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Materials and methods 

Extruded N117 (thickness 183 μm, equivalent weight (EW)=1100, Dupont, Ion Power Inc.) 

membranes were used for the experimental characterization of Nafion in salt (Li+, Na+, Cs+) ionic 

form.  

Diffusion coefficients were measured by pulsed field gradient technique of 7Li, 23Na, 133Cs 

nuclei at frequencies 155.51, 105.84, 52.48 MHz, respectively, on Bruker AVANCE-III-400 NMR 

spectrometer, equipped with the diff-60 gradient unit. The pulsed field gradient stimulated echo 

sequence was appliedS1,S2 .  

The evolution of spin echo signal is described by the following equation: 

𝐴(𝑔) = 𝐴(0) exp(−𝛾2𝑔2𝛿2𝑡𝑑𝐷𝑠),    (1) 

where γ is nuclear gyromagnetic ratio, g is gradient pulse amplitude, δ is gradient pulse duration, 

td =Δ-δ/3 is the diffusion time, Δ is an interval between gradient pulses and Ds is the diffusion 

coefficient. The gradient strength was varied linearly in 32 steps within a range from 0.1 to 27 T/m 

value. The integrated intensities of spectrum lines were used to obtain the dependence of echo 

signal attenuation on g2 (diffusion decay). 

Experimental diffusion decays are well approximated by equation 1 in 2-3 orders of 

magnitudes, diffusion coefficient measurement error was less than 10%. 

Spin-lattice T1 and spin-spin T2 nuclear relaxation times were measured using 180o-τ-90o 

and Carr-Purcell-Meiboom-Gill (90о-τ-n180o) pulsed sequences, correspondingly. Longitudinal 

magnetization Mz recovery and transverse magnetization Mx.y decay were approximated by 

exponential dependences for 7Li, 23Na, 133Cs nuclei.  

NMR spectra of 7Li, 23Na and 133Cs nuclei belong to Li+, Na+ and Cs+ cations are singlet 

lines, which width is rather narrow even at temperature below 0oC that indicates the high cation 

mobility at low temperature.  

The nuclear spins of 7Li, 23Na are 3/2, but 133Cs nuclear spin is 7/2. For these nuclei the 

main relaxation mechanism is quadrupole relaxation. For nuclear spin is 3/2: 
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where ω – NMR frequency; Ѳ – a rotation angle of equilibrium magnetization М0 during radio 

frequency pulse; J(λω) – spectral densities on the frequencies λω (λ=0, 1, 2).  

𝐽𝜆 = 0.1 ∙ 𝜋2 ∙ 𝜒2 ∙ 𝐽(𝜆𝜔),    (4) 

𝜒 = 𝑒𝑄 ∙
𝑒𝑞

ℎ
,      (5) 

where τ – correlation time; Ea – activation energy. 

Equations (2), (3) are exponential at short correlation time if (ωτ)2<<1. Magnetization 

kinetic curves are exponential at high temperature. With temperature decreasing magnetization 

1≤(ωτ)2 and kinetic curves should be two exponential shape, but it may be not success to observe 

two exponential curves experimentally especially for longitude magnetization recovery. 
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