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S.1. Electromagnetic Field Calculations. To construct mean square electric field (MSEF) plots 

and calculate ATR spectra, the classical theory for electromagnetic wave propagation in multi-

layered media1-4 was applied. As discussed recently,5 the algorithms1,3,4 were executed in Matlab 

(version 9.7; The MathWorks Inc.). For Nafion, values for the complex refractive index at each 

spectral frequency, j, (𝑛"# = 𝑛# + 𝑖𝑘#), where nj is the real part and kj the imaginary part (absorption 

coefficient) of 𝑛"# were extracted from a transmission infrared spectrum of an isotropic Nafion film 

(2.5 µm) cast onto a ZnSe disk (3 mm thickness). The spectrum was recorded after the film was 

equilibrated in water vapor saturated air at 

22 °C. The nj and kj values were determined 

at 1 cm-1 increments over the 950 cm-1 – 

1400 cm-1 range. The Kramers-Kronig 

relations1-3,6 were used in conjunction with a 

model for the transmission measurement 

that enabled selection of nj and kj based on 

an iterative fit to the experimental 

spectrum.1,2 The refractive index values for 

ZnSe (n = 2.4) and air (n = 1.0) were 

assumed to be real and constant across the 

spectral range examined.   

     Figure S1 plots the x, y and z components of the MSEF intensities for propagation of 950 cm-1 

radiation through the boundary between ZnSe and the hydrated Nafion film (n = 1.61 and k = 0.02) 

at an incidence angle of 45°.4 The MSEF intensities also are expressed in terms of the 

experimentally important perpendicular (s-) and parallel (p-) polarized radiation components.4 

 
Figure S1.  Plot of MSEF intensities at 950 cm-1 for 
radiation propagation through the boundary between 
ZnSe and a hydrated Nafion film at an incidence 
angle of 45°. The y-axis is given as the MSEF 
component (<Ei

2>, where i = x, y, z, s or p) ratioed to 
the MSEF of the incident electric field within the 
ZnSe (<Eot 2>).3,4 The inset axes show the directions 
x and z relative to the ZnSe/Nafion boundary. (The y 
axis is normal to the x-z plane.) The subscripts s and 
p refer to the s- and p-polarized radiation 
components, respectively.  
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Figure S2.  Experimental ATR FTIR spectrum of a fully condensed Nafion thin film (top, red) and 
calculated ATR spectra (middle, black) for Nafion films of thickness 5 µm, 10 µm, 20 µm and 50 µm, as 
indicated, on ZnSe. The incidence angle was 45°. The Nafion nj and kj values used in the calculations 
were derived from the included experimental transmission spectrum (bottom, blue). The transmission 
spectrum was recorded from a hydrated (in water vapor saturated air), 2.5 µm thickness Nafion film cast 
onto a flat ZnSe window. The y-axis scale bar maps to both the ATR spectra (in pATR units) and the 
transmission spectrum (in absorbance units).  
 

 
Figure S3.  Plot of nj and kj for Nafion derived from the transmission 
spectrum in Figure S2 by Kramers-Kronig transformation.1-3,6  
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The plot shows the evanescent wave electric field intensities within Nafion fall to zero for depths 

> 10 µm.  

     Figure S2 contains a series of calculated ATR spectra derived from the three-phase model:  

ZnSe /Nafion /air. Effects of Nafion film thickness were examined. The calculated spectra indicate 

experimental ATR FTIR spectra should be invariant for sample thicknesses ³ 20 µm, consistent 

with the evanescent wave depths shown in Figure S1. The features in the calculated spectra for 20 

µm and 50 µm film thicknesses are in good agreement with the included experimental ATR FTIR 

spectrum. The experimental ATR FTIR spectrum was recorded from an aqueous dispersion cast 

membrane that had been dried, as indicated by the upshift of the peak at 1058 cm-1, to ensure the 

film had reached a condensed state (Figure S2). The experimental Nafion transmission spectrum 

from which the Nafion nj and kj values were derived is included in Figure S2. The nj and kj values 

are plotted in Figure S3.  

     The calculated ATR spectra are displayed in units of pATR, where pATR = -log (Rsample / 

Rreference). The R represent the total reflectance (sum of the calculated p- and s-polarization 

components), and the subscripts refer to the sample (with Nafion) and reference (without Nafion) 

states of the model.     
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S.2. Transmission Infrared Spectra 

 

S.3. Confocal Raman Measurements 
 

 
Figure S4.  Transmission FTIR spectra of Nafion ionomer (1100 EW) in the 
aqueous dispersion (4.8 wt %, Na+ exchanged form) and following thin film 
development, as indicated. The thin film was supported on a flat ZnSe window 
(see Figure S2, bottom). The spectrum of the dispersion was recorded using a 
liquid transmission cell fitted with ZnSe windows.   

 
Figure S5.  Confocal Raman spectra collected during the development of a Nafion thin film from a 
40 µL droplet of Nafion dispersion (1100 EW, Na+ exchanged form) at 7.4 wt % in water. The droplet 
was dispensed onto a glass coverslip and covered by a small glass vessel (~10 mL) that provided 
space to accommodate solvent evaporation while shielding the droplet from laboratory air currents.  
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Figure S6.  From the dataset in Figure S5, the inverse of Raman 
scattering intensity at 734 cm-1 (I734) plotted versus time. The dashed 
line highlights the region of response change just ahead of the critical 
gelation point. 
 


