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1. Detailed Thermodynamic Analysis.

We formulated a thermodynamic theory to analyze and predict the vapor uptake in the hydrogel
at different temperatures and different RHs. As the water vapor molecules in the air are
adsorbed and condensed on the solid surface of the dry polymers, the liquid water molecules
on the surface start to mix with the dry polymers and further induce the volumetric expansion
of the polymer network. The interaction between water molecules and polymers depends on the
polymer structures. For example, polymers in the crystalline state are not permeable to water
molecules, but amorphous polymers can be subject to water diffusion, dissolution, and
deformation. Therefore, our model considers the effects of water vapor adsorption, polymer-
water mixing, polymer network deformation, and polymer melting. The equilibrium water
uptake is set by these effects. At equilibrium, the chemical potentials of water molecules in the
hydrogel i1 nydroger @nd in the gas phase i, g, are equal, that is,

H1,gas »T) = .ul,hydrogel(p' T) [Sl]
where p is the current vapor pressure and T is the current temperature.

Chemical potentials of the water. The chemical potential of water molecules in the gas phase
H1,gas (0, T) can be calculated by

T p
s T) = 1o, To) + (T~ To) = cyTin (7-) + RTIn () [52]
0 0

where po is the reference pressure (generally the standard pressure of 1 atm), To is the reference
temperature (373 K), uf (p,, Ty) is the chemical potential of pure water species at the reference
state, which is assumed to zero, and c,, is the specific heat capacity of water. The saturated
vapor pressure of water is 1 atm at Ty, and the enthalpy of vaporization AH,,, is 40.7 kJ mol™.
We are able to obtain the saturated vapor pressure at the current temperature according to the
Clausius-Clapeyron equation?,

In (psatm> _ _AHvap (1 _ i) [53]

bo R

The RH is defined as the ratio of the current vapor pressure and the saturated vapor pressure
at the current temperature, that is,

p
Dsat(T)
By inserting Eqgs. S3 and S4 into Eq. S2, the chemical potential of water molecules in the gas
phase can be expressed as
T T
t1,gas(@, T) = ¢ (T — Ty) — ¢pTIn (T_> — AHy,p (1 - T_> + RT In(RH) [S5]
0 0
Compared to the last two terms, the sum of the first two terms is one order of magnitude smaller
for the temperature range T € [273 K, 373 K]. Therefore, we can simplify Eq. S5 to be
T
H1,gas »T) = _AHvap (1 - T_> + RT In(RH) [S6]
0
To introduce water molecules in the gas phase into the hydrogel, the chemical potential of water
molecules in the hydrogel 1y hydroger IS €qual to the partial molar Gibbs free energy by its
definition

RH = [S4]

Ul,hydrogel(p: T) = < [S7]

0 Ghydrogel)
ony o
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where n, is the number of moles of water. To calculate the chemical potential of water
molecules in the hydrogel, the Gibbs free energy Guyarogel after water vapor uptake should be
understood. The vapor uptake in the hydrogel involves multiple processes such as vapor
adsorption, polymer-water mixing, polymer network deformation, and polymer melting. The
Gibbs free energy for 1 mol of the dry hydrogel can be written as

Ghydrogel = Gl’?ydrogel + AGags + AGpix + AGger + AGmert [S8]
where G}(l)ydrogel is the Gibbs free energy at the reference state, AG,qs IS the Gibbs free energy

change for adsorbing n,; mol of water vapor on the surface of 1 mol of the dry hydrogel, AG i
is the Gibbs free energy change for mixing n; mol of liquid water with 1 mol of the dry hydrogel,
AGger is the Gibbs free energy change for deforming the polymer chains in 1 mol of the dry
hydrogel due to water uptake, and AG,.; iS the Gibbs free energy change for melting the
crystalline polymer in 1 mol of the dry hydrogel. The partial molar Gibbs free energy of water

. 3Gpvdrogel \ - L
in the hydrogel at the reference state, (%) is equal to ud (po, T), Which is assumed to
1

N <6AGdef) 4 ((MGmelt) (9]

T o T aony o T ony T

In the equilibrium state of water uptake, the hydrogel contains n; mol of water and 1 mol of
polymer effective strands (including n, mol of amorphous polymers and n; mol of crystalline
polymers, n, + n; = 1). When we adopt the lattice model for each component 2, ¢, ¢, and
¢ are the volume fractions of each component, and ¢, + ¢, + ¢p3 = 1. We choose the lattice
site to have the volume of one water molecule and each polymer occupies N, lattice sites, and
N, is the degree of polymerization in each polymer effective strand. Accordingly, the volume
fractions are defined as

be zero. Combing Eqgs. S7 and S8, we can reach
aAGadS) N (aAGmiX>
aony any

.ul,hydrogel(p' T) = (

(™
1 = ny + Ne
J g, = T2Ne [S10]
2 nq + Ne
nzN,
k¢3 = -
nq + Ne
The water uptake can be expressed as
$1
w = [S11]
1-¢4

Vapor adsorption. For adsorbing n, mol of water vapor on the surface of 1 mol of the dry
hydrogel, the Gibbs free energy change is

AGags = (AHags — TASags)a [S12]
where AH, 4 is the molar enthalpy of water adsorption on the hydrogel surface, AS, 4 IS the
molar entropy of water adsorption on the hydrogel surface. At the normal boiling point of water
(T, = 373 K), the vapor condensation and evaporation are at equilibrium, that is,

AGyiq|, = (BHiiq = ToASiiq)n; = 0 [513]
where AH,;q is the molar enthalpy of water condensation (i.e., AHjjq = —AH,4p), ASjiq is the

molar entropy of water condensation. We assume that the entropy change per mole of water is
the same for condensation and adsorption, and obtain
ASaqs = ASliq = AHliq/TO [S14]

3
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According to the multilayer adsorption in the Brunauer—Emmett—Teller (BET) theory 3, the
enthalpy change per mole of water for condensation and adsorption is different in particular at
the first layer, that is,

AH,gs = AHyjq — RTInc [S15]
where c is the BET constant. Combining the expressions for AS,4s and AH, 45, We arrive at the
final result:

T
AGadS = [AHliq (1 — T—) - RTIHC] nq [816]
0
Since Aﬁliq = —Aﬁvap, the partial molar Gibbs free energy change due to vapor sorption is
(aAGads) AH (1 T) RTI 517
= - - = nc
ony p.T vap T, [S17]
where the BET constant ¢ = exp (M).
RT

Polymer-water mixing. For dissolving n; mol of liquid water by 1 mol of the dry hydrogel,
the Gibbs free energy change is
AGpix = AHpix — TASpix [S18]

where AH i, i the enthalpy change due to polymer-water mixing, AS,x is the entropy change
due to polymer-water mixing. Because crystalline polymers are not involved in polymer
dissolution, we can write down the Gibbs free energy change due to mixing between amorphous
polymers and water, based on the Flory-Huggins theory 4>

AGpix = RT(nyIn ;" + nz In " + ny b, "yx) [S19]
where y is the interaction parameter between amorphous polymers and water, ¢, is the volume
fraction of water after mixing, and ¢’ is the volume fraction of amorphous polymers after
mixing (crystalline polymers excluded, ¢; + ¢," = 1), that is,

¢I _ nq _ ¢1 _ 1

Tm+nNe pit+ o, 1+(1—ng)/w [S20]
P, = nyNe 0P} _ (1—-mn3)/w

b=

n+nNe ¢1+d, 1+(1—n3)/w
Taking the derivative with respect to AG,;x, We can obtain the partial molar Gibbs free energy
change due to polymer mixing,

OAGix , , 1 2
(52) = Rriing,’ + (= ¢ (1 - =) + 21 - )] [s21]
ony o T N,
Since Ni « 1, we can simplify it to be
0AG ik , , N2
(F52) = RT[ingy" + (1= 1) + x(1 = $:)7] [522)
ony T

We further substitute ¢, with water uptake w and crystallinity n; and obtain
O8Gmix)  _ prpg ! 1 ! 1—— 2 S23
( an, )p,T_ [n1+(1—n3)/w+< _1+(1—n3)/w>+X< _1+(1—n3)/w>] [ ]

Polymer network deformation. For deforming the polymer network per mol of the dry
hydrogel, the Gibbs free energy change is

AGgef = AHger — TASqer [S24]
Since the deformation is assumed to be purely entropic, we can obtain
AGdef = —TASdef [825]

4
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The deformation-induced entropy change follows the rubber elasticity ©, that is,
kv
BSger = ——[A" + 4" + 2, =3 = In(A4:2, 2, )] [S26]

where v, is the number of effective strands, and 4,, A,, A, are the extension ratios in different
directions. When the deformation is not constrained, it shows isotropic expansion (i.e.,
Ay = 4, = A, = 1). The volumetric expansion can be given by

A3 = ! [S27]
¢+ @3
The one-dimensional extension ratio is
1
A=1+w)3 [S28]
The Gibbs free energy due to polymer network deformation can be written as
kTv,
AGger = ——[312 — 3 — 3In/] [S29]
Taking the derivative with respect to AG,,.r, we can obtain the partial molar Gibbs free energy
change is
((’)AGdef) T (3/1 3 ) dA s30
= v, _—_— ] —
on, / e 22) om, [530]
Due to the volume conservation, we obtain
nV; +V,
B=—1t" 0 [S31]
Vo

where V] is the molar volume of water and V,, is the molar volume of the dry hydrogel. If we
differentiate this expression with respect to n,, we obtain
(ﬂ) - LA 532]
on,/ 312V, [
By incorporating the above expressions for A (Eg. S28) and its partial derivative (Eq. S32) into
the partial molar Gibbs free energy change (Eq. S30), we arrive at the result of
0AGger\ 4 1 1+ w)‘1>
( an, >p,T kTv, 7 ((1 +w) >

In hydrogels, both chemical and physical crosslinkers contribute to the final hydrogel elasticity.
In semi-crystalline hydrogels, the number of polymer effective strands is higher than purely
chemically crosslinked polymers due to the presence of crystalline lamellae. We use a
measurable parameter, Young’s modulus, to represent the number of effective strands. The
expression for Young’s modulus is ’

[S33]

3kT v,
= TV_O [834]
By substituting v, with Young’s modulus, we can obtain
(aAGdef) _EV (1 1 )
on, 3 2(1 4 w)?2/3 [S35]

p,T

Polymer melting. For melting the crystalline polymer in 1 mol of the dry hydrogel, the Gibbs
free energy change is
AGpelr = (AHmelt — TASmel)n3 [S36]
At the melting point T,,, of polymer, the polymer melting and crystallization are at equilibrium,
that is,
AGmeltle = (AHmert — TnASmer)n3 = 0 [S37]
5
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We obtain the entropy change due to melting as

ASmelt = AHmert/Tm [S38]
Then we can get the simplified Gibbs free energy change due to melting
T
AGpert = AHpmer(1 — T_)nS [S39]
m
We assume the quantities of crystalline polymers and water are independent, that is, % =0.
1

Therefore, melting of the crystalline polymers in 1 mol of the dry hydrogel is independent of
the water content, the partial molar Gibbs free energy change due to polymer melting is 0, so

that,

0AG

() =0 [540]
nq p,T

Final equation. By substituting Eqgs. S6, S9, S17, S23, S35, S40 into Eq. S1, we arrive at the
final equation

In(RH) = — (W) * ln(l +(1 i ng)/W)
* (1 1+ i n3)/W) X (1 1+ i ng)/W> =l
EV, 1
T 3RT (1 201+ W)2/3)

To obtain the water uptake as a function of environmental variables w(RH, T), we need the
numerical quantities of AH,q, ¥, n3, and E for specific materials.

Material parameters. AH, 4 is the molar enthalpy of water adsorption on the hydrogel surface.
Using the PEG hydrogel as an example, we first measure the water uptake isotherms at four
different temperatures (5, 25, 50, and 75 °C) (Fig. S10A). The isotherms are converted to
isosteres, that is, plots of In(p) vs 1/T (Fig. S10B). We calculate the values of AH, 45 through
the Clausius-Clapeyron equation

AH 445
1 =__2 S42
n(p) BT +C [S42]

where p is water vapor feed pressure, T is sorption temperature, R is the ideal gas constant, and
C is an integration constant. From the Clausius-Clapeyron equation, we can obtain the values
of AH 4 to be -41.95 kJ/mol, which is slightly lower than the condensation enthalpy of water
AH,iq, Which is -40.65 kJ/mol. The difference between adsorption and condensation enthalpy
(AH,4s — AHyiq) is -1.3 kJ/mol. x is the interaction parameter between amorphous polymers
and water. According to the data in the literature®, we can see y for the PEG-water system is
almost independent of temperature and significantly affected by the volume fraction of the
polymer. In our work, we assume that y = 2.1 for PEG-water mixing®. n; is the crystallinity of
the hydrogel. Based on the TGA/DSC measurement, we obtain the numbers of n5 at varied RHs
and temperatures, and use linear dependence and Fermi-Dirac distribution to approximate the
function of n;(RH) and n3(T), respectively (Fig. S9B,C). Therefore, the crystallinity can be
estimated by

. T—T,
nz;(RH,T) = n3’;na * [1 — erf( p m)] [S43]
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where n3 may IS the maximum crystallinity, T;, is the melting temperature, and u is a fitting
parameter.

Furthermore, E, Young’s modulus of the hydrogel, follows the similar temperature and
humidity dependence as crystallinity, because of the crystalline lamellae as a major crosslinker

in the semi-crystalline hydrogels. Therefore, we can write down the fitting function for Young’s
modulus as

) ] T —T,
E(RH,T) = 2o, [1 - erf( ; ’")] + B [S44]
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2. Supplementary Tables
Table S1. Material parameters for PEG and PAAmM hydrogels in the thermodynamic analysis.

Parameters PEG PAAM
AH .45 (kJ/mol) -41.95 -43.65
AH,;q (kJ/mol) -40.65 -40.65

X 21 2.1

V4 (m3mol) 1.8x10° 1.8x10°

N3 max 0.66 0
Tn (°C) 46.5 /
u 2.0 /
E nax (KPa) 77000 77000
E in (KPa) 46 77000
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Table S2. Maximum polymer crystallinity and melting temperature of PEG hydrogels with
different molecular weights of polymer chains.

. M I .
Molecular weight of ax potymer Melting temperature, T,
. crystallinity, o
polymer chains (°C)
n3,max
5kDa 0.44 25.6
10kDa 0.58 38.0
20kDa 0.66 46.5
40kDa 0.78 53.6
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Table S3. Maximum polymer crystallinity and melting temperature of PEG hydrogels with
different PEG mass ratios during sample preparation.

PEG mass ratios Max polymer
during sample crystallinity, Melting point, T, (°C)
preparation N3 max
5 wt% 0.61 45.8
10 wt% 0.66 46.5
15 wt%o 0.67 49.6

10



3. Supplementary Figures
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Figure S1. Water vapor uptake isotherms of the MOF-801 ° 1° (a), silica gel ** (b), and PAAmM
hydrogel (c) in g/g as a function of RH at different temperatures.
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the PEG hydrogels at different temperatures (a) and RHs (b). There are highly ordered
spherulites at 25 °C and 50% RH, while increasing temperature or RH will lead to the
disappearance of the spherulites (all black images at 75 °C and 50%, as well as 25 °C and 90%).
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Figure S3. DSC thermographs of the PEG hydrogels when they are pre-incubated at the RH of
0% (a) and 50% (b) for 12 h.
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Figure S4. SAXS profiles of the PEG hydrogel at different temperatures when the RH is kept
at 0% (a) and 50% (b).
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Figure S5. (a) Stress-strain curves of the PEG hydrogel when they are pre-incubated at the RH
of 50% for 12 h, and tested at different temperatures of 25, 50, and 75°C. (b) Images of the PEG
hydrogel at 25°C under uniaxial tension with the strains of 0, 5, and 10. (c) Images of the PEG

hydrogel at 50°C under uniaxial tension with the strains of 0, 5, and 10.
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Figure S6. UV-visible transmittance spectra of the PEG hydrogels when they are pre-incubated
at the RH of 50% and different temperatures of 25, 50, and 75°C for 12 h.
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Figure S7. (a) Water uptake of the PEG hydrogel as a function of RH (RH range: 0-100%) at
different temperatures. (b) Water uptake of the PEG hydrogel as a function of RH (RH range:
0-60%) at different temperatures. The water uptake shows the unusual temperature dependence
within the RH range of 0-60%, but the normal negative dependence on temperature within the
RH range of 60-100%.
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Figure S8. Melting temperatures and wettability information of common polymers. The yellow
region highlights the polymers that are expected to exhibit the unusual temperature dependence
of water sorption. The melting temperature and wettability data were obtained from Ref. 2. PC,
polycarbonates; PVC, polyvinyl chloride; PET, polyethylene terephthalate; PS, polystyrene;
PE, polyethylene; PP, polypropylene; PMMA, poly(methyl methacrylate); PIB,
polyisobutylene; BR, polybutadiene; PDMS, polydimethylsiloxane; PVA, polyvinyl alcohol;
PAAm, polyacrylamide; PAA, polyacrylic acid.
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Figure S9. The model of water sorption by dry hydrogels accounts for the effects of vapor
adsorption, polymer-water mixing, polymer network deformation, and polymer melting. The
vapor adsorption process describes how the water vapor molecules interact with the polymer
surface. The polymer-water mixing process describes that the adsorbed water molecules diffuse
inside the polymer network, which is equivalent to the absorption process.

19



WILEY-VCH

a b
100
S
fp 09/ RH \-’x 80 — oc -
3 ’ g | Ny O (RH-1)
] < o be
= -4 S~
3 o . z ~e.
o P 2 .
50% RH % 20 T~
T, = T
T T | \ ' | 0 T I | T
30 40 50 60 0 20 40 60 80 100
Temperature (°C) Relative humidity (%)
c d
100 25 — |
g t _ .
= 80 - 0% RH n,=0.5n, *{1-erf [(T-T, )iu]} S 20 yupa |E7OSEm N {1erf (T} +E,,
e ! . w
S 60 - . & 15 -
= 3
IS 2 50% RH
T 40 - g 10— :
172} 3
= @
© 20 1 50%RH S 5 47 kPa
2
0 | \ ! | \ 0 | | T | -
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)

Figure S10. (a) DSC thermographs of the PEG hydrogel when the RH is kept at 0%, 25%, and
50%. (b) Maximum crystallinity as a function of RH. (c) Crystallinity as a function of
temperature. (d) Young’s modulus as a function of temperature. Solid dots: experimental data,
dash line: fitting curves.
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Figure S11. (a) Water vapor uptake isotherms of the PEG hydrogel as a function of vapor
pressure at temperatures of 5, 25, 50, and 75°C. (b) In(p) as a function of 1000/T at different
level of water uptake.
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Figure S13. (a-b) Theoretical water uptake of the semi-crystalline hydrogel as a function of
temperature in response to the changing enthalpy difference in adsorption and condensation
(AH,4s — AHjiq, @) and interaction parameter between PEG and water (y, b). (c-d) Theoretical
normalized water uptake of the semi-crystalline hydrogel as a function of temperature in
response to the changing enthalpy difference in adsorption and condensation (AH,qs — AHjig,
c) and interaction parameter between PEG and water (y, d). The water uptake is normalized by
the maximum water uptake.
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Figure S14. (a-b) Crystallinity as a function of temperature in response to the changing
melting point (Ty,, a) and maximum crystallinity (13 max, b). (c-d) Young’s modulus as a
function of temperature in response to the changing melting point (7, ¢) and maximum
crystallinity (n3 max, d).
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Figure S15. Water uptake of the PEG hydrogel samples as a function of temperature at RH =
50%. The PEG hydrogel samples have different molecular weights of polymer chains ranging
from 5 kDa (a), 10 kDa (b), and 40 kDa (c) and the same PEG mass ratios during sample
preparation (10 wt%, a-c). Other PEG hydrogel samples also have the same molecular weights
of polymer chains (20 kDa, d-f) and different PEG mass ratios during sample preparation
ranging from 5 wt% (d), 10 wt% (e), and 15 wt% (f). Vertical dash lines represent the melting
temperatures (Tm), solid dots represent the water uptake below Tm, and hallow dots represent
the water uptake above Tm.
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