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Scientific Progress

1) Statement of the problem studied
Infrared (IR) spectroscopy is ideal for the study of ionomer membranes in terms of state-of-hydration and ion-exchange. Our lab 
has developed a method of IR normal mode assignment based on the local symmetry of the ionomer exchange site. The use of 
the SPECAC high pressure/high temperature cell enabled time-dependent spectroscopy of the ionomer membrane during 
dehydration. Previously we have identified certain IR bands (1061 cm-1 and 969 cm-1) in hydrated Nafion (corresponding to a 
local C3V exchange site symmetry). When the membrane is dehydrated, the C3V bands diminish while a pair of other bands 
(1414 cm-1 and 910 cm-1) corresponding to a local C1 exchange site symmetry (dehydrated state). The combination of vacuum 
and heat during dehydration allowed us to reach levels of rigorous dehydration never before achieved. The spectra of fully 
dehydrated Nafion was published in Doan et al. [1] (Fig. 2). This is the first time complete disappearance of the 1061 cm-1 band 
has been observed. 
2) Summary of the most important results
The SPECAC cell was used in the ion-exchanged, state-of-hydration membrane studies. The results were published in Polymer 
[1]. Metal ions (M) with Δhyd below 550 kJ/mol alter the exchange site at all states-of-hydration. They bind with C3V symmetry 
and exhibit high orbital overlap with the sulfonate sulfur and oxygen atoms. The Nafion-[H] C3V,LF (primarily sulfonate 
stretching) vanishes at full dehydration with retention of the C3V,HF (primarily ether link stretching). Theoretical Nafion-[M] C3V,
LF bands (e.g., 940 cm-1 for Li+) are not experimentally observed. Hydration waters of ions with Δhyd > 1800 kJ/mol cannot be 
displaced by sulfonate oxygens. Thus, the Nafion-[H] C3V,LF persists at all states of hydration.
Funds were also used to purchase a spin coater which has been used to spin ionomer thin films (Nafion, SPEEK, and alkaline 
FAA-3) onto SiO2 and Pt wafer surfaces. These samples can then be used for different types of reflectivity measurements, 
which include polarization modulated infrared reflection absorption spectroscopy, X-ray reflectometry, and neutron 
reflectometry. In PM-IRRAS, the combination of electric field enhancement and the surface selection rule, allows us to 
determine which functional groups are ordered by adsorption to the surface. The IR normal modes that have a transition 
moment perpendicular to the surface are enhanced. Previous results show that the SO3- group and CF3 groups are involved in 
the self-assembly of Nafion on Pt. [2] This is in contrast to SPEEK, which does not have the flexible side chain functional groups 
that Nafion contains. Instead the SO3- group is located directly on the aromatic backbone, limiting the mobility of the 
hydrophilic/hydrophobic phase separation. PM-IRRAS of SPEEK thin films on Pt shows the enhancement of backbone normal 
modes, particularly COC stretching. Interestingly, at this stage we do not see much PM-IRRAS enhancement SO3- contribution 
to the interface. Neutron reflectometry results obtained at the NIST Center for Neutron Research in Gaithersburg, MD are 
currently being fitted (SPEEK on Pt and SiO2, FAA-3 on Pt). 
The Agilent GC is currently being used to analyze results of a project involving isomerization of olefins through a flow reactor 
fuel cell. Typically, H2 is flowed through the anode of a fuel cell and O2 is flowed through the cathode of the fuel cell. The H2 
dissociates into protons and electrons, with the protons travelling through an ionomer membrane (e.g., Nafion or SPEEK) to the 
cathode and the electrons travelling through an external circuit. The protons and electrons combine with the O2 at the cathode, 
producing current. In our setup, olefins are flowed through the cathode, where the protons are present at the catalytic layer. The 
olefins adsorb onto Pd and the protons cause isomerization, in the form of shifting double bonds, methyl groups, etc. The 
results are analyzed using the GC that was purchased from the grant funding. Preliminary results show isomerization of 2 
methyl 2 pentene, but we are in the process of reproducing the results and developing a better method of sampling to the GC. 


3) Bibliography
1. Doan J, Navarro NE, Kumari D, Anderson K, Kingston E, Johnson C, Vong A, Dimakis N, and Smotkin ES. Polymer 2015;
73:34-41.
2. Kendrick I, Kumari D, Yakaboski A, Dimakis N, and Smotkin ES. Journal of the American Chemical Society 2010;132(49):
17611-17616.
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Abstract: Dehydration studies of ionomer (Nafion and SPEEK) membranes were accomplished using a 

high pressure/ high temperature infrared cell. Categorization of ionomer exchange site normal modes 

by exchange site local symmetry enabled correlation of the exchange site structure to state-of-

hydration. Polarization modulated infrared reflection-absorption spectroscopy experiments are enabled 

by the use of a spin-coater to coat SiO2 and Pt surfaces with ionomer solutions. PM-IRRAS allows for the 

determination of what ionomer functional groups are ordered by the Pt surface and are involved in 

adsorption. Also, the ionomer membranes are being used in a specialized reaction system, where olefins 

are isomerized and analyzed using a gas chromatograph-mass spectrometer. By varying the reaction cell 

potential, the catalyst acidity can be tuned. 

 

1) Statement of the problem studied 

Infrared (IR) spectroscopy is ideal for the study of ionomer membranes in terms of state-of-hydration 

and ion-exchange. Our lab has developed a method of IR normal mode assignment based on the local 

symmetry of the ionomer exchange site. The use of the SPECAC high pressure/high temperature cell 

enabled time-dependent spectroscopy of the ionomer membrane during dehydration. Previously we 

have identified certain IR bands (1061 cm-1 and 969 cm-1) in hydrated Nafion (corresponding to a local 

C3V exchange site symmetry). When the membrane is dehydrated, the C3V bands diminish while a pair of 

other bands (1414 cm-1 and 910 cm-1) corresponding to a local C1 exchange site symmetry (dehydrated 

state). The combination of vacuum and heat during dehydration allowed us to reach levels of rigorous 

dehydration never before achieved. The spectra of fully dehydrated Nafion was published in Doan et al. 

[1]  This is the first time complete disappearance of the 1061 cm-1 band has been observed. (Fig. 1) 

2) Summary of the most important results 

The SPECAC cell was used in the ion-exchanged, state-of-hydration membrane studies. The results were 

published in Polymer [1]. Metal ions (M) with Δhyd below 550 kJ/mol alter the exchange site at all states-

of-hydration. They bind with C3V symmetry and exhibit high orbital overlap with the sulfonate sulfur and 

oxygen atoms. The Nafion-[H] C3V,LF (primarily sulfonate stretching) vanishes at full dehydration with 

retention of the C3V,HF (primarily ether link stretching). Theoretical Nafion-[M] C3V,LF bands (e.g., 940 cm-1 

for Li+) are not experimentally observed. Hydration waters of ions with Δhyd > 1800 kJ/mol cannot be 

displaced by sulfonate oxygens. Thus, the Nafion-[H] C3V,LF persists at all states of hydration. 

 

Figure 1. Nafion transmission spectra with overlaid DFT-calculated normal modes (drop 
lines). Spectra are plotted as normalized absorbance. Left: Hydrated Nafion-(H) (red). 
Middle: Partially dehydrated Nafion-H
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Funds were also used to purchase a spin coater which has been used to spin ionomer thin films (Nafion, 

SPEEK, and alkaline FAA-3) onto SiO2 and Pt wafer surfaces. These samples can then be used for 

different types of reflectivity measurements, which include polarization modulated infrared reflection 

absorption spectroscopy, X-ray reflectometry, and neutron reflectometry. In PM-IRRAS, the combination 

of electric field enhancement and the surface selection rule, allows us to determine which functional 

groups are ordered by adsorption to the surface. The IR normal modes that have a transition moment 

perpendicular to the surface are enhanced. Previous results show that the SO3
- group and CF3 groups are 

involved in the self-assembly of Nafion on Pt (Fig. 2). [2]  

This is in contrast to SPEEK, which does not have the flexible side chain functional groups that Nafion 

contains. Instead the SO3
- group is located directly on the aromatic backbone, limiting the mobility of the 

hydrophilic/hydrophobic phase separation. PM-IRRAS of SPEEK thin films on Pt shows the enhancement 

of backbone normal modes, particularly COC stretching (Fig. 3). Interestingly, at this stage we do not see 

much PM-IRRAS enhancement SO3
- contribution to the interface.  

  

ATR of hydrated Nafion  
PM-IRRAS of Nafion-H on Pt  
PM-IRRAS of Nafion-Li on Pt 
Selected DFT peaks (lines 1-6) 

Figure 2. PM-IRRAS and ATR spectra of Nafion with selected DFT peaks.  

 



Neutron reflectometry results obtained at the NIST Center for Neutron Research in Gaithersburg, MD 

are currently being fitted (SPEEK on Pt and SiO2) (Fig. 4).  
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Figure 3. PM-IRRAS and tranmission spectra of SPEEK with selected DFT peaks.  

  
Pt 0% RH 

SiO
2
 90% RH 

Pt 0% RH 

Pt 90% RH 

Figure 4. Neutron reflectivity data for SPEEK on SiO2 and Pt. .  

  



The Agilent GC is currently being used to analyze results of a project involving isomerization of olefins 

through a flow reactor fuel cell. Typically, H2 is flowed through the anode of a fuel cell and O2 is flowed 

through the cathode of the fuel cell. The H2 dissociates into protons and electrons, with the protons 

travelling through an ionomer membrane (e.g., Nafion or SPEEK) to the cathode and the electrons 

travelling through an external circuit. The protons and electrons combine with the O2 at the cathode, 

producing current. In our setup, olefins are flowed through the cathode, where the protons are present 

at the catalytic layer. The olefins adsorb onto Pd and the protons cause isomerization, in the form of 

shifting double bonds, methyl groups, etc. The results are analyzed using the GC that was purchased 

from the grant funding. Preliminary results show isomerization of 4 methyl 1 pentene, but we are in the 

process of reproducing the results and developing a better method of sampling to the GC. (Fig. 5)  
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Agilent 6890N Gas Chromatograph 



 

NuVant EZStat Pro 

 



  

Rigaku X-ray Diffractometer 

 



 

Replacement X-ray tube 



 
 

SPECAC high-temperature/high pressure cell (View 1) 

 



 

SPECAC high-temperature/high pressure cell (View 2) 

 

 

 

 

 

 

 



 

MicroNano Tools Spincoater 

 


