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ABSTRACT 

 

Interfacial interactions between water and the fluorinated proton exchange 

membrane material Nafion were studied by infrared spectroscopy and computational 

methods. Modern Fourier transform infrared spectra are reported that show features 

for H2O and the deuterium substituted HOD species that can be assigned to interfacial 

water interacting with sites on the ionomer. Relatively sharp features at 3667 cm
-1

 and 

3710 cm
-1

 toward the high energy side of the fundamental O-H stretching modes of 

bulk liquid H2O, are associated with interfacial water inside membrane pores or 

channels. To interpret the measured infrared spectra, interfacial interactions between 

water and Nafion were modeled at the molecular-scale by applying classical and 

quantum chemical computational methods. The studies shed light on the structure of 

H2O at interfaces inside ion conducting membrane materials and have potential for 

application in elucidating structure at different types of water interfaces. Also, the 

studies herein provide a good guidance for materials scientists in designing and 

synthesizing novel polymer electrolytes arrived at improving the performance and 

efficiency of proton exchange membrane fuel cells. 
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CHAPTER 1 

INTRODUCTION 

 

The need for clean, efficient energy production and environmental protection is 

being felt worldwide. With fossil fuel reserves decreasing, and the need to reduce 

green-house gas emissions, alternative and clean energy sources are sought. Fuel cells 

are being explored for their potential to produce electricity with higher efficiency than 

conventional means. Compared to combustion based methods, and approaches that 

require conversion of chemical energy through an intermediate mechanical energy 

step, fuel cells produce electricity from fuel directly. Thus, they have potential for 

higher energy conversion efficiency
1-3

. An added advantage of fuel cells is that they 

can utilize hydrogen produced from renewable sources (i. e., solar and wind).
1, 3, 4

 

 

1.1 Proton Exchange Membrane Fuel Cells 

Due to the ability to operate with high energy conversion efficiency at relatively 

low temperatures, proton exchange membrane fuel cells (PEMFCs), also known as 

polymer electrolyte membrane fuel cells, are investigated for alternative energy 

generation. During the past two decades, scientists and engineers have made advances 

in the development of materials that have greatly improved PEMFC performance. 

PEMFCs are versatile and can be applied for applications ranging from portable 
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electronics to transportation and stationary power generation. Just over the past ten 

years, the number of scientific publications related to fuel cells has skyrocketed 

increasing by five times relative to 2003.
5
 

The principle of fuel cells originated in 1938 with the German scientist Christian 

Friedrich Schonbein. The principle was demonstrated shortly after, in 1939, by 

William Robert Grove.
6
 Grove showed that hydrogen oxidation and oxygen reduction, 

when harnessed within an electrochemical cell lead to electricity and water generation. 

There are many types of fuel cells, and they are classified by the kind of 

electrolyte employed.
3
 The various fuel cells may also use different electrocatalysts, 

fuels, and operating temperatures. Each class of fuel cell has its own advantages, 

limitations, and ideal applications. Compared to combustion engines, energy 

conversion in fuel cells takes place without mechanical energy transfer steps, which 

enables fuel cells, at least in theory, to attain a higher energy conversion efficiency. 

Nowadays, the thermodynamic efficiency of fuel cells can be as great as 60%.
7
 

Among fuel cells, PEMFCs have the advantages of low operating temperature 

(85-105 
o
C) and scaleability to meet a range of needs. As shown in Figure 1.1, 

PEMFCs generally consist of a porous cathode and a porous anode and separated by a 

polymer electrolyte membrane.
8
 The chemical reactions that ideally take place at the 

anode and the cathode and the overall reaction are given below: 

Anode:            
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Cathode: 
 

 
                

Overall reaction:    
 

 
       

Protons and electrons are released as a result of fuel oxidation at the anode. The 

protons are transported through the polymer electrolyte (e.g. proton exchange 

membrane) to the cathode. Meanwhile, electrons flow through the outer circuit and 

load, to reach the cathode. At the cathode, the protons and electrons react with oxygen 

from air over a metal catalyst material, to produce water. 

To commercialize fuel cells, some challenges have to be overcome. One set of 

challenges centers on the electrocatalyst materials and the need to improve catalyst 

durability and activity and lower the cost. Typical electrocatalyst is based on platinum, 

but high cost and low durability limit the development of PEMFCs.
9
 Another set of 

challenges is in relation to the ion conductivity and water management needs of the 

proton exchange membrane. When a PEMFC is operating, the membrane has to be 

hydrated in order to transport protons. However, the degree of hydration has to be 

carefully controlled. If the proton exchange membrane is too dry, protons are not 

quickly delivered, and the rate of the overall cell reaction is slow. On the other hand, 

if the membrane becomes too wet, the electrode can flood, and reduce the transport of 

reactant to the catalyst.
10

 Since water management in PEMFCs is an important issue, 

understanding the interactions between water and proton exchange membranes is of 

interest in the development of new PEMFC membrane materials. 
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1.2 Polymer Electrolyte Membranes 

The electrolytes employed in PEMFCs are engineered with fixed cation exchange 

sites to transport protons from anode to cathode. Typical ion conducting polymers 

(ionomers) employed consist of a hydrophobic backbone with side chains that contain 

covalently bonded acid groups as terminators. In addition to containing fixed ionic 

groups, the polymer membranes should be durable, and not easily degraded in the 

reducing environment of the cathode or the oxidative environment of the anode. 

Many different types of ionomers have been designed and synthesized for 

application as membranes in PEMFCs
11

. Among the various materials, the sulfonated 

perfluoroalkyl ionomer Nafion, invented by the DuPont Company, is widely used
12, 13

. 

Nafion is synthesized by copolymerizing a perfluorinated vinyl ether comonomer 

with tetrafluoroethylene (TFE). The structure of Nafion has been studied by many 

spectroscopic techniques, including X-ray
14,15

, NMR
12, 16

, infrared
17, 18

 and neutron 

scattering
19

, and microscopy methods
13

. 

 

Scheme 1.1 Structure of Nafion. The symbol “m” has been varied between 5 and 14 

to give Nafion materials with different EW values. 
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A general structure is shown in Scheme 1.1. Nafion consists of a poly 

(tetrafluoroethylene) backbone with side chains containing ether linkages that 

terminate in a –SO3
-
 group

13
. The equivalent weight (EW) and material thickness are 

used to describe most commercially available membranes. The EW is defined as the 

weight of Nafion (in molecular mass) per mole of sulfonic acid group. For example, 

Nafion 117 represents 1100 EW + 0.007 inch in thickness. When Nafion membrane is 

hydrated, a phase separation takes place leading to hydrophobic, fluorocarbon rich 

regions, and hydrophilic ion conductive regions rich in –SO3
- 
groups

15, 20
. 

Although Nafion is commercially available and widely used in PEMFCs, it has 

limitations. Thus, materials scientists are actively involved with the design and 

synthesis of new types of polymer membranes, aiming for materials that have high 

ionic conductivity, low fuel permeability, good thermal and hydrolytic stability, and 

excellent mechanical properties in dry and hydrated states. In addition, cost is still a 

major obstacle for widespread application of PEMFCs, so new ionomer materials 

should be easy to synthesize and process to keep manufacturing expenses low. 

Generally, fuel cell ionomer materials are categorized in terms of their chemical 

composition and structure (i.e., fluoropolymer
21

, hydrocarbon
22

, block 

copolymer
23,24,25

, grafted polymer
26

, etc). So far, each type of material has had its 

unique advantages and disadvantages in PEMFC applications. 
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1.3 Infrared Spectroscopy 

Fourier Transform infrared (FTIR) spectroscopy is commonly employed to 

characterize the chemistry of materials. It is simple, sensitive, and rapid to apply in 

the analysis of many solids, liquids, and gases. Moreover, infrared spectroscopy is 

able to simultaneously provide quantitative and qualitative information about a 

sample in one measurement. 

Generally, vibrations of bonded atoms in a sample are studied by infrared 

spectroscopy in the mid-infrared region between 4000 cm
-1

 and 600 cm
-1

. The 

vibrational modes are assigned according to the energy of the spectral bands. The 

vibrational wavenumber, or band position, provides qualitative information about the 

chemical composition of a sample, and the intensities of vibrational bands can be 

related to the quantity of each chemical component in a sample. 

An infrared spectrum is a plot of transmission, or absorbance versus the energy 

expressed in wavenumber units. Plotting the wavenumber axis as decreasing towards 

the right is an IUPAC (International Union of Pure and Applied Chemistry) 

recommendation
27

. Infrared spectral features provide information about the chemical 

structure and identity of a sample. Infrared spectral band characteristics include the 

position of the band maximum, the band intensity and the band line shape. 

According to methods of data acquisition, infrared spectrometers can be divided 
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into two types: dispersive and Fourier-transform (FT). Dispersive infrared 

spectrometers use a grating to separate light into component wavelengths, and detect 

the energy at each wavelength. On the other hand, FT infrared spectrometers can 

detect all wavelengths encoded in an interferogram simultaneously. Relative to 

dispersive instruments, FT infrared spectrometers have faster measurement times, and 

allow more accurate frequency determinations, and enable signal averaging as a 

means to improve spectral signal-to-noise ratio. For these reasons, FTIR 

spectrometers have almost replaced dispersive infrared spectrometer in today’s 

market place. 

Figure 1.2 shows a diagram of a FTIR spectrometer. The interferometer is the 

central part of the FTIR spectrometer. The interferometer is made up of a beam-

splitter and two perpendicular flat mirrors. One mirror is fixed and the other is 

movable. The light is divided into two equal intensity beams by the beam-splitter, and 

the two beams are reflected by the mirrors and back to the beam-splitter. Because one 

mirror is movable, the intensity of the recombined infrared beam changes between 

maximum constructive interference and minimum destructive interference during a 

scan. After encoding by the interferometer, the beam passes through the sample 

before reaching the detector, which gives an interferogram as output. Finally, the 

interferogram recorded in the detector signal is converted by Fourier-transformation 

into an infrared spectrum. 
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Among the many types of infrared sampling techniques available
27

, those based 

on transmission tend to be the simplest. Also, compared to reflectance and attenuated 

total reflection (ATR) methods, transmission spectral bands suffer little distortion 

from optical dispersion and the wavelength dependent light path through the sample
27

. 

In this thesis work, transmission sampling was applied to detect water molecules 

inside pores and channels of Nafion membrane. 

 

1.4 Water at Interfaces 

Interfaces have been of interest in the physical sciences for many years.
28-30

 An 

interface is the boundary between two phases. Many molecular interactions, such as 

absorption, reaction and transport, occur at the interfaces between phases. Among the 

various combinations possible, gas-liquid, gas-solid, liquid-liquid, and solid-liquid 

interfaces have been studied often by scientists and engineers, since they are 

encountered in many systems of practical importance (i.e., biological, chemical 

sensing, industrial technology, etc.). 

Among the techniques that have been developed to study molecular scale 

interactions at interfaces, sum frequency vibrational spectroscopy (SFVS) has been 

particularly powerful
28, 31, 32

. Since water at organic/water interfaces is weakly or non 

hydrogen bonded, the O-H oscillator is strengthen, and as a result, a blue shift in 

energy form bulk liquid water
28

. The weakly or non hydrogen bonded O-H bond in 
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the interfacial water is called “free” O-H bond. Since the SF vibrational spectra are 

highly sensitive to intermolecular hydrogen bonding, it is found that a sharpening of 

spectral peaks for “free” O-H stretching modes for the water at interfaces is in higher 

frequencies distinct from the broad peak for strongly hydrogen bonded O-H 

stretching for bulk liquid water. With the interpretations of the SFVS spectra for “free” 

O-H in different systems, the different orientations and behaviors of water at organic 

surfaces can be visualized and modeled. 

 

1.5 Thesis Focus 

The thesis discussed herein sheds light on the structure of water present at 

interfaces inside Nafion membrane. Building on early infrared spectroscopy 

measurements that revealed water molecules in non-hydrogen bonding environments 

inside Nafion
33,

 
34

, Fourier transform infrared spectra are reported that reproduce 

features for H2O and the deuterium substituted HOD species interacting with ionomer. 

Molecular-scale structures for interfacial H2O and HOD inside Nafion pores and 

channels are proposed based on classical
35

 and quantum chemical (density functional 

theory, DFT)
36

 calculations and comparison to results of non-linear optical 

experiments that probed water at junctions with different phases
,
 
30, 37, 32

. In addition 

to properties of water droplets within ion conducting media, the findings have 
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potential for broader application in elucidating interfacial water structure from 

vibrational spectra
30-32

. 
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Figure 1.1. The basic components of a proton exchange membrane fuel cell. A porous 

cathode and a porous anode and a polymer electrolyte membrane as 

separator are core parts of a proton exchange membrane fuel cell. Fuel is 

oxidized on the anode, and produces protons and electrons. Protons are 

transported to the cathode through the proton exchange membrane, while 

electrons flow through outer circuit and load to reach the cathode. At the 

cathode, protons and electrons react with oxygen from air, to produce 

water.  
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Figure 1.2. Block diagram of an FTIR spectrometer. The interferometer contains a 

beam-splitter and two perpendicular flat mirrors. One mirror is fixed and 

the other is movable. The light is divided into two equal intensity beams 

by the beam-splitter, and the two beams are reflected by the two mirrors 

and back to the beam-splitter. The beam passes through the sample cell 

and reaches the detector, which gives an interferogram as output. Finally, 



Texas Tech University, Shu Liu, August 2013 

 

18 
 

through the Fourier-Transform procedure, the interferogram can be 

converted into a spectrum. 
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CHAPTER 2 

EXPERIMENTAL 

 

2.1 FTIR Measurements 

Infrared spectra were recorded using a Brucker Tensor Fourier transform infrared 

(FTIR) Spectrometer system (Billerica, CA) operated with a liquid nitrogen cooled, 

narrow band mercury cadmium telluride (MCT) detector. The spectrometer bench and 

sample compartment were purged continuously with dry air (Balston Inc., Haverhill, 

MA). Spectra were computed from the average of 128 interferograms and measured 

at 2 cm
-1

 resolution. Measurements were carried out at room temperature (23 
o
C). The 

sample cell was modified from a standard transmission infrared cell
1,

 
2
. Background 

spectra were recorded with the cell empty and assembled with two freshly cleaned 

and polished ZnSe windows. As Figure 2.1 shows, a pair of Kel-F spacers was 

employed to sandwich the membrane midway between two cell windows (ZnSe, 32 

mm diameter by 3 mm thick). The spacers positioned the windows parallel and 

separated by a distance of 1.0 cm. Each spacer was machined to include a port for 

entry of a syringe needle and a shadow well beneath the port to hold droplets of 

humectant solution. An aqueous solution saturated by LiCl produced an environment 

in the cell with relative humidity 10%.
1
 

Instrumentation and reagents employed have been described in detail.
3, 4

 The 
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reagents H2SO4 (99.999% purity), D2O (99.9% purity), NaCl (99% purity), and LiCl 

(99% purity) were purchased from Aldrich (Milwaukee, WI, USA). The H2O2 (3%vol 

(v/v)) was purchased from Aaron Industries, Inc. (Lynwood, CA, USA). All the 

aqueous solutions were prepared with deionized water (18 M cm) from Nanopure 

Infinity System. Nafion 112 membrane was purchased from Ion Power Inc. (New 

Castle, DE, USA). Spectra were fit to Gaussian peaks with Origin 8 (OriginLab, 

Northampton, MA). The region between 3800 cm
-1

 and 3150 cm
-1

 was selected for 

fitting following baseline correction of the region. 

Nafion membrane samples measuring approximately 1 cm × 1cm were cut and 

treated according to standard methods
5
. Samples were boiled in 3% (v/v) H2O2 for 1h, 

and then samples were converted to Na
+
 form by boiling in 0.1M NaCl solution for 

30 min. Finally, ion-exchanged membranes were rinsed in boiling deionized water for 

1h. The samples were dried in a vacuum oven at 90 
o
C under a few Torr of pressure 

for 24 h. Before infrared measurements, the Nafion membrane was inserted in the 

sample cell, which was placed in a dessicator, and sandwiched tightly by Kel-F 

spacers. 

 

2.2 Classical Vibrational Analysis 

The general valence force field (GVFF) of Niber and Pimentel was a starting 

point for classical vbrational calculations.
6
 The GVFF was corrected for anharmonic 
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effects by replacing the quadratic O-H stretching terms in the GVFF potential by 

Morse potential functions. The values of the Morse potential parameters
7
 are reported 

in Table 2.1, The model for effects of neighboring water molecules and the organic 

phase was set by adapting the Hamiltonian for water described by Praprotnik and co-

workers.
8
 

The potential energy portion of the Hamltonian is as follows: 

      

 

   

              
 
                    

 

 
    

    
    

       
   

       
   

   
 

  

  
   

   
 

 

                   

 

 

(2.1) 

The first four terms in Equation 2.1 are related to the force field of an isolated water 

molecule. The     and    represent the O-H displacement coordinates, and   is the 

displacement of the H-O-H angle bending coordinate. The   ,    , and    are the 

internal coordinate force constants. The remaining terms in Equation 2.1 describe the 

interaction with external perturbations on the water probe molecule. The sum over i 

and j contains the pair-wise Coulomb and Lennard-Jones terms associated with 

hydrogen bonding interactions between the probe molecule and the surrounding water. 

The indices i and j run over atoms in the water molecules and exclude intermolecular 

interaction. The Lennard-Jones term applies only to oxygen atoms. The rij represents 

the distance between atoms, and ε0 is the vacuum dielectric permittivity. The organic 
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phase was regarded as an effective dielectric with dielectric constant approximately 

equal to 3. The index k in the last term in Equation 2.1 applies to hydrogen atoms in 

the probe water molecule, and was set either 1 or 2, depending upon the orientation of 

the probe H2O relative to organic phase. The rk represents the distance between the 

organic phase and the hydrogen atom of interest on the probe. Compared to liquid 

water, the organic dielectric constant is very small. Hence, Vdielectric could be set to 

zero.  

Following geometry optimization of the probe H2O molecule, the vibrational 

frequencies for the probe were calculated. For the non-harmonic pair-wise 

interactions in Equation 2.1, force constants were evaluated in the Cartesian 

coordinate form by using the symmetry-adapted Taylor series.
9
 

 

2.3 Quantum Chemical Calculations 

Quantum chemical calculations, based on density function theory (DFT), were 

performed to predict interactions between water and Nafion ionomer at the atomic 

scale. A total of twelve models with an interfacial water molecule placed in different 

positions along the Nafion chain were tested. From them only three models which 

encapsulate characteristic interactions regions for the water molecule in relation to the 

Nafion segment according to experimental models
10,

 
11

 were investigated. These 

models mimic a coexistence of hydrophilic and hydrophobic domains in the Nafion-
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water molecule system in three different specific regions. In Structure 1 (Figure 3.7-a) 

the water molecule is interacting through hydrogen bonds with the oxygen atoms of 

the sulfonate group. In Structure 2 the hydrogen bonds are established between each 

hydrogen atom from the water to the oxygen from the -SO3
-
 group and a fluorine 

atom, respectively (Figure 3.7-b). In the model of Figure 3.7-c and d (Structure 3-i 

and ii) the water molecules acts as hydrogen donor to fluorine atoms of the ionomer 

chain. The calculations were carried out in both unpolar and polar environments. 

Taking into consideration the experimental findings
10,

 
11

 water was the selected polar 

solvent to the calculations. Additionally, the effect of the substitution of a hydrogen 

atom of the water by deuterium was also considered in the computation. The DFT 

geometry optimization and vibrational harmonic frequencies calculations were 

performed by means of the B3-LYP
12

 functional and the TZVP
13

 basis set using the 

Turbomole
14

 program suite. Environmental effects were included using the 

conductor-like screening model (COSMO)
15

 also accessible in Turbomole. As 

mentioned above water with a relative dielectric constant, εr, of 78.39 was taking as a 

polar solvent. Vibrational harmonic frequencies were computed from the energy-

minimized structures in both unpolar and polar environments. The scaling factor 

0.96425 was applied to the ν1 and ν3 mode frequencies as the anharmonic correction
16

. 
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Table 2.1. Parameter values in the Equation 2.1 potential energy function 

Parameter Value 

De 0.950 mdyne-Å 

α 2.00 Å 

ro 0.9584 Å 

εOO 1.070 × 10
-3

 mdyne-Å 

σOO 3.166 Å 

eH 0.41 eo 

eO -0.82 eo 
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Figure 2.1. Diagram of the transmission cell for infrared measurements. The cell 

consists of a pair of Kel-F spacers, which was used to sandwich the 

Nafion 112 membrane. The cell was capped at the ends by ZnSe windows. 

Through the ports, humectant solutions were added. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 FTIR Spectral Measurements 

Figure 3.1 shows a transmission infrared spectrum for the O-H stretching region 

for H2O in Nafion 112 in 10% relative humidity atmosphere. To clearly distinguish 

peaks and know their central positions, the spectrum was fit to Gaussian peaks. After 

fitting peaks, the experimental spectrum was overlaid by the resultant best fit 

spectrum. The main features in Figure 3.1 include a broad band at 3525 cm
-1

, a tiny 

band at 3246 cm
-1

, and two sharp bands at 3667 cm
-1

 and 3710 cm
-1

.  

In early work, Falk obtained similar spectra, and discussed the results in terms of 

possible interactions between water and Nafion membrane. The broad band at 3525 

cm
-1

 in Figure 3.1 correlates to the broad band at 3400 cm
-1

 in transmission spectra of 

bulk liquid water. Compared to the infrared spectra of pure liquid water, a shift 

toward high energy reflects a disruption in the hydrogen bonding among water 

molecules. Based upon Falk’s predictions, the features at 3525 cm
-1

 belong to O-H 

stretching modes of water molecules hydrogen bonded by neighboring water 

molecules or –SO3
-
 groups. However, the bands near 3667 cm

-1
 and 3710 cm

-1
 in 

Figure 3.1 cannot be related to features in bulk liquid water spectra. These bands in 

the region near 3700 cm
-1

 have been observed earlier
1-3

 and assigned to stretching 
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vibrations of water O-H groups extending across the ionomer-liquid interface and 

oriented with the hydrogen toward the ionomer
1, 2

. In polymer electrolyte membranes, 

a single peak typically has been observed near 3690 cm
-1

 and ascribed to vibrations of 

interfacial H3O
+
 
3, 4

. In contrast, multiple features near 3700 cm
-1

 have been reported 

for Nafion exchanged by Na
+ 1, 3

 and other metal cations
2
. In early work, it was 

proposed that the bands may arise from H2O molecules oriented with the hydrogen of 

either one (3667 cm
-1

) or both (3710 cm
-1

) O-H bonds toward the hydrophobic phase
1
, 

while later studies additionally considered possible orientations of water relative to 

ionomer charged sites
2
. Furthermore, the two shaper bands are similar to some 

features in SFVS measurements for water at hydrophobic surfaces or H2O/air 

interfaces.
5
 According to Falk’s predictions, the band at 3667 cm

-1
 is related to water 

molecules at the interface between bulk water and Nafion. One O-H bonds in those 

water molecules orient to fluorocarbon region of Nafion, while the other interact with 

nearby water molecules or –SO3
-
 groups. 

On the other hand, the band at 3710 cm
-1

 correlates to Falk’s assignment that both 

of OH bonds of interfacial water are “free” and toward fluorocarbon region of Nafion. 

Likewise, SFVS measurements at H2O/CCl4 interface, it has been modeled by 

Richmond et al 
5,

 
6
 that some interfacial water straddle the interface, and the others 

link both two O-H bonds to organic phase. Moreover, a small band at 3246 cm
-1

, 

according to infrared studies of liquid water, may be ascribed to an overtone of the H-
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O-H bending mode, at about 1645 cm
-1

. 

To provide greater insight into the structure of water condensed inside Nafion 

ionomer pore and channel regions, Falk and co-workers employed HOD, prepared 

from H2O-D2O mixtures, as a probe
1, 2

. Relative to H2O (or D2O), the bond vibrations 

are considerably more decoupled in HOD
7, 8

, resulting in a simpler vibrational 

spectrum across the O-H stretching region when HOD is present in D2O
1, 2, 9

. Figure 

3.2 is a transmission infrared spectrum for the O-H stretching region for HOD in 

freestanding Nafion 112 at low humidity. It was found that, in the spectrum, a broad 

band at 3510 cm
-1

 and a shape band at 3668 cm
-1

 are features. Compared to Figure 3.1, 

only one shaper band at 3668 cm
-1

, blue shifting from the broad band at 3510 cm
-1

, 

was observed in the same region in Figure 3.2. Based on Falk’s assignments, the 

broad band at 3510 cm
-1

 belongs to O-H stretching of hydrogen bonded bulk HOD, 

and the shaper band at 3668 cm
-1

 in Figure 3.2 attributes to “free” O-H stretching 

modes of interfacial HOD in Nafion, no matter the orientations of the hydrogen 

bonded O-D (or O-H) bonds. Some of interfacial HOD molecules, whose O-H 

stretching modes are at 3668 cm
-1

, straddle the D2O/Nafion interface, and the others 

totally face to the hydrophobic fluorocarbons of Nafion. Falk observed the effect and 

discussed it in terms of possible orientations of water relative to the organic and 

charged regions in Nafion. The sections below report computational studies that 

examine the structure and vibrational spectra of water molecules in the vicinity of 
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fluorinated ionomer and provide evidence for Falk’s predictions. 

 

3.2 Classical Vibrational Analysis 

Theoretical computations start with classical vibrational calculations, since the 

classical vibrational calculation is a simple and effective approach to interpret the 

infrared spectra. In the classical vibrational calculations, one isolated H2O molecule 

in GVFF was corrected of anharmonic effects, by replacing the quadratic O-H 

stretching terms by Morse potential functions. Since the isolated H2O molecule was 

not hydrogen bonded with other H2O molecules, it has two “free” O-H bonds as 

shown in Figure 3.3. Additional pair-wise potential functions were applied to 

introduce perturbations from hydrogen bonding
10

 and interaction with fluorocarbon-

rich hydrophopic ionomer region. That is, one O-H bond in the isolated H2O 

molecule is hydrogen bonded, whereas the other O-H bond is still “free”, as Figure 

3.3 shows. Tables 3.1 and 3.2 show the calculated force constants and vibrational 

frequencies for the probed H2O molecule, respectively. It was found that the 

vibrations of H2O with two “free” O-H bonds (3741 cm
-1

) are at higher energy than 

that of H2O with one “free” O-H bond and one hydrogen bonded O-H bond (3698 cm
-

1
). Therefore, the trends that emerge from the classical model are consistent with the 

experimental data. As Figure 3.4 shows, coupling the experiments with the 

calculations, the band near 3710 cm
-1

 belongs to H2O that totally is toward to 



Texas Tech University, Shu Liu, August 2013 

 

33 
 

fluorocarbon region, while the band at 3667 cm
-1

 is assigned to H2O that straddles 

H2O (or –SO3
-
 group)/fluorocarbon interface. 

In addition to H2O, interfacial HDO at organic phase was optimized and 

computed by the potential energy function and symmetry adapted Taylor series
11

. In 

the case of HOD, the ν3 mode is dominated by O-D stretching motion, and as a 

consequence, the vibrational frequency is downshifted by several hundred 

wavenumbers relative to the ν3 mode in H2O. In contrast, ν1 consists mostly of O-H 

stretching motion and the frequencies are in the range typical for H2O. Thus, the ν1 

mode in HOD reports on the environment of the O-H group--a result of the 

decoupling of O-H and O-D motion and wide separation of ν1 and ν3 frequencies. 

Likewise, one isolated HOD molecule in the system was optimized and computed 

firstly, and then one more HOD molecule was added into the system, as Figure 3.5 

shows. Table 3.2 lists the results of calculated vibrational frequencies of the probed 

HOD. It was surprisingly found that the O-H stretching mode of the isolated HOD 

molecule in the system and that of HOD, in which O-D is hydrogen bonded, are at the 

same frequency (3688 cm
-1

). In addition, the calculated vibrational frequencies are 

helpful to explain why, unlike H2O, only one “free” O-H shaper band near 3668 cm
-1

 

was observed in the experimental infrared spectrum for O-H stretching region for 

HOD. As Figure 3.6 shows, the contributions of O-H stretching near 3668 cm
-1

 are 

from one kind of HOD whose both two O-H bonds orient to fluorocarbons and one 
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another HOD molecule which straddles D2O (or -SO3
-
)/fluorocarbon interface. 

 

3.3 Quantum Chemical Calculations 

To develop a more quantitative understanding and investigate Nafion-water 

interactions at the atomic-scale, quantum chemical DFT calculations were applied.  

Initially, to enable a simple comparison to the results of the classical vibrational 

analysis, structures formed by a single water molecule in association with sites along 

a model Nafion segment were screened. The configurations shown in Figure 3.7 were 

selected for in-depth study, since they represent the basic water-Nafion interactions of 

interest in regard to water O-H associations with hydrophilic versus less polar, more 

hydrophobic ionomer functional groups
1, 2

. Cations were excluded from the models at 

this point, due to the computational complexity, but are planned for future 

investigations.  

Figure 3.7 shows geometry optimized structures for Nafion and a water probe 

molecule. In Structure 1 (Figure 3.7a), the water molecule forms two relatively strong 

hydrogen bonds to the –SO3
-
 group with a separation of 2.1 Å– 2.2 Å from the closest 

oxygen atoms. The polar environment provided by the COSMO model has the effect 

of increasing the hydrogen bonding asymmetry by shortening the closer of the two 

interactions and lengthening the more distant one. A similar influence of solvent 

addition on water hydrogen bonding to ionizable functional groups has been 
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reported
12

. In Structure 2 (Figure 3.7b), the water molecule adopts an orientation with 

a strong hydrogen bond to an oxygen atom in the –SO3
-
 group and a further 

interaction to an adjacent fluorine atom. Again, the polar environment of the COSMO 

model stabilizes an asymmetry that favors the stronger hydrogen bonding interaction 

over the weaker one. Finally, the configurations denoted Structure 3-i and Structure 3-

ii (Figure 3.7c and 3.7d) show the more distant hydrogen bonding interaction adopted 

by the water probe in the vicinity of hydrophobic ionomer regions. In Structure 3-i, 

the water hydrogen atoms form two very weak intermolecular bonds to fluorinated 

groups in the backbone, whereas in Structure 3-ii, the non-covalent bonds are to -CF3 

and -CF2 groups along the side chain. In both cases, the water-ionomer separation is 

greater than in Structures 1 and 2, indicating the water hydrogen bonding weakens 

under the effect of the hydrophobic medium. The two hydrophobic environments 

were considered, since the termination of the model Nafion segment backbone by –

CF3 groups does not necessarily provide a good approximation of the environment in 

the ionomer backbone region, and Structure 3-ii in Figure 3 may also represent the 

types of hydrophobic-water interactions that give rise to interfacial water bands in 

experimental spectra. 

Vibrational frequencies for the water probe in the structures shown in Figure 3.7 

are included in Table 3.3. The DFT calculated frequencies display the trends 

discussed above in relation to both experimentally observed frequencies and 
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frequencies calculated from the classical model. For the case of a water molecule 

oriented with its two O-H bonds toward the hydrophilic sulfonate group (Figure 3.7a), 

the calculated 1 and 3 mode vibrations are red shifted relative to gas phase H2O and 

located within a region that encompasses vibrations of fully hydrogen bonding water. 

For the configurations in which one, or two of the water probe molecule O-H bonds 

are toward fluorocarbon moieties (Figure 3.7b-d), the 3 mode shifts to higher 

frequency as the hydrogen bonding interaction with the sulfonate group is reduced. In 

progressing from the Figure 3.7a to the Figure 3.7c (or Figure 3d) structure, the 3 

mode shifts from 3635 cm
-1

 to 3694 cm
-1

 and finally to 3727 cm
-1

, (or 3731 cm
-1

) 

with the latter being for the hydrogen atoms in H2O interacting with fluorocarbon 

moieties.  In the case of HOD, frequencies in Table 3.3 were determined for the 

geometries in which the O-H bond is toward the less polar environment. The 

calculated 1 mode frequency for HOD is in the range typical of hydrogen bonding 

interactions for the Figure 3.7a configuration, but shifts into the region characteristic 

of free-OH stretching (3689 cm
-1

 - 3698 cm
-1

 for Figure 3.7b-d orientations) when the 

O-H group of the probe has close interactions with fluorine groups in the Nafion side 

chain (Figure 3.7b and 3.7d) or backbone (Figure 3.7c). Furthermore, the difference 

in 1 frequency, particularly for the Figure 3.7b and 3.7c configurations is not great, 

consistent with the classical model (Figure 3.5) and Falk’s early predictions
1
.   
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Table 3.1. Water force constants for interfacial waterⅠandⅡ 

Interfacial Water I
a
    

 r r   

r 7.604 -0.118 0.211 

r   6.786 0.228 

   0.730 

Interfacial Water II
b
    

 r r   

r 7.618 -0.118 0.225 

r   7.618 0.225 

   0.698 

Internal coordinates: r, r =O-H bond stretching for respective O-H bonds; =angle 

bend. 

a 
One O-H bond extending into the organic phase. 

b
 Both O-H bonds extending into 

the organic phase. 
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Table 3.2. Calculated frequencies for interfacial H2O and HOD by classical 

 vibrational analysis 

Model  Frequencies/cm
-1

  

  Interfacial WaterⅠa
  

 v1 v3 v2 

H2O 3448 3698 1685 

HOD 3688 2520 1456 

  Interfacial WaterⅡb
  

 v1 v3 v2 

H2O 3632 3741 1646 

HOD 3689 2681 1443 

a 
One O-H bond extending into the organic phase. 

b
 Both O-H bonds extending into 

the organic phase. Vibrational mode frequencies: 1 = symmetric O-H stretching; 2 = 

bend; 3 = asymmetric O-H stretching. 
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Table 3.3. Calculated frequencies for interfacial H2O and HOD by quantum chemical 

 DFT calculations 

Model  Frequencies/cm
-1

  

 v1 v3 v2 

  Structure 1
a
  

H2O 3581 3636 1643 

HOD 3624 2612 1436 

  Structure 2
a
  

H2O 3469 3694 1611 

HOD 3689 2528 1386 

  Structure 3-i
a
  

H2O 3641 3727 1609 

HOD 3692 2674 1395 

  Structure 3-ii
a
  

H2O 3644 3731 1594 

HOD 3698 2692 1414 

a 
The structures are as indicated in Figure 3.7. The frequencies are for the systems that 

include the COSMOS polar solvent environment. Vibrational mode frequencies: 1 = 

symmetric O-H stretching; 2 = bend; 3 = asymmetric O-H stretching. 
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Figure 3.1. Experimental transmission infrared spectra showing the O-H stretching 

region for H2O in Nafion 112 membrane exchanged by Na
+
 ions. The 

spectrum was recorded at 2 cm
-1

 resolution following equilibration in an 

approximately 10% humidity (rh) atmosphere at ambient temperature and 

pressure. The experimental spectra (black) are overlaid by the resultant 

best fit spectrum (grey) and its component Gaussian peaks (red, blue and 

green). 
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Figure 3.2. Experimental transmission infrared spectra showing the O-H stretching 

region for HOD in Nafion 112 membrane exchanged by Na
+
 ions. The 

experimental spectra (black) are overlaid by the resultant best fit 

spectrum (grey) and its component Gaussian peaks (red and blue). 
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Figure 3.3. Models considered in the classical vibrational calculation for H2O (a and 

b) relative to a water / hydrophobic-Nafion region interface. (Atom color 

scheme: red = O, white = H). The pair of frames (left to right) depicts the 

atomic motions involved in the v3 vibrational modes of H2O (a and b) for 

the molecules in the orientations indicated. 
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Figure 3.4. Assignments for the infrared spectrum for interfacial water in Nafion 112 

membrane. At 3667 cm
-1

, one O-H bond in the interfacial water is 

oriented to the organic phase, and the other extends into the aqueous 

phase, and is strongly hydrogen bonded by other water molecules. The 

band at 3710 cm
-1

 correlates to interfacial water, in which both O-H 

bonds extend into the organic part of Nafion. 
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Figure 3.5. Models considered in the classical vibrational calculation for HOD (a and 

b) relative to a water / hydrophobic-Nafion region interface. (Atom color 

scheme: red = O, white = H and blue = D). The pair of frames (left to 

right) depicts the atomic motions involved in the ν1 vibrational modes of 

HOD (a and b) for the molecules in the orientations indicated.  
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Figure 3.6. Assignments for the infrared spectrum of interfacial HOD in Nafion 112 

membrane. At 3668 cm
-1

, two kinds of interfacial water with different 

orientations attribute to the band. First, One O-H bond in the interfacial 

water is oriented to the organic phase, and the other extends into the 

aqueous phase, and is strongly hydrogen bonded by other water 

molecules. Second, both O-H bonds in interfacial water molecules extend 

into the organic part of Nafion and are weakly hydrogen bonded. 
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(a) 

 

(b) 

 

 

Figure 3.7. Models considered in the quantum chemical vibrational calculations for 

H2O and HOD. (Atom color scheme: red = O, white = H, blue = F, green 

= C and yellow = S). The numbers indicate the hydrogen bond distances 

in A for energy minimized structures with (underlined values) and without 

added solvent. a) is structure 1, in which both O-H bonds extend into the 

hydrophilic part (-SO3
-
 group) of Nafion. b) is structure 2, in which water 

straddle the hydrophobic part and hydrophilic part of Nafion. c) and d) 
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are structure 3-i and ii, in which both O-H bonds are oriented to the 

organic phase. 

 

 

(c) 

 

(d) 

 

Figure 3.7. Models considered in the quantum chemical vibrational calculations for 

H2O and HOD (Continued). 

 

 



Texas Tech University, Shu Liu, August 2013 

 

50 
 

CHAPTER 4 

CONCLUSION 

 

4.1 Conclusion 

Transmission infrared spectroscopy is a simple technique that enables water 

confined by pores and channels in Nafion membrane to be investigated. Spectra of the 

Na
+
 form of Nafion 112 at low humidity display sharp bands in toward the high 

energy side of the O-H stretching region for hydrogen bonded water. These bands, 

which in the present work were observed at 3710 cm
-1

 and 3667 cm
-1

, can be 

attributed to interfacial water. To simplify the spectral region, HOD in Nafion was 

measured by modern FTIR as well, and it was found that only one relatively sharp 

band appears at 3668 cm
-1

. 

To help interpret the infrared spectra, classical and quantum calculations were 

applied to model the interfacial interactions between water and Nafion. The classical 

vibrational calculations examined the effect of interactions with a hydrophobic 

organic surface on the vibrational frequencies of interfacial H2O and HDO molecules 

and gave results in good agreement with experiments. The results were consistent 

with the assignment of the band at 3710 cm
-1

 to interfacial H2O molecules oriented 

with both O-H bonds toward the hydrophobic fluorocarbon region of Nafion and the 

assignment of the band near 3667 cm
-1

 to H2O molecules straddling two different 
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phases. For the latter case, one O-H bond in the H2O molecule faces the organic phase 

(fluorocarbon region of Nafion), while the other O-H bond is oriented to neighboring 

bulk liquid water or –SO3
-
. Additionally, the classical vibrational computations were 

consistent with Falk’s predictions
1
, and provided an explanation for why the 

vibrational frequency of the O-H stretching mode of the interfacial HOD molecules is 

at 3668 cm
-1

, and independent of the HOD orientation at the organic/water interface. 

The results gained by electronic structure calculations are consistent with the 

classical model and Falk’s predictions.
1
 Furthermore, results of the electronic 

structure calculations are consistent with findings of related types of vibrational 

spectroscopy experiments. The movement of the calculated ν3 mode (or HOD ν1 mode) 

frequency toward higher energy as interaction with the fluorocarbon environment 

increases, for example, reflects a trend observed in sum frequency vibrational 

spectroscopy (SFVS) measurements of water in contact with organic phases
2
. The 

trend has been explained in terms of hydrophobic and polarization interactions 

between molecules in the different phases
2
. Additionally, experimental vibrational 

lifetimes for water in Nafion show evidence for water influenced by hydrophobic 

ionomer segments and indicate the contribution of these environments is most 

significant at low hydration levels
3
. 

The reported findings, based on modern Fourier transform infrared measurements 

and computational methods, provide insights into a longstanding question concerning 
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the relationship between orientations of interfacial water in Nafion and free O-H 

stretching
2,4,5,

 spectral features. The potential function applied for the classical 

vibrational analysis can be extended to larger ensembles of molecules, and can 

include more complex pairwise terms, to simulate interactions appropriate to a range 

of water interfaces
2,4,5

. The electronic structure analyses performed can explain 

observations in the infrared studies of interest as well as other related vibrational 

spectroscopy measurements. Consistent with recent DFT calculations that included an 

analysis of Nafion vibrations
6
, the approach in this thesis strives to utilize the 

predictive power of electronic structure calculations. The results support the 

impressive advances taking place in understanding fluorinated ionomer membrane 

molecular scale properties
7-10

. 
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