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1. Experimental section 

1.1 Sorption isotherms 

 

Figure S1. Sorption isotherms of Aquivion 790g/eq and Nafion 1100g/eq versus the relative 

humidity (RH). The water content is expressed as the water volume fraction, w (left), or the 

local hydration number , defined as the number of water molecules per sulfonic acid group 

(right). 

 

2. Nanostructure by SAXS. 

 

Figure S2. a) 1D SAXS spectra of Aquivion membranes as a function of the hydration number 

. b) Mean separation distance between hydrophobic aggregates, diono, obtained from the ionomer 

peak position Qiono, e.g. diono= 2/Qiono versus for Nafion (1100 g/eq) and Aquivion (790 and 

850 g/eq). The mean size of aggregates is obtained from the extrapolated value in dried state, d0 

= diono (=0). We find d0 = 29 Å in Nafion and 24 Å in Aquivion. 
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3. Quasi-Elastic Neutron Scattering (QENS): data analysis and parameters. 

Models with variable degree of sophistication can be used to interpret QENS data, depending on 

the targeted information and the complexity of the expected intertwined mechanisms. For 

instance, analysis based on single-Lorentzian line shapes can be used to rapidly grasp the salient 

features of the dynamics, or compare first-order effects in distinct systems. We have followed 

this approach to compare the behavior of a large set of PFSA materials, establishing some 

common features.1 On the other hand, a more complete description can require: i) the collection 

of QENS spectra on extended timescales; ii) the simultaneous analysis of multiple data-sets 

using a single model over the entire Q-range; and iii) an iterative data fitting process, without 

undefined parameters. This program can only be realized by combining experimental data taken 

at different spectrometers (ToF and BS) with different resolutions. 

Multi-resolution QENS experiments were therefore conducted on hydrated Aquivion 

membranes.  Data were analyzed using the method developed in Perrin et al.,2 based on the 

Gaussian model for translational diffusion.3 Here we present a brief description of the 

methodology and modeling, all details can be found in the publications. 

3.1 Multi-resolution QENS data analysis 

Data taken on the time-of-flight and backscattering spectrometers were corrected using standard 

data reduction procedure as detailed by Perrin et al.,2 including background and detector 

efficiency corrections. The total dynamical structure factor Stot(Q,), being the energy transfer 

and Q the momentum transfer, of hydrated Aquivion membranes are displayed at selected values 

of Q in Fig. S4-S7. Together with the experimental data, we show the total theoretical function 

used for fitting and the various components included in the model. The experimental Stot(Q,) 

obtained over an extended time-scale (instrumental resolution from 1 µeV to 100 µeV) are nicely 

reproduced at all hydrations and over the whole Q-range considering the existence of two 

populations of protons, labeled as fast (F) and slow (S) protons. The total dynamical structure 

factor Stot(Q,) writes: 

𝑆𝑡𝑜𝑡(𝑄, 𝜔) = 𝐴[𝑁𝐹𝑆𝐹(𝑄, 𝜔) + 𝑁𝑆𝑆𝑆(𝑄, 𝜔) + 𝑃(𝑄)] ⊗ 𝑅𝑒(𝑄, 𝜔) + 𝐵(𝑄)  (Eq.1) 
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where A, NF, NS, SF(Q,), SS(Q,), P(Q), Re(Q,) and B(Q) stand respectively for an amplitude 

factor containing the Debye Waller factor, the numbers of protons involved in the fast and slow 

dynamics, the fast and slow protons dynamical structure factors, the elastic contribution arising 

mostly from coherent contribution from the polymer matrix, the resolution function and a 

background. A phenomenological analysis of the data using two Lorentzian-shaped quasi-elastic 

components allow to identify the typical time-scales and nature of the molecular motions, e.g. 

slow protons are characterized by localized motions (Q-independent width of the slow 

Lorentzian) on the time-scale of S ~100 ps, while fast protons have a diffusive behavior 

(broadening of the width of the fast Lorentzian component) on the time-scale of  ~ few ps. Once 

these features established, one can proceed to a more sophisticated analysis comprising modeling 

of the different dynamical processes, e.g. the fast diffusive component is described using the 

extended Gaussian model, and the slow localized motions are described using hopping between 

two sites, as schematized in Fig. S3. 

 

 

Figure S3. Schematic representation of 

the model used for the analysis.3 Fast 

motions (left) are analysed using the 

extended Gaussian model, which is based 

on using a random Gaussian displacement 

variable. The species are confined in a 

water droplet of mean size 6. The intra-

droplet motions are characterized by the 

local diffusion coefficient Dloc and the 

elementary time . Inter-droplet diffusion 

is also accounted for and quantified by the 

nanoscale diffusion coefficient Dnano.  The 

distance between two confinement 

domains, 2L, is defined as 

(𝐷𝑛𝑎𝑛𝑜 𝐷𝑙𝑜𝑐 = 𝑒𝑥𝑝[− 𝐿2 (8𝜎2)⁄ ]⁄ ). The 

slow localized motions are analysed using 

a back-and-forth hopping between 

equivalent sites, characterized by the 

residence time s and the jump distance s. 

The number of fast and slow protons are 

labeled as NF and NS. 

 

 



 5 

The slow protons dynamical structure factor Ss(Q,) is the sum of an elastic term and a 

Lorentzian quasielastic component:  

𝑆𝑆(𝑄, 𝜔) = 𝐴𝑆(Q)δ(ω) + (1 − 𝐴𝑆(Q))𝑆 (𝑆
  2 + 𝜔2)⁄       (Eq.2) 

where 𝑆 stands for the Half Width at Half Maximum (HWHM) of the quasielastic component 

and As(Q) is the structure factor of the localized motions. The associated characteristic time S is 

defined as S = ħ/
𝑆

 . 

The fast protons structure factor SF(Q,) is the fourier transform of the intermediate scattering 

function SS(Q,t) which writes within the Gaussian model formalism: 

𝐼𝐹(𝑄, 𝑡) = 𝑒𝑥𝑝 [−𝑄²𝜎² (1 − 𝑒𝑥𝑝 (−
𝐷𝑙𝑜𝑐𝑡

𝜎²(1+2𝐷𝑙𝑜𝑐𝑄²𝜏
))] × 𝑒𝑥𝑝(−𝐷𝑛𝑎𝑛𝑜𝑄²𝑡)   (Eq.3) 

where Dloc, , Dnano, stand for the local diffusion coefficient inside a confinement domain (so-

called droplet), the characteristic time of the local jump diffusion, the confinement domain 

(droplet) size, and the long-range (inter-droplet) diffusion coefficient, respectively. 

The data analysis using the total dynamical structure factor of Eq. 1 is performed simultaneously 

on the multi-resolution sets of QENS data through a back-and-forth procedure, as described in 

our previous study on Nafion membranes. We find a very good agreement between the 

experimental spectra of each hydrated Aquivion membranes and the model using a single set of 

parameters (NF, NS, Dloc, ,, Dnano, S and s) (Fig. S4-S7). This is achieved at each 

instrumental resolution (1, 20, 30, 90 and 100 µeV) and over the whole Q-range, which strongly 

supports our interpretations and assesses the fitting procedure. Although a number of parameters 

have to be adjusted, they are unambiguously established given the number of constraints 

imposed by the extended set of data to be consistently reproduced simultaneously. 
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Figure S4. S(Q,) BS spectra of Aquivion membrane hydrated at RH = 22% measured on IN16 

(at ILL). Q values are given in the figure. Data are fitted with Eq.1: fit (red line), SF(Q,) (purple 

line), SS(Q,) (Eq.2, dashed red line), P(Q) (green line). 
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Figure S5. S(Q,) ToF spectra of Aquivion membrane hydrated at RH = 22% measured on IN5. 

Q values and incoming wavelength are given in the figure. Data are well reproduced over the Q-

range using Eq.1 based on the generalized Gaussian model: fit (red line), SF(Q,) (purple line), 

P(Q) (green line). 
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Figure S6. S(Q,) ToF spectra of Aquivion membrane hydrated at RH = 11%, 22% and 100 % 

RH, measured on IN5. Q values, RH and the incoming wavelength are given in the figure. Data 

are well reproduced over the hydration range using Eq.1 based on the generalized Gaussian 

model: fit (red line), SF(Q,) (purple line), P(Q) (green line). 

 

 



 9 

 

Figure S7. S(Q,) ToF spectra of Aquivion membrane hydrated at 11% and 98% RH, measured 

on Mibémol. Q values, RH and the instrumental resolutions are given in the figure. Data are well 

reproduced over the Q-range and the various hydrations using the generalized Gaussian model: 

fit (red line), SF(Q,) (purple line), P(Q) (green line), B(Q) (black dashed line). 

 

3.2. Parameters and their dependence upon hydration. 

 

Values of the parameters: S, Dloc and Dnano were extracted from the fit of the extended set 

of QENS spectra. NF, NS, and S are extracted from the slow motions quasielastic structure factor 

analysis (see explanations below). All parameters are summarized in Tables S1 (slow dynamics) 

and S2 (fast dynamics), and plotted in Fig. S8-S10. Table S3 assembles the structural and 

dynamical parameters used in Fig. 4. 
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RH (%)  2
S
 (Å) 

S
 (µeV) 

S
 (ps) N

S
 N

F
 

Dry 1.2 2.0 ± 0.2 1.5 ± 0.4 439 ± 117 3.4 - 

11 3.7 2.70 ± 0.15 1.75 ± 0.3 376 ± 64 4.2 4.2 

22 5.2 2.80 ± 0.14 2.0 ± 0.3 329 ± 49 5.2 6.2 

52 5.8 3.20 ± 0.12 2.5 ± 0.3 263 ± 32 3.7 8.9 

75 7.1 3.60 ± 0.12 3.5 ± 0.4 188 ± 21 3.4 11.8 

85 8.3 4.00 ± 0.12 3.75 ± 0.5 175 ± 23 3 14.6 

98 15.8 4.3 ± 0.2 4.0 ± 0.5 165 ± 21 3.7 28.9 

Table S1. Aquivion slow dynamics parameters obtained from the fits with the generalized 

Gaussian model. 

 

RH (%)  2 (Å) 
D

loc
 (10

-5
 

cm²/s) 
 (ps) 

D
nano

 (10
-5

 

cm²/s) 

11 3.7 1.0 ± 0.5 0.40 ± 0.04 6 ± 1 0.10 ± 0.03 

32 4.4 1.5 ± 0.5 0.65 ± 0.06 5.0 ± 0.5 0.15 ± 0.03 

22 5.2 1.5 ± 0.6 0.65 ± 0.05 5.0 ± 0.5 0.15 ± 0.02 

52 5.8 2.0 ± 0.4 0.90 ± 0.02 5.0 ± 0.5 0.20 ± 0.02 

75 7.1 3.0 ± 0.2 0.90 ± 0.02 5.0 ± 0.5 0.30 ± 0.04 

85 8.3 3.4 ± 0.3 0.95 ± 0.02 4.5 ± 0.4 0.33 ± 0.05 

90 10.1 3.6 ± 0.3 1.00 ± 0.02 4.0 ± 0.3 0.35 ± 0.10 

98 15.8 4.0 ± 0.3 1.20 ± 0.02 4.0 ± 0.3 0.5 ± 0.1 

100 21.5 4.0 ± 0.3 1.5 ± 0.02 3.0 ± 0.3 0.5 ± 0.1 

Table S2. Aquivion fast dynamics parameters obtained from the fits with the generalized 

Gaussian model. 
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Table S3. Parameters used for Figure 4. Diffusion coefficients are given at the local (Dloc, 

extracted from QENS), nano (Dnano, extracted from QENS) and micrometric scale (DS, measured 

by PFG-NMR). lexp is the associated length scale. It corresponds to 2, 2L and (6DSt)1/2, 

respectively. 

 

The number of fast and slow protons, NF and NS, are reported in Fig. S8a together with those of 

Nafion membranes. NF linearly increases with hydration, while NS is hydration-independent, 

with a mean value of 3 protons per ionic groups. The characteristic times associated to each type 

of motions are shown on Fig. S8b for both Aquivion and Nafion. 
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Figure S8. (a) Number of protons involved in the fast (NF) and slow motions (NS) as a function 

of the hydration number. (b) Characteristic times of fast () and slow (S) populations. Data are 

compared to Nafion (grey).2 

 

In Fig. S9a, the evolution of the quasielastic intensity with hydration of the Aquivion’s slow 

component SS(Q,) is reported. AS(Q) is experimentally determined from the ratio of the two 

quasielastic component integrals (the slow component / the fast one). With this method, the 

Debye-Waller factor is eliminated, and we directly obtain the quantity AS(Q)×NS/NF. The latter 

is fitted with the Gaussian model EISF:3 𝐴𝑆(𝑄) = 1 − exp (−𝑄2𝜎𝑆
2) where 2S is the jump 

distance (see Fig. S3). S, the residence time is determine with the backscattering QENS 

measurements (IN16, Fig. S4). The ratio NS/NF is determined from the previous fit, and each 

value are obtained from the relation NF + NS = 2+1. The evolution of S and 2S with the 

hydration is shown in Fig.  S9b,c, for Nafion,2 PFOS,4 and Aquivion. 
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Figure S9. Evolution with the hydration of a) the structure factor AS(Q)×NS / NF, and b) the jump 

distance 2S, and c) the residence time S. Data are compared to Nafion2, and PFOS.4 

 

 

 

Figure S10. Confinement sizes 2 (left) and characteristic relaxation times  (right) versus  

obtained for the fast protons of the Aquivion membrane. Data are compared to Nafion.2 
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4 – Self-diffusion coefficient of water by PFG-NMR. 

 

 

Figure S11. Aquivion self-diffusion 

coefficient of water, DS, determined 

by PFG-NMR and plotted versus 1-

w. The values in Aquivion are 

compared to those found in Nafion 

and PFOS.1 The behavior at large 

water volume fraction is found to be 

independent of the details of chemical 

architecture, as due to the driving 

“obstacle mechanism”, e.g. water 

molecules diffuse within large water 

pools embedding hydrophobic 

aggregates. 

 

 

5 – MD simulations. 

 

 
Figure S12. MSD(t) of water molecules in Aquivion and Nafion as a function of the hydration. 

MSD(t) are calculated as described in ref5. 
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Figure S13. MSD(t) of hydronium ions in Aquivion and Nafion as a function of the hydration. 

MSD(t) are calculated as described in ref5. 

 

Material Model 
Fast component  

(Fig. 4-5) 

Slow localized 

jumps (Fig. 6) 

Nafion2 GMLTM6 Localized diffusion: , Dloc,  2s , s 

Aquivion (this work) 

 

Aquivion4 

GMLTM6 

 

Multi-lorentzian 

Fickian diffusion: Dnano 

 

Confined random jump diffusion: , Dloc,  

2s , s, Dslow 

 

s 

PFOS7 

 

PFOS4 

GMLTM 

 

Multi-lorentzian 

, Dloc, Dnano 

 

Confined random jump diffusion: , Dloc,  

- 

 

s 

Table S4. Models used in this work and previous publications. 
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