (4-arm-PEG-NHS, 20 000 g mol−1, Laysan Bio) were
used. Then, different amounts of PEG-amine (50 mg or 150 mg) were dis-
solved in 1 mL phosphate buffer solution, and different amounts of PEG-
NHS (50 mg or 150 mg) in 1 mL of phosphate–citric acid buffer solution,
and the synthesis followed the abovementioned procedure.

Synthesis of PAAm Hydrogels: The PAAm hydrogel was synthesized
from radical polymerization of acrylamide (AAm, Sigma-Aldrich) and
N,N’-methylenebisacrylamide (MBAA, Sigma-Aldrich). First, 1 g of AAm,
10 mg of MBAA, and 22.8 mg of ammonium persulfate (APS, Sigma-
Aldrich) were dissolved in 10 mL of water. Oxygen was removed from
the solution through nitrogen purging for 10 min. Then, 10 μL of
N,N,N′,N′-tetramethylethylenediamine (TEMED, Sigma-Aldrich) was vig-
orously mixed in the solution and poured into a rectangular mold with a
thickness of 1.5 mm. After incubation at 50 °C for 2 h, the PAAm hydro-
gel was generated with the molecular weight of each effective strand as
10 000 g mol−1. The PAAm hydrogel was dried in an environmental cham-
ber (RH = 0%) overnight to get a dry PAAm hydrogel. The thickness after
drying was ≈0.7 mm.

Vapor Sorption Analysis: The water sorption capability and kinetics of
hydrogels were characterized via a vapor sorption analyzer (Q5000SA, TA
Instruments). The plots of water uptake versus temperature were mea-
sured at a fixed level of relative humidity (RH) and varied temperatures
ranging from 25 to 75 °C. The plots of water uptake versus RH were mea-
sured at a fixed temperature and varied RHs ranging from 0% to 90%. The
capability of water uptake was calculated by the equilibrium mass gain per
gram of dry hydrogel. The time constant 𝜏 of water uptake was calculated
by fitting the mass gain curve to the following equation:

m (t) − m (0)
m (∞) − m (0)

= 1 − e−t∕𝜏 (9)

where m(t) is the mass at time t after water vapor sorption, m(0) is the ini-
tial mass before water vapor sorption, and m(∞) is the equilibrium mass
after water vapor sorption. The value of m(∞) is determined by the mass
when dm(t)

dt
≤ 0.005% × m(0).

X-ray Scattering Measurement: To perform the X-ray scattering mea-
surement under specific conditions, the hydrogel film was pre-incubated
at a certain temperature (25 or 50 °C) and RH (0% or 50%) for 12 h,
and then transferred to a sealed sample cell holder with mica windows on
a temperature-controlled stage. The SAXS and WAXS measurement was
performed using Ni-filtered CuKa1 radiation with an X-ray wavelength of
0.154 nm and a Pilatus3R 300K detector (Dectris) in a SAXSLAB instru-
ment. A small-angle 2 mm beamstop with a sample-detector distance of
1059.1 mm was used for SAXS, and a wide-angle 2 mm beamstop with
a sample-detector distance of 109.1 mm was used for WAXS. The expo-
sure time was set as 300 s. Raw SAXS and WAXS patterns were processed
with corrections by the MATLAB-based GIXSGUI toolbox. The 2D-SAXS
and 2D-WAXS patterns were further converted to 1D profiles by conduct-
ing a circular average.

Polarized Optical Microscopy: A polarized optical microscope (Zeiss
Axioscope, POL mode) was used to characterize the organization of poly-

mer crystalline lamellae at different temperatures (25, 50, or 75 °C) and
RH (50%). The images were taken by the ZEN software with a constant
exposure time of 100 ms.

Differential Scanning Calorimetry: To measure the crystallinity under
varied conditions, a TGA/DSC (Mettler Toledo) coupled to the MHG32
humidity generator (ProUmid) was used to study the heat flow at a con-
stant RH (0%, 25%, or 50%). Around 7 mg of the PEG hydrogel was placed
into an open Alox crucible for the TGA/DSC measurement. The sample in
the TGA/DSC underwent heating–cooling–heating cycles between 25 and
85 °C (or between 25 and 60 °C, depending on the RH) at 1 °C min−1. The
atmosphere was humid nitrogen with a flow rate of 8 mL min−1. In addi-
tion, DSC (Discovery) alone was used to expose hydrogels to pure nitrogen
and study the heat flow due to both polymer and water. The hydrogels were
pre-incubated at a certain temperature (25 °C) and RH (0% or 50%) for
12 h. Around 5 mg of the PEG hydrogel was placed in a Tzero Pan for the
DSC measurement. The sample in the DSC underwent heating–cooling–
heating cycles between 0 and 150 °C at 5 °C min−1. The atmosphere was
pure nitrogen with a flow rate of 30 mL min−1.

Tensile Test: The mechanical properties of PEG hydrogels were char-
acterized by a pure-shear test.[20] The hydrogel samples were first pre-
incubated at a certain temperature (25, 50, or 75 °C) and RH (50%) for
12 h, and stretched in an oil bath at the same temperatures (25, 50, or
75 °C) using a uniaxial benchtop mechanical tester (UStretch, CellScale).
The samples had the dimensions of 4.48 mm in width, 2.74 mm in gauge
length, and 0.7 mm in thickness, which were measured using a caliper.

UV–Vis Transmittance: The transmission spectra (200–1000 nm) of
the hydrogel membranes were measured by a UV–vis spectrophotome-
ter (Evolution 60S, Thermo Fisher Scientific). The hydrogel samples
(≈ 0.7 mm in thickness) were first pre-incubated at a certain temperature
(25, 50, or 75 °C) and RH (50%) for 12 h, and then transferred to the sili-
cone oil for measurement. The UV–vis spectrum of silicone oil was used
as the background spectrum.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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