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This supporting information details the water-vapor uptake experiment using the DVS, additional 

SAXS and WAXS profiles, and the derivation of the model equations. 
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Uptake in Water Vapor 

As mentioned, the uptake in water vapor for the various membranes was measured using DVS. In this 

test, as shown in Figure S1, the humidity was increased in steps of 10%, where the membrane was 

equilibrated at each RH step for at least 2 hours or until the change in the weight ∆M/M0 was less than 

0.005%/min. The weight of water absorbed by the sample, Mw, is determined from the measured weight 

of humidified sample, M, and the initial weight, M0. The water content (or hydration number), λ, is 

determined at the end of each RH step from 
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where 
dry

pM  is the weight of the polymer sample in reference dry state, EW [g/mol] is the equivalent 

weight of the ionomer (1100 g/mol) and wM  is the molar weight of water (18 g/mol). After completion 

of a sorption-desorption cycle, samples were heated in DVS up to 120°C and weight measurement was 

continued for another hour. From the difference between 'dry' weight measured initially at 25°C (0% 

RH) and that at 120°C, residual water content, λres, is calculated: 
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Therefore, the reference dry state for weight 
dry

pM  shall be taken as the minimum weight measured for 

the sample during drying.  
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Figure S1 DVS data showing RH and mass gain as a function of a sorption/desorption cycle. 
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SAXS Profiles 

 

Figure S2 Domain spacing of predried and preboiled Nafion 117 membrane as a function relative 
humidity and in liquid water at 25°C. 

 

Figure S3 Unprocessed scattering profiles in for Nafion 117 during a heating/cooling cycle. The 
peak around 0.3 Å-1 is due to the kapton window in the stage. The profiles in the main 
text are corrected for background and plotted in the higher q range. 
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Figure S4 Wide-angle scattering profiles for as-received and preboiled Nafion 117 membrane 
during heating in liquid water. 
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Model 

The water activity within the polymer is described as
1
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where χ is Flory–Huggins interaction parameter, pφ  is the volume fraction of the polymer, which may 

also include the bound water, λ
B
, strongly attached to ionic groups as part of the polymer. Fraction of the 

polymer including the bound water can be written as 

)/()( wpwpp VVVV B λλφ ++= , (S4) 

Bound water  in the membrane can be determined from various methods as explained in references.
2-4

 

One of the key parameters characterizing the chemical energy is the interaction parameter, which was 

reported to be between 0.9 and 2.2 from sorption analysis
2, 5, 6

 and simulations
7, 8

, at various levels of 

hydration. In this work, we adopted the following expression from our earlier work
9
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where Sχ  and Tχ  are the components of the interaction parameter controlling the swelling and 

temperature effects, respectively. The parameter Tχ  was attributed to the interactions arising from the 

change in the phase of water and the associated changes in membrane morphology. 

Figure 11 in the text shows the model predictions, and the parameters used in the model are Sχ = 1.9, 

and Tχ  = 0 (as the membrane is in vapor phase at room temperature). A higher backbone modulus, Eb,  

is used for the dried membrane, which is calculated from the modulus of the dry membrane, Edry, using 

the mechanics model explained in references 
10, 11

 which is simply a scaling approach in the following 

form 
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where m is a geometric parameter based on the shape of the ionic groups which is assumed to be 

spherical as the membrane is in dry state. Details of the calculations and determination of scaling 

parameters can be found in reference.
11

 This model assumes, from a mechanistic perspective, that the 

backbone excludes the ionic groups (and also the bound water) and therefore uses the fraction of 

sulfonic acid (SO3) ionic groups in the dry membrane to determine the contribution of the polymer 

backbone to the measured modulus of the membrane. Fraction of SO3 groups in the membrane can be 

easily calculated from the equivalent weight (EW) and density of the dry membrane, i.e.: 

dry

SO3 ρ
φ

EW
=  (S7) 

In this study, EW is 1100 g/mol and density of the dry membrane is taken to be 2.05 g/cm
3
. Finally, 

backbone modulus of the membrane is taken to be ~320 MPa and 420 MPa for the preboiled and dried 

membrane, respectively. These values are determined from the modulus of the dry membrane which is 

measured by means of the compressive stress-strain curves discussed in the text. Compressive modulus 

of the membrane is determined from the slope of the initial linear portion of the stress-strain curve for 

strains below 0.02.  
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