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ABSTRACT 
 

The overriding theme of this thesis is the characterization of thin polymer films synthesized 

on gold and silicon substrates using a variety of Fourier transform infrared (FTIR) techniques. We 

demonstrated that the peak shifts observed in surface overlayer attenuated total reflection (SO-

ATR) were a result of the changing polarization in the z-axis of the experimental geometry. We 

leveraged the signal enhancement provided by SO-ATR and reflection absorption infrared 

spectroscopy (RAIRS) to obtain high quality spectra of samples below 50nm thick. By combining 

this signal enhanced spectroscopy with transmission and ATR we were able to obtain chemical and 

structural information which we report in this thesis. 

Spin cast NAFION samples were prepared on silicon native oxide and gold substrates with 

film thicknesses ranging from 5 nm to 250 nm. The influence of NAFION film thickness on the 

infrared spectrum of the polymer was investigated in SO-ATR geometry at incident angles between 

60° and 65°. In the grazing angle SO-ATR geometry, the thickness of the film significantly affected 

the position and absorbance of characteristic peaks in the FTIR spectrum of NAFION. Two major 

peaks in the NAFION spectrum at 1220 cm-1 (predominantly vas(CF2) and vas (SO3
-)) and 1150 cm-

1 (predominantly vas(CF2)), appeared to systematically blueshift to 1256 cm-1 and 1170 cm-1, 

respectively, as the thickness of the film decreased from 250 nm to 5 nm. The changes in the 

NAFION thin film FTIR spectrum can be attributed to two factors; (1) ordering of NAFION at the 

interface during spin coating and film formation and (2) the increase in the p-polarization character 

of the infrared evanescent wave as the polymer film became thinner between the attenuated total 

reflection (ATR) crystal and the film substrate overlayer. The increase in p-polarization resulted in 

an increase in characteristic peak absorbance of dipoles aligned normal to the substrate due to the 

overlayer enhancement of the electric field with NAFION films on Si or Au film substrates. These 
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results show that the specific thin film sampling geometry, especially in ATR experiments, must 

be considered to rationally quantify changes in NAFION thin film infrared spectra. 

Highly crosslinked aromatic polyamides are of significant importance due their use in water 

treatment membranes. We present an FTIR study of polyamide films prepared by interfacial 

polymerization and molecular layer by layer deposition that are used as reverse osmosis (RO) 

membranes. We assign the aromatic ring modes that occur in the fingerprint region and demonstrate 

that the peak at 1492 cm-1 is due solely to the B1 bending stretch mode of the meta bi functionalized 

ring that originates from the m-phenylenediamine (MPD) molecule. We assign the peak at 1243 

cm-1 to the amide N-H vibration and demonstrate that it is a good alternative to the Amide II peak 

for swelling studies on polyamide films. The free acid peak in mLbL samples decreases in intensity 

as film thickness increases which is indicative of increasing crosslink density. The free acid content 

in mLbL films was found to be higher than that observed in interfacially polymerized films. The 

growth of the initial layers of mLbL polyamide film differs on gold and silicon substrates with 

MPD displacing the initial monomer on gold. At cycle numbers beyond 10 however film growth 

on the two substrates was found to be indistinguishable. The growth rate of mLbL films is also 

affected by the solvent selected to rinse excess polymer with thicker films consistently observed 

for isopropyl alcohol rinsed films. 

Molecular layer by layer assembled polyamide films were synthesized on smooth gold and 

silicon wafer with native oxide substrates. The orientation of the amide C=O and disubstituted 

aromatic rings were analyzed using surface overlayer attenuated total reflection (SO-ATR) and 

reflection absorption infrared spectroscopy (RAIRS). It was determined that on both substrates 

there was strong ordering for films 10 cycles thick or lower with an average tilt angle of 16  from 

the surface norrmal for the C=O group and 84. This tilt angle translates to an orientation with the 
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aromatic ring laying close to flat on the surface with an average angle of 6 .  FTIR and NEXAFS 

measurements further showed high anisotropy at low cycle numbers which completely disappeared 

at cycle numbers greater than 60. The acid concentration in mLbL films was characterized  by 

interpolating integrated absorbance values  of the free acid  band at 1718cm-1 into  a calibration 

curve line generated  from interfacially polymerized samples of known  acid content. The acid 

content in samples synthesized on silicon was found to be higher than that for samples generated 

on gold at low cycle numbers. The acid content ranged from 0.13 mmol.g-1 for 60 cycles to 0.56 

mmol.g-1 for 5 cycles on silicon substrates. On gold however, the acid content ranged from 0.12 

mmol.g-1 at 5 cycles  to 0.35 mmol.g-1 at 12 cycles. On both substrates the acid content decreased 

as the cycle number increased and as the cycle number increased and at higher cycle numbers there 

was very little difference between the acid content of samples synthesized on gold and silicon. 
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10. Verbally assassinate visible leaders 
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Chapter 1  
 

Introduction  

1.1 Background 

Clean energy and reliable access to potable water are among the biggest challenges the 

world faces today. While the recent advances in hydraulic fracturing have gone a long way in 

addressing the availability of energy, these technologies have done little to abate concerns about 

the effects of fossil energy on the Earthôs ecosystem. Due to these concerns, electrochemical energy 

production and storage such as fuel cells and batteries as alternatives to fossil fuels has garnered 

significant attention. According to the environmental protection agency the transportation sector 

contributes 14% of the global greenhouse gas emissions and these concerns have led to significant 

interest in developing 1a fuel cell electric vehicle. Since 1996 there has been a significant increase 

in research output supported by major motor vehicle manufactures and government agencies in 

developing fuel cell, lithium batteries and polymer supercapacitors.2 The over the last 20 years 

great strides have been made in bring a commercial fuel cell electric vehicle into fruition 

culminating in the 2016 launch of the first consumer fuel cell vehicles the Toyota Mirai and Hundai 

Tuscon.3  

However, the cost of fuel cells is still high compared to internal combustion engine vehicles 

due to the platinum group metals (PGM) used in fuel cells and the high manufacturing cost of 

membrane materials and electrochemical stacks. The US department of energy has set a PGM target 

of 11.3 gPGM by the year 2020 which is still much higher than the less than 5gPGM in current gas 

vehicles catalytic converters.4 In fuel cells, platinum is the main PGM used while in gasoline cars 

it has mostly been replaced by less expensive PGMs in catalytic converters. Some researchers have 
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suggested that for large scale adoption of fuel cell electric vehicles to become a reality these 

vehicles must be affordable and this is only possible if approximately 6 g of Pt are used per vehicle.5 

According to the DOE, in the last decade the automotive fuel cell system cost has dropped from 

$124/kW to $55/kW but is still above the target $30/kW.6 Another contributing factor to the 

expense of PEMFCs is the high cost of production and degradation at high temperatures of 

NAFION, one of its integral components. In a PEMFC, NAFION acts as a binder for the Pt catalyst 

as well as a separator between the two electrodes, allowing only the transport of protons to complete 

the half reactions.7 NAFION demonstrates a combination of oxidative and chemical stability while 

also possessing high conductivity at low relative humidity unrivaled by its alternatives.8 Two lines 

of research prevail as it pertains to fuel cells, one focused on finding alternatives to NAFION and 

PEMs in general, and another focused understanding and improving on current PEM technology. 

To this end it has been widely accepted that understanding how NAFION interacts with the 

platinum catalyst hold the key to reducing the amount of Pt required in fuel cells and increasing 

their performance. 

 

It is estimated that less than one percent of the freshwater on earth is suitable for human 

consumption.9 The removal of salts from sea water and brackish water is the most advanced 

technology used to address the increasing demand for fresh water. Desalination offers a source of 

water otherwise not accessible for irrigational, industrial and municipal use. The multi-stage flash 

(MSF) distillation10, multi-effect distillation (MED)11, electrodialysis (ED)12, nanofiltration (NF) 

and reverse osmosis (RO)13 have all been used to desalinate sea water with RO making up 50% 

global installations due to its lower energy consumption. The greatest demand for desalination 

installations is the in Middle East where historically thermal based technologies such as MSF have 

dominated due to availability and low cost of fossil fuels. In recent years however the Middle East 
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has seen a surge in demand for RO technologies which is mirrored by similar growths in demand 

for RO installations in Asia and Europe. 

 RO based separation relies on a semi permeable membrane which under an applied 

pressure obstructs salt permeation hence preferentially allowing water molecules to pass through 

it. The performance of these membranes is characterized by the water flux and salt rejection with 

an ideal membrane possessing a high water flux and salt rejection higher than 99%. Accomplishing 

these metrics while resisting chloride degradation is possible by developing chemistries that allow 

the fine tuning of acid concentration (which is tied to water flux) crosslink density (which is tied to 

salt rejection). While decades of research have been dedicated to understanding and improving RO 

technology, the gains thus far have been relatively marginal primarily due to local chemical 

inhomogeneity and high surface roughness. The recent development of smooth, chemically 

homogeneous molecular layer by layer synthesized RO membranes on planar nonporous substrates 

by NIST opens up FTIR as a route to research both RO and NF membranes and make meaningful 

progress in improving the current technologies. 

 

 1.2 Motivation  

In both PEMFC and RO membrane research, the problem of polymer thin film analysis has 

limited the tools available to probe the structural and chemical properties of these systems. FTIR 

is often the method of choice when studying the structure and chemistry of polymer films due to 

the ease of sample preparation and the wealth of knowledge that exists in literature to aid spectral 

interpretation. However, when the thickness of the polymer film falls below 100 nm, only infrared 

reflection absorption spectroscopy (IRRAS) becomes the only feasible option. A key motivation of 

this work is the development of an alternative FTIR sampling geometry that provides signal quality 
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equivalent or superior to IRRAS without the substrate limitation of IRRAS would provide a 

valuable alternative to interrogate thin film systems.  

A PEMFC consists of an anode and a cathode, which provide the oxidation and reduction 

half reactions, a gas diffusion layer (GDLs), catalyst layers and a PEM, which acts as a separator 

to prevent the mixing of the reactants, a conductor for protons, and provides structural support 

Figure 1-1. While the structure and processes in the PEM are well studied relatively less is known 

about ionomers in the catalyst layer. 

 

 

Figure 1-1. Schematic of a PEMFC. The proton exchange membrane is shown in blue, the catalyst 

layer is shown in grey, the gas diffusion layer is shown in black and the anode and cathode are 

labeled with a zoom in box showing the catalyst and gas diffusion layers where electron transport 

takes place.16   

 

The majority of FTIR work on fuel cell ionomers has been focused on understanding 

hydration effects in NAFION films and hence has been limited to spectral regions fundamental to 

understanding hydration.14,15 FTIR has been used to study NAFION thin films in attenuated total 

reflection (ATR), infrared reflection absorption spectroscopy IRRAS and transmission geometries 

and yet it seems that there is no consensus on understanding the structure and function of ionomers 

at the electrochemical interface. The main reason for this lack of understanding is the fact that the 

spectrum of NAFION appears different depending on the sampling geometry. This problem has 
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been heightened by the fact that studies of NAFION thin films have been conducted on model 

substrates such as silicon in order to take advantage of alternative characterization techniques such 

transmission electron microscopy (TEM), neutron scattering and contact angle measurements. 

While silicon may be convenient for studying ultrathin films, it presents several complications as 

a substrate for FTIR studies. A motivation of this research is to obtain high quality vibrational 

information on silicon substrates which can rationally be compared to spectra collected on 

alternative substrates and geometries to obtain structural information. 

 

  

Figure 1-2.Cartoon representation of thin film composite membrane consisting of a polyamide 

active layer, polysulfone porous support and polyester non-woven fabric.  

 

Typically, commercial and residential RO and NF water treatment systems are constructed 

as thin film composite (TFC) membranes with an ultrathin thin active layer (20-200 nm) 

synthesized on a microporous polysulfone substrate which in turn lies above of a reinforcing 

polyester non-woven support fabric, Figure1-2. The morphology, composition and density of the 

active layer has significant influence on the transport properties of the membrane, hence great effort 

has been expended to understand this layer in the hopes of optimizing membrane chemistry and 

increasing performance. Currently the active layer in thin film composite RO and NF membranes 

are based on a PA thin-film made by interfacial polymerization of an aromatic polyamine such as 

m-phenylenediamine (MPD) with aromatic polyacyl halides such as trimesoyl chloride (TMC). 



6 

 

There is still ambiguity about three important properties of these films, the monomer ratio, the cross 

link density and the orientation.  

 Detailed information on the nanostructure of the PA active layer is required to achieve a 

better understanding of the salt rejection and water transport in RO and NF films. By studying 

mLbL synthesized RO films where it is possible to precisely control the chemistry, we can obtain 

crucial information about monomer ratio, free acid concentration and orientation using FTIR which 

is directly relatable to transport properties. Studying such a model system provides the control 

required to establish unambiguous structure property relationships. The analytical framework 

developed in studying mLbL membranes can be extended to real composite membranes, aiding in 

interpreting vibrational data for these films and ultimately leading to a better understanding of how 

both chemical and structural properties affect the transport characteristics. 

 Although the focus of this thesis is thin film analysis for materials relevant PEMFC and 

RO applications, the problem of how to probe polymer films less than 100 nm is a common theme 

across several fields hence the strategies introduced here can be applied to a variety of systems. 
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Chapter 2  
 

 

Literature Review 

2.1 Introduction 

As previously established, thin polymer membranes have wide applications in energy 

technologies and membrane-facilitated water treatment applications. A survey of the literature will 

reveal that there are host of well-established sensitive techniques that have been used to study thin 

films even down to the angstrom level. Many of these methods. while excellent for inorganic films, 

prove challenging when applied to organic polymers, which at times may be fragile, prone to 

contamination or difficult to handle under ultra-high vacuum. 

Vibrational spectroscopy is a powerful technique to identify molecules and to study their 

structures and reactions at the molecular level. In terms of polymers used in fuel cells and RO 

membranes, several research groups have used a variety of vibrational spectroscopic methods 

ranging from non-linear techniques to static methods to probe both structure and function. Fayer1 

has published numerous articles using ultrafast infrared methods to study the structure and 

dynamics of water in fuel cell membranes.2 Watanabe3 has developed an in-situ ATR method to 

study water transport and structural changes in membrane electrode assemblies (MEA) similar to 

those found in real fuel cells.4  

The work of Fayer and Watanabe has provided the basis of studying bulk membranes and 

our understanding of these films and publications on them are ever increasing. The situation is 

somewhat different for films below 200 nm where we are still far from understanding the structure 

property relationships of thin ion-containing polymer films. One problem in studying these thin 
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films using vibrational spectroscopy has been sensitivity with the standard transmission FTIR or 

Raman scattering sampling methods simply not being sensitive enough. Osawa5 has done extensive 

work on surface enhanced infrared absorption (SEIRA) using a thin metal layers to enhance the 

signal in various experimental geometries.6,7 The use of metal layers in SEIRA is particularly 

convenient as the metal layer can be used as an electrode to facilitate in-situ spectroelectochemical 

measurements. SEIRA however is still poorly understood and substrates are difficult to fabricate. 

As a result, only a handful of research groups have been successful in implementing it to study film 

properties. Milosevic discovered that under specific conditions ATR spectra can be enhanced even 

in the absence of a metal layer when a grazing angle ATR (GAATR) geometry is used.8 With 

GAATR as with SEIRA, spectral interpretation is complicated by the incomplete understanding of 

spectral enhancement and band distortions as a function of film thickness.  

The following sections will survey the current research strategies employed to study thin 

films with an emphasis of vibrational methods and the state of understanding with respect to signal 

enhancements in FTIR. An overview the key challenges and outcomes in fuel cell, NAFION and 

RO membrane research will also be presented to highlight areas where signal enhanced FTIR can 

bridge gaps in understanding.  
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2.2 Current Approaches to Thin Film Research 

2.2.1 Analytical methods and challenges 

The problem of thin films analysis of often approached by using surface sensitive 

techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), 

electron probe X-ray microanalysis (EPMA), secondary ion mass spectrometry (SIMS) 

spectroscopic ellipsometry (SE) and Rutherford back scattering (RBS). None of these techniques 

is intrinsically better than the rest for all studies but each has its own benefits and disadvantages. 

Typically, two or more of these techniques are combined to provide useful water transport and 

morphology information. 

 Kosoglu, et al. have studied water uptake and swelling for NAFION films on platinum, 

gold and carbon substrates by combining SE which gives changes in film thickness with QCM 

which gives mass gain.9 SE measurement require fitting changes in wave amplitude and phase shift 

to optical models to characterize the thickness and complex refractive index of thin polymer films 

and this fitting procedure requires that the substrate is adequately optically characterized. SE and 

QCM measurement however cannot provide the molecular level detail about the changes in the 

film during swelling the vibrational methods can provide.  

X-ray techniques are perhaps the most prevalent methods used to elucidate the 

morphological differences arising from surface interactions and processing conditions for fuel cell 

ionomer thin films. Grazing incidence small angle x-ray scattering (GISAX) has been used to study 

the morphology of thin NAFION films as a function of film thickness, substrate type and relative 

humidity.9,10 XPS has been used to study degradation of both fuel cell ionomers and RO membranes 

and has proven a popular choice in studying variations in RO membrane chemical composition and 

surface coatings. XPS measurement however cannot be carried out in situ to characterize changes 
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in the transport characteristics which are of importance in both fuel cell and RO thin films. Soles, 

et al. has used near-edge X-ray adsorption spectroscopy fine structure (NEXAFS) to assess the 

impact of surface structure on permeability and transport of water and solutes across the water-

membrane interface in LBL films. Additionally, in-situ X-ray relectometry has been used to 

measure the swelling of LBL films and construct transport models.11 NEXAFS can determine the 

orientation of aromatic rings in the polyamide polymer but is unable to distinguish between 

aromatic rings belonging to each of the monomers. XPS also does not allow nondestructive probing 

of chemical composition gradients in in films being limited only to less than 10 nm of the film.  

RBS can probe a greater depth into the sample than XPS and determine the elemental 

composition and depth profile. RBS experiments on laboratory-made RO membranes have shown 

that the elemental composition of membrane active layers could be a function of layer depth 

throughout the entire cross-section.12,13 Tof-SIMS has been proposed to study surface coatings on 

RO membranes14 and degradation of both RO membranes and fuel cell ionomers, however the 

destructive nature of depth profiling and the difficulty of spectral interpretation has resulted in very 

few groups attempting this technique.  

Vibrational spectroscopy and FTIR specifically can allow the study of in-situ water uptake 

and dynamics which permits researchers to conclude which functional groups in the polymer 

interact with water and the nature of the interactions. FTIR can also facilitate nondestructive depth 

profiling to analyze chemical heterogeneities in the sample. The ease of sample preparation, low 

cost of instrumentation, and the versatility and speed of measurements has made has vibrational 

methods a popular choice to study thin films for fuel cells and RO membranes as is outlined below. 
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2.2.2 Vibrational methods in fuel cell and RO thin film research 

Surface vibrational spectroscopic techniques probe the structure and composition of 

interfaces at the molecular level in a typically nondestructive manner and with a versatility not 

easily replicated with other techniques. Vibrational sum frequency generation spectroscopy 

(VSFG) has been used to study thin perfluorosulfonate ionomer (PFSI) films used in fuel cells. 

VSFG was employed by Yagi, et al. to probe the PFSI/Pt interface.15 Yagi, et al. concluded that 

NAFION thin films thicker than 5 nm form either a macroscopically centrosymmetric orientation 

or dimer configuration. Noguchi, et al. used VSFG to study the humidity dependent structure of 

water on thin PFSI film surfaces and demonstrated water molecules adsorbed preferentially at 

sulfonate sites on the NAFION surface but at elevated RH ice like water was detected even at 

fluorocarbon sites.16  

Moilanen, et al. employed ultrafast spectroscopy by studying the vibrational lifetime of the 

OD stretch of dilute HOD in H2O, characterized the changes of the hydrogen bond network as a 

function of hydration or increased water content in NAFION films. They concluded that water 

occupies two distinctly different environments within the polymer; one in the solvation shell of the 

sulfonate group characterized by slow OD stretch relaxation, and another with fast relaxation 

associated with bulk water.2,17 

Smotkin, et al. has used ATR and PM-IRRAS to study the long term durability of ion 

exchange membranes used in fuel cells. Smotkinôs research is particularly interesting as for the first 

time the ionomer binder in the catalyst layer was studied in operando using PM-IRRAS. The 

resulting spectra were interpreted on the basis of DFT calculations and observations from ATR 

measurements on bulk membranes leading to surprising conclusions about the adsorption of 

NAFION on metal surfaces.18 
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While there are many parallels in the properties of interest for fuel cell ionomers and water 

treatment membranes (e.g. water transport and degradation) there are very few vibrational studies 

on RO membranes analogous to those on fuel cell ionomers. The primary reason for this dearth in 

vibrational studies on RO membranes is the multilayer construction of TFC membranes. The recent 

development of layer by layer RO membranes promises to open vibrational spectroscopy as a viable 

option to study water transport, chemistry and structure in these membranes and will be addressed 

later in this chapter.  

2.2.3. Signal enhanced FTIR methods 

FTIR and Raman scattering are two complementary vibrational spectroscopic methods that 

are often used for surface film and interfacial anlysis.19 In general, Raman spectroscopy is best at 

probing symmetric vibrations of non-polar groups while IR spectroscopy is best at obtaining high 

signal from the asymmetric vibrations of polar groups. However, sensitivity in thin films is a big 

challenge, due to the fact that the number of molecules under study is typically very small. This 

problem was first overcome in Raman spectroscopy in the 1960s by the discovery of the surface 

enhanced Raman scattering (SERS) effect, and subsequently by the discovery of the surface 

enhanced infrared absorption effect (SEIRA) for infrared spectroscopy. Much of what we know 

about SEIRA comes from research about the SERS effect. Common features shared by SERS and 

SEIRA techniques are that rough or nano-structure substrates are necessary and the signal intensity 

can be related to surface orientation of molecules due to surface selection rules. These common 

features result from the similarity in the mechanisms that contribute to SERS and SEIRA 

enhancement effects.  

This research has led to the more widespread use of SEIRA in so-called Kretchmann and 

Otto ATR geometries, Figure 2-1. 
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Figure 2-1. Schematic of three geometries used in SEIRA experiments.  

 

In all these methods, the signal is enhanced up to 10 times by the presence of a metal 

layer.19 The improved signal in all these techniques results from electromagnetic field 

enhancements. SEIRA enhancement effects have the following characteristics;20 SEIRA activity 

strongly depends on the morphology of the metal and the surface roughness.7,21 Band intensities 

depend on the polarization and angle of incidence,7,22 and the enhancement is significant for the 

first monolayer directly attached to the surface decaying sharply as distance from the surface 

increases and modes that have surface normal dipole moment components are preferentially 

enhanced giving rise to a surface selection rule.23,24 It is generally accepted that SEIRA 

enhancement arises from a long range electromagnetic (EM), effect and short range chemical 

effects. The enhancement can be described in terms four contributing effects, the resonance particle 

plasmon effect, the lightning rod effect, the image dipole effect and the chemical effect.19,23 These 

effects are discussed in turn below.  
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2.2.3.1 Resonance plasmon and lightning rod effects  

Suzuki, et al. demonstrated that there is a direct relationship between absorbance and the 

electromagnetic field which resulted from collective electron resonance of metal island films and 

surface plasmon polaritons of continuous films.25 These effects are now known as resonance 

plasmon effects in which coupling of the incident radiation field with local surface plasmons (LSP) 

of the roughened metal surface results in an amplification of the EM field. Atomic force microscopy 

experiments confirm that this roughened metallic film can be modelled as ellipsoidal metal islands 

on a substrate as shown in Figure 2-2. If the metal particle is smaller than the wavelength of light 

incident upon it, the particle will become polarized as a result of localized plasmon excitation. The 

dipole induced at the center of the island (P) film can be represented as: 

    P =ŬVE      (1)                                                        

where Ŭ is the polarizability of the metal island, V is the volume of the metal island and E the 

amplitude of the incident electric field. This dipole generates an EM field around the island which 

is greater than the incident light alone and excites adsorbed molecules. The enhanced electric field 

is estimated to be 10 times greater than that of the incident light. The enhancement is short ranged 

due to the intensity of the local electric field decaying rapidly the as the distance from the surface 

increases. The relation of field strength with distance from the metal island has been expressed as: 

                                                       ȿὉ ȿ                                                         (2) 
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Figure 2-2. Model interaction of incident radiation with metal island substrate with dielectric 

constant Ům coated with adsorbate molecules with dielectric constant Ůd and b) the resultant lightning 

rod effect on an ellipsoidal particle. The electric field intensifies along major axis resulting in 

electric field hot spots between metal islands. 

 

where l is the distance from the center of the island. This explains the requirement for surface 

roughness and the spatial resolution of the enhancement, but does not explain the apparent 

dependence of the enhancement on the metal surface morphology. The influence of morphology 

on the enhancement can best be explained in terms of the lightning rod or antennae effect. 

While Elocal is symmetrically distributed on spherical surfaces, it is concentrated at the tip 

ends of prolate ellipsoids. The tip enhancement leads to increasing ýeld enhancement colloids or 

islands with high aspect ratio (ɖ). ɖ is defined as a/b as shown in Figure 2-2. There is no relation to 

the incident wavelength and is not necessarily related to LSP generation because it is a morphology 

effect and not a resonance effect. Generally as ɖ increases infrared absorbance also increase, and 

this is related to the field intensity at the tip, Etip as follows:26  

                                     Ὁ Ὁ                                            (3) 
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where El is the applied electric field along the major axis of the ellipsoid, Ům is the dielectric constant 

of the metal island and Aa is the depolarization factor which is inversely proportional to ɖ. It is 

reasonable to believe that plasmon resonance effects and lightning rod effects are coupled thereby 

amplifying the plasmon resonance effect. However, the relationship between these effects is still 

not fully understood. Experimental evidence suggests that resonance plasmon effects dominate for 

SERS which explains why only coinage metals are SERS active substrates. For SEIRAS, even non 

SERS active substrates provide significant enhancements and the roughness and texture of the 

surface is more important which suggest the lightning rod effect dominates. 

2.2.3.2 Image dipole and chemical effects 

The image dipole effect is perhaps the best known enhancement mechanism due to the 

surface selection rule first described by Greenler in 1960.24 Greenlerôs surface selection rule simply 

put is that only surface normal dipoles are visible in reflection IR experiments.  

  

Figure 2-3. Image dipole effect, the surface parallel induced dipole is annihilated by the image 

dipole in the metal while the surface normal induced dipole is enhanced. 
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In the description of the image dipole effect the electrode is envisaged as a mirror and the 

molecule is taken as a point dipole. The electric field of the EM wave E induces an oscillating 

dipole in the adsorbate ɛinduced which in turn induces an image dipole in the metal ɛimage which has 

an electric field Eimage associated with it. Eimage is given by: 

  Ὁ ‎   (4) 

 where ɔ is a constant dependent on the dielectric constants of the metal and adsorbate and 

R is the distance of the dipole from its image.27 

 Eimage adds constructively with E and enhances the overall field experienced by the 

molecule. This makes ɛinduced larger as described in equation (5) leading to increased IR absorbance.  

                                               ‘ ‌Ὁ Ὁ             (5) 

Figure 2-3 shows this additive effect of ɛimage on surface normal dipoles and how ɛimage has 

the effect of cancelling out surface parallel dipoles. From this description it is clear that the image 

dipole effect is only important when dipoles are oriented surface normal, and this orientation of 

dipoles typically arises from chemical effects. 

Generally, the chemical contribution to the SEIRA effect is much less than the EM 

contribution. One of the chemical origins of SEIRA is the orientation of molecules on a metal 

surface. Chemisorption on metal surfaces results in ordering of molecules on the surface. Molecules 

with ordered orientation give larger intensities than randomly ordered molecules for vibrations that 

give dipole changes normal to the surface due to the dipole being in line with the local electric field.  
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2.2.3.5 Electric field enhancements on non-metallic substrates  

 Due to its high refractive index and high surface reflectance, silicon substrates may 

seem amenable to grazing angle reflection spectroscopy. However, a grazing incident angle above 

70  is near its Brewsterôs angle (73.7 ) for silicon. As a result, the reflectance from silicon for p-

polarized light at grazing angle is low. Additionally, the peak interpretation of thin films at grazing 

angle on silicon substrates can be complicated due to band distortions and peak shifts that are not 

yet fully understood. At grazing angles however, under conditions where the ATR crystal has a 

high refractive index, it is possible to obtain high quality spectra for thin films on silicon. This 

grazing angle ATR (GAATR) geometry only gives signal enhancement when a suitable substrate 

acts as an overlayer for the sample being analyzed and so we have termed it substrate over ATR 

(SO-ATR).  The enhancement is believed to originate from the constructive interference of the 

evanescent wave within the sample film and is characterized a strong dependence on the thickness 

of the sample layer. The enhancement results in atypical unpolarized FTIR spectra where 

unexpected peak appearance cannot be simply explained as Restsrahlen bands28 or spectral 

distortions.29,30 

  Although the development of ATR dates back to the beginning of the widespread use of 

FTIR, GAATR has remained relatively unknown until the early 1990ôs when Milosevic and Berets 

began to explore the 100 fold enhancement in spectral intensity sometimes observed in this 

geometry. Only in the last 20 years have research articles been published utilizing GAATR 

somewhat regularly. We have also studied the enhancements observed in this geometry as a path 

to understanding the orientation of NAFION thin films on NAFION. A detailed description of the 

origin enhancement and its implications on spectral interpretation are presented in Chapter 3. 
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2.3 Current State Fuel Cell Ion Exchange Membrane Research 

2.3.1 Proton exchange membranes 

NAFION is a trademark perfluorinated sulfonic acid (PFSA) of Dupont and finds 

applications in electrochemical devices. The chemical structure of NAFION consists of a 

hydrophobic backbone with perflourinated ether sidechains terminated by sulfonic acid groups as 

shown in Figure 2-4. The combination of a extremely hydrophobic Teflon-like backbone which 

provides structural integrity, with the very hydrophilic sulfonic acid, results in well-defined 

nanochannel within NAFION membranes when hydrated, Figure 2-4b. 

  

Figure 2-4. a) Repeat unit of NAFION and b) schematic representation of the phase separated  

morphology of NAFION  with well-defined nano-channels.89 

 

The sulfonic acid groups provide protonic charge carriers via dissociation, and proton 

conductance is assisted by water dynamics through the percolating water-filled cavities. In a PEFC 

catalyst layer, NAFION acts as a binder in the anode and cathode layers where it forms a film 2-20 

nm thick on the aggregates of Pt nanoparticles, Figure 2-5.31 At low pH, the performance is limited 
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by the cathode oxygen reduction reaction (ORR) which is at least six orders of magnitude slower 

than the anode hydrogen  

oxidation reaction (HOR). Kocha, et al. demonstrated that the presence of NAFION as a 

binder on Pt/C cathode electrodes reduces the ORR catalytic activity 1.8 times.32 

 

Figure 2-5. Catalyst layer carbon supported Pt nanoparticle coated with NAFION. 31 

 

Jomori, et al., after conducting cyclic voltammetry experiments, proposed that the ionomer 

may adsorb on the surface and decrease the available catalytic surface area available or 

alternatively, conformational changes in the polymer layer may block incoming oxygen molecules 

thereby decreasing catalytic activity.33 

The nano-morphology of NAFION bulk membranes has been studied thoroughly using 

small-angle X-Ray scattering and a phase separated structure reported. However, the character of 

NAFION in the catalyst layer is still poorly understood with several models being proposed and 

periodically revised.34,35 The effect of confinement and substrate identity on water uptake proton 

conductivity and structure have been studied using X-ray specular reflection (XRR)36 grazing 

incidence small x-ray scattering (GI-SAXS)9,37ï39 and neutron reflectometry (NR).40ï42  
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The difficulty in directly probing the ionomer structure and properties in the 5ī20 ɛm thin 

catalyst layer with a porous composite structure resulted in studies of thin ionomer films on well-

defined planar substrates such as SiO2 or Au/Pt coated silicon wafers. These studies have suggested 

that the morphology of an ionomer on an electrode plays a significant role in the catalytic processes 

taking place in the MEA and thus influences the overall fuel cell efficiency. There is strong 

evidence that the morphology of NAFION is tied to its thickness and distinct changes in properties 

such as water uptake and conductivity.43 In fluorescence experiments, Dishari and Hickner 

demonstrated that NAFION thin films at the SiO2 interface had higher water uptake than thicker 

films43 which is consistent with the quartz-crystal microbalance (QCM), ellipsometry, and grazing-

incidence X-ray scattering observations of Kosoglu, et al. on films 4-300 nm thick.9  

 

Figure 2-6.  Proposed morphologies of NAFION thin films on silicon substrates at different 

thickness regimes ranging from highly oriented single layers below 4 nm to mixed morphology 

films above 55 nm.45 

 

The water uptake trends appear to be substrate dependent as Konganand, et al. in QCM 

observed a decrease in water uptake as film thickness deceased for films prepared on gold.44 

Eastman, et al. found that the swelling ratio, volumetric water fraction, and effective diffusivity of 

films are relatively constant for spin-coated films thicker than approximately 60 nm but gradually 

decreased with decreasing thickness.36 Paul, et al. prepared a series of NAFION samples on SiO2 
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substrates ranging from 4 nm to 300 nm and used surface wettability tests and AFM as a function 

of thickness to probe morphology changes.45 They proposed the existence of three distinct 

morphologies depending on thickness regime; a single layer morphology at 4 nm and below, a 

multilamellar morphology between 10 ï 55 nm, and a mixed morphology for thicknesses greater 

than 55 nm, Figure 2-6. This morphology change at 55 nm would explain observation that the 

proton conductivity of sub-55 nm NAFION thin films was found to be independent of thickness 

whereas that of the thicker films was thickness-dependent, approaching that of the membrane.46 In 

a similar more recent study, Paul, et al. investigated thermally induced changes in surface 

wettability and proton conductivity of 4 nm-300 nm films on SiO2 substrates. It was found that 

proton conductivity decreases significantly upon annealing with a stronger thickness dependence 

on conductivity for annealed films.47  

2.3.2 FTIR analysis of NAFION thin films 

FTIR has routinely been used to study NAFION membranes in the micron thickness range 

to probe its water transport properties in its role as a separator membrane in fuel cells.2,48ï50 The 

majority of these studies have been centered on the transport of water through bulk films. Extending 

this work to encompass thin films is complicated by changes in the appearance of the NAFION 

spectrum when the sampling geometry is changed, and the ambiguity in some of the peak 

assignments relevant to interpreting the spectra, Figure 2-7. 

Kunimatsu, et al. conducted an ATR study of water in several micron thick NAFION 

NRE211 membrane combined with proton conductivity measurements during 

hydration/dehydration cycle.51 In this study, the authors suggested that there are two kinds of water 

in a NRE211 membrane with distinct ŭ(HOH) frequencies; one at 1740 cm-1 and the other at 1630  
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cm-1.  

Figure 2-7. ATR spectrum of bulk NAFION membrane similar to that used in MEA hydration 

studies overlayed with the corresponding NAFION thin film spectrum on a gold substrate. The 

water peaks and 1260 cm-1 peak discussed in the text are labelled.  

 

The initial hydration of the dry membrane results in the dissociation of the SO3H group 

with the resultant proton being hydrated to yield the ŭ(HOH) band at 1740 cm-1. As hydration 

continued, water associated with SO3
- ions represented by the ŭ(HOH) band at 1630 cm-1 increased 

as does the associated proton conductivity. In Kunimatsu, et al.ôs work as with the majority of 

NAFION articles published, the focus is on proton conductivity and hydration in an MEA and the 

only water peaks and the SO3
- symmetric stretch is considered.52ï54  

While OH peaks can inform us about water transport and in part explain the differences 

between bulk and thin film physical properties, much more detailed information can be obtained 

from the fingerprint region of the polymer. Numerous experimental and theoretical research articles 

have been published attempting to explain the NAFION fingerprint region.49,52,55,56 Unfortunately, 
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absolute clarity about the exact contribution of individual vibrational modes to the overall spectrum 

has eluded researchers. The best illustration of this ambiguity is the 1260 cm-1 peak. In PM-IRRAS 

experiments, Davis, et al. assigned the 1260 cm-1 peak to v(CF2)57, while also in PM-IRRAS 

Kendrick, et al. assigned the same peak to the ɜas(CF3) + ŭs(COC) vibration mode.18 Korzeniwski 

from transmission experiments49 and Malevich from deconvoluted in situ IRRAS data, assigned 

the same 1260 cm-1 peak to SO3-.58 Zeng, et al. in surface enhanced Raman experiments assigned 

this 1260 cm-1 peak to vas(CF3)59 while Ono, et al. assigned it to v(CF2) and SO3
- groups.60  

Until recently, however, very little research on thin films of NAFION has been published 

in the literature. Davis, et al. have used in situ, time resolved PM-IRRAS in an attempt to elucidate 

water transport mechanisms in 153 nm NAFION films.57Notably this study revealed that the 

effective diffusion coefficient of water in NAFION thin films is between 4 and 5 orders of 

magnitude lower than in bulk NAFION. As with the ATR work on bulk membranes, Davis, et al. 

focused on OD and OH peaks in the spectrum of NAFION exposed to humidified air and provided 

information that can be thought of as complimentary to bulk film studies. 

 Recently Ono and Nagao used p-polarized multiple-angle incidence resolution 

spectrometry (p-MAIRS) technique was used to investigate the in-plane (IP) and out-of-plane (OP) 

NAFION spectra on silicon and thin Pt surfaces.60,61 MAIRS is a relatively new technique 

developed by Hasegawa to evaluate molecular orientation of films based on band shifts that result 

from the splitting of transverse optical and longitudinal optical modes.62 Based on the increase of 

the intensity of the 1260 cm-1 OP peak that Ono and Nagao assigned to a mixture of CF2 and SO3
- 

, they concluded that the degree of orientation on the Pt-deposited surface depends on the thickness. 

This conclusion is consistent with the observations of Kendrick, et al. based on in operando PM-

IRRAS of catalyst layer NAFION coated Pt which showed strong ordering of NAFION thin films 

on Pt.18 . Based on the assignment of the 1260 cm-1 peak to mechanically coupled modes dominated 

by the CF3 asymmetric stretch, Kendrick, et al. concluded that NAFION adsorbs on Pt surfaces via 
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both the SO3 and CF3. While these two studies provide strong evidence for ordering of NAFION 

thin films they also exemplify the conflict of opinion with regards to the orientation of NAFION 

on the electrode surface.  

2.3.3 Perspective on ion exchange membrane research beyond NAFION 

One promising alternative to NAFION based fuel cells are fuel cells based on sulfonated 

block copolymers because the combination of ionic and nonionic blocks provides the potential for 

highly ordered morphologies where transport properties can be tailored in a reliable fashion.63 One 

notable example of this research is the work of Bae, et al. who synthesized a series of sulfonated 

poly(arylene ether sulfone)s (SPEs) block copolymers and measured the proton conductivity as a 

function of hydration at elevated temperatures.64 Bae, et al. demonstrated that at high hydration 

where acidity difference is less important, block copolymers display higher conductivity than 

NAFION. Block copolymer micro domain size, and orientation have been shown to significantly 

improve proton conductivity compared to random copolymer analogs but are yet to outperform 

NAFION at low humidity.63  

Yeh, et al. used periodic density functional theory (DFT) methods to study the adsorption 

of sulfate and bisulfate molecules on Pt (111) surfaces as a model process for interfacial chemistry 

related to NAFION sulfonic group adsorption on Pt electrocatalysts.65 Yeh, et al. determined that 

there is a linear correlation between the sulfonate proton affinity and the equilibrium potential of 

the sulfonate anion. This insight shows that the charge density on the sulfonate group influences its 

adsorption, which may be related to how different polymers perform in fuel cell electrodes. 

Another approach to improving NAFION-based fuel cells is the use of anion exchange 

membrane (AEM) based fuel cells. The Hickner group has done extensive work studying the 

synthesis, performance and stability of novel AEM materials. AEM fuel cells promise to solve one 
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critical shortfall of PEM fuel cells; the need for expensive catalysts. The oxygen reduction reaction 

e is more facile in alkaline conditions where AEMFCs operate compared to the acidic environment 

where PEMFCs operate and more possibilities exist for cathode catalysts thus eliminating the need 

for noble metal catalysts to achieve similar performance to PEMFCs. One major drawback of 

AEMs however is degradation of cationic groups at low hydration due to nucleophilic attack. 

Poly(phenylene oxide) (PPO)-based AEMS with quaternary ammonium ionic groups provide the 

best stability and performance to date. The performance however is yet to exceed that of NAFION 

at low hydration without suffering excessive alkaline degradation. The precise degradation 

mechanism for these membranes remains unknown and hence research is ongoing to understand 

the degradation mechanisms and improve stability.  

 Pan, et al. designed a series of semi-interpenetrating network AEMs which contained both 

a rigid and a flexible component.66 These membranes displayed improved mechanical strength and 

flexibility over conventional QAPPO membranes in addition to high conductivities and improved 

chemical stability. Zhu, et al. have reported that a polymer motif with multiple cations per side 

chain site can boost both the conductivity and stability of poly(2,6-dimethyl-1,4-phenylene oxide)-

based AEMs.67 Other strategies such as moving the cationic group further from the backbone68 and 

reducing backbone functionalization69 have been suggested but a breakthrough in improving 

stability after prolonged exposure to alkaline conditions is yet to be realized. 

2.4 Probing Microstructure i n Reverse Osmosis Membranes 

2.4.1 Current state of polyamide RO membrane research 

Thin film composite (TFC) reverse osmosis membranes with aromatic polyamide active 

layers dominate the RO market due to the reasonable tolerance to impurities, enhanced durability 
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and easy cleaning characteristics of these membranes. The TFC design also allows the distinct 

layers to be finely tuned to achieve various mechanical, transport and filtration properties. The 

typical synthesis of the active layer is via interfacial polymerization where highly porous 

polysulfone is coated with m-phenylenediamine (MPD) and then reacted with trimesoyl chloride 

(TMC).70ï72 The two monomers can react forming linear chains.  

 

 

Figure 2-8.  Schematic for typical interfacial polymerization synthesis of aromatic polyamide (PA) 

on polysulfone (PES) support to form dense PA film.72 

 

The two remaining unreacted acyl chlorides of the TMC monomer can either undergo 

hydrolysis and form carboxylic acid or can react with additional MPD monomers and form a highly 

cross-linked structure, Figure 2-8. Manufactures of these films aim to control surface roughness, 

thickness, crosslink density, monomer ratio and unreacted end group concentration. The biggest 

challenge in studying these parameters is that they are often intricately interconnected making it 

difficult to delineate their individual contributions to transport. 

Although interfacial polymerization is very efficient, the fast polymerization and reaction 

conditions produce rough films with significant chemical heterogeneity. Freger analyzed the 

structural changes during interfacial polymerization and demonstrated that there exists a direct 

correlation between the thickness of the film and surface roughness.73 In the same study, Freger 

demonstrated the process of interfacial polymerization proceeds in three distinct kinetic phases 
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which have implications on the structure of the resultant film. The conclusions drawn by Freger 

implies that being able to control the kinetics of film growth can lead to controlling film structure. 

  Using XPS and Rutherford backscattering spectrometry (RBS) Coronell, et al. probed the 

surface and volume average properties of commercial RO membranes and observed heterogeneity 

in the concentration and pKa distribution of carboxylic groups as well as the degree of polymer 

cross-linking.13 By using RBS, Coronell, et al. were able quantify the ratio of carboxylic acid 

groups (R-COOH) to ionized groups (R-COO-) by neutralizing the charged species with Ag+ ions 

and analyzing the resulting RBS spectra for the Ag+. XPS74 and streaming potential75 measurements 

indicated that polyamide TFC membranes possess a significant negative charge which originates 

from up to 11% of the acyl groups on TMC not being converted to amide.76 This observation is in 

contrast to ATR data that indicates that the concentration of unreacted acyl groups is negligible. 

Based on TEM images and theoretical models, Freger has suggested that the PA layer in RO and 

NF membranes prepared by interfacial polymerization possess a double layer structure in which 

the outermost layer is negatively charged and is separated from the porous support by a dense 

positively charged layer.76  

Positron annihilation lifetime spectroscopy (PALS) has been applied by Kim, et al. to 

explain the water flux in TFC membranes.77 Kim, et al. were the first to experimentally demonstrate 

that the PA membranes are composed of network pores of radius 2.1-2.4 Å and aggregate pores of  

 

radius 3.5-4.4 Å, Figure 2-9.77 Kim, et al. concluded that for interfacially polymerized films 

as the degree of cross-linking increases the number of network pores increases resulting in an 

increase of water flux. The mechanism of water transport in these proposed pores however, remains 

unexplored. 
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Figure 2-9. Network ad aggregate pores proposed by kim et al. Network pores are formed within 

highly crosslinked chains while aggregate pores are formed between loosely crosslinked chains.77 

 

Puffr and Sebenda studied the mechanism of water transport in amorphous aliphatic 

polyamide (Nylon) membranes. In this study, the infrared absorbance of these membranes as a 

function of relative humidity was recorded and the authors of this work concluded that water binds 

to the amide groups, first forming a double hydrogen bond between carbonyl group (termed firmly 

bound water) and then forming bridging hydrogen bonds between amide C=O and N-H groups 

(termed loosely bound water).78 Based on a similar study on Nylon 6-6 by Lim, et al., three sites 

for water binding were identified; a strongly bound water site, a loosely bound water site, and a site 

for capillary condensed water which is only indirectly related to the C=O and N-H groups.79  While 

the aforementioned work on aliphatic polyamide systems may provide the basis for understanding 

transport in aromatic systems, not enough work has been done on the aromatic polyamide systems 

to draw any meaningful conclusions.  

 Leckie, et al. has published a series of papers that comprehensively characterized the 

physiochemical properties of commercial RO and NF membranes using XPS, TEM, ATR and 

streaming potential measurements.80ï82 while the work of the Leckie group provided useful insights 
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about membrane chemistry and structure, the fabrication of many commercial membranes involves 

proprietary steps such as the application of a surface coating which strongly affects membrane 

properties.  

While peaks were assigned by Tang and Leckie to the ATR spectrum of aromatic PA 

membranes, these assignments were limited to the Amide I and II regions and were heavily 

convoluted with bands from the underlying polysulfone layer or surface coating. Even when 

delaminated uncoated films are analyzed there has to date been no complete peak assignment of 

the aromatic polyamide fingerprint region resulting in some ambiguity and misinterpretation of 

spectral changes. Kang, et al. in a study of the chlorine degradation assigned the peak at 1610 cm-

1 to hydrogen C=O of the amide group.83 Based on the disappearance of this peak, they concluded 

that the hydrogen bonds between C=O and N-H were completely destroyed during chlorine attack 

which proceeded by chlorine replacing the hydrogen in N-H groups to form N-Cl.83 In a similar 

chlorine degradation study, Anthony, et al. assigned the 1610 cm-1 peak to aromatic ring C=C 

vibrations.84 Based on the disappearance of this peak they concluded that chlorine attack was via 

ring insertion in the ortho or para position.84  

Jin and Su used ATR to study the effects of polymerization conditions on hydrophilic 

groups in aromatic polyamide thin films using the 1720 cm-1 shoulder assigned to unreacted 

carboxylic groups.85 This band overlaps with the Amide I band which is predominantly the amide 

C=O and is sensitive to hydrogen bonding. It is possible that a systematic study of this spectral 

region along with the amide II region can provide insights about the state of water in polyamide 

films but as yet no papers have been published primarily due the difficulty in accurately 

deconvoluting overlapping bands.  

Characterization of the polyamide layer in TFC membranes is greatly complicated by 

contributions from the underlying layers. One approach to solve this problem is to analyze 

delaminated films where the non-woven fabric is physically removed and the polysulfone support 
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dissolved in a suitable solvent to leave the isolated polyamide layer. It can be argued that the process 

of isolating the polyamide layer alters the physical properties of the film making correlations to 

properties in the TFC membrane difficult. Another approach is to fabricate the membrane on a 

substrate suitable for the characterization technique to be used, which has led to the development 

of molecular layer by layer membranes86  

2.4.2 molecular Layer by Layer synthesized polyamide RO membranes 

Johnson, et al. developed a molecular layer by layer (mLbL) deposition process to 

synthesize crosslinked polyamide films on planar nonporous substrates.86 

  

Figure 2-10. Schematic representation of the mLbL synthesis process on silicon substrates, using 

TMC and MPD as the monomers.86 

 

In this process TMC is dissolved in toluene and spin cast on a silicon substrate. Excess 

monomer is washed of using acetone before the subsequent spin casting of a solution of MPD in 

toluene to complete one polymerization cycle, Figure 2-10. Typicaly the terms cycle and layer are 

used interchangeably to refer to one complete reaction of TMC with MPD monomers. Johnson, et 

al. demonstrated that this process produces conformal coatings at linear growth rate of ~0.9 nm per 
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cycle. The surface chemistry of the surface can be controlled based on which reaction step was 

performed last, leading to amine or carboxylic acid rich surfaces. The reaction between the MPD 

and TMC is so fast that it is difficult to control the diffusion of the monomers, and thus interfacial 

polymerization fabricated PA layer are characterized by high depth heterogeneity and rough ridge-

and-valley structures. Consistent with the implications of Fregerôs conclusions,73 the ability to 

control film growth in mLbL films results in films 70 times smoother than interfacial polymerized 

films. Figure 2-11. 

   

Figure 2-11. Comparison of AFM height images of 30 cycle mLbL polyamide (Right) and 

commercial polyamide (Left) plotted using the same height scale.86  

 

Chan, et al. studied the swelling of mLbL films using X-ray reflectivity and showed that  

the swelling behavior of these ultrathin films is consistent with 1-dimensional swelling, with the 

maximum swelling ratio highly sensitive to the specific diamine chemistry.11 Chan, et al. were able 

to show that simply selecting ortho-phylenene diamine over meta-phenelene diamine reduces the 

swelling ratio and the crosslink density.  

Wei, et al. demonstrated that in interfacial polymerized films the ratio of TMC to MPD has 

a significant influence on membrane performance as TFC membranes prepared with higher MPD 
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concentrations or lower TMC concentrations had lower water permeability but better salt 

rejection.87Layer by layer assembled film have been shown to have improved biofouling resistance 

which is as a result of the improved surface roughness. Ishigami, et al. used QCM to study foulant 

adsorption on LbL assembled films and found that BSA adsorbed only weakly on 6 layer films due 

to the increased smoothness of the film.88   

Gu, et al. demonstrated that in composite membranes fabricated via mLbL, the water flux 

gradually decreases and the salt rejection gradually increases with increasing cycle number. At a 

cycle number of 10, the mlbL membrane exhibited a salt rejection similar to interfacially 

polymerized membranes and a water flux approximately 82% higher than the interfacially 

polymerized analog. 

Solvent based mLbL synthesis of RO membranes is relatively new and very little is work 

has been published characterizing these films. The improved homogeneity and control of 

membrane chemistry combined with the absence of a porous support makes mLbL PA membranes 

an ideal model to study structure property relationships in aromatic polyamide RO membranes. It 

is apparent that mLbL films display superior water flux, salt rejection and antifouling properties 

and there is keen interest in transferring these properties to commercial TFC membranes. We have 

conducted the first FTIR study of mLbL films in order to explain the growth of the initial layers, 

the orientation and chemical differences as a function of layer number which will be presented in 

subsequent chapters.  

2.5 Conclusion 

There are parallels in the questions researchers seek to answer in studying both fuel cell 

ionomers and RO membranes, namely,ò how is water transported through these films?ò, and ñwhat 

is their orientation on different substrates and how do variations in orientation and chemistry affect 
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the transport of water through these films?ò While we have made great strides in answering these 

questions for bulk membranes, little of this knowledge can be transferred to thin films due to 

confinement effects and the influence of underlying layers. Numerous characterization techniques 

exist to probe the transport, structure and chemistry of these materials, key among them being X-

ray techniques, neutron scattering and optical spectroscopy. Among these methods, vibrational 

spectroscopy and FTIR, in particular, has been demonstrated to be a powerful tool that can answer 

most of the outstanding research questions either as a stand-alone technique or in conjunction with 

other methods.  For FTIR to be successfully applied in thin film research, there is a need for the 

signal to be enhanced and for the mechanism of the enhancement to be fully understood in order to 

rationalize changes in spectral features associated with the enhancement.  

The literature surveyed in this chapter represents a fraction of what is published, but 

demonstrates that a wealth of knowledge exists pertaining to signal enhancement on metal substrate 

but currently much less is known about signal enhanced FTIR on silicon substrates. Being able to 

collect high quality thin film spectra on silicon would allow easier comparison with the findings of 

alternative methods such as TEM as well as a better understanding of existing bulk film FTIR data.  

In the ensuing chapters, the mechanism of FTIR signal enhancement on silicon substrates 

shall be presented demonstrating how this enhancement can be used in SO-ATR geometry to probe 

the orientation of thin films. The fingerprint region of aromatic polyamide systems which has until 

now been poorly understood will be analyzed in detail and SO-ATR will be applied to these 

aromatic polyamide films and NAFION to understand the orientation of these film on planar non-

porous substrates.  
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Chapter 3  
 

Experimental Techniques: Theory And Applications  

3.1 Introduction 

This chapter introduces the methods used to prepare spin cast samples on gold and silicon 

substrates for FTIR analysis as well as the sampling geometries we used to characterize NAFION 

and polyamide thin films. Transmission, ATR and RAIRS are mature characterization geometries 

that are well discussed in literature.1,2 Hence only a brief summary of the experimental parameters 

shall be presented here. SO-ATR on the other hand is still poorly understood and we shall present 

the theoretical basis for the use of this method in determining molecular orientation. While ATR 

has been used to determine orientation by changing polarizations and calculating the dichroic 

ratio3,4 we required a method that would be equally capable of orientation of very thin films on 

gold, platinum or silicon substrates.  

3.2 Materials and Sample Preparation  

3.2.1 NAFION  thin films  

 Thin film samples were prepared by dilution of a 20 weight % NAFION solution (DE2020, 

Ion Power, Inc., New Castle, DE) with isopropyl alcohol to achieve the desired polymer 

concentrations for thin film formation by spin coating. Double polished undoped silicon wafers 

(Silicon Valley Microelectronics, Inc., Santa Clara, CA) with native oxide, a resistivity above 

10,000 ohm-cm and a thickness of 300 µm. These wafers were cleaved into 2 cm × 2 cm pieces, 
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rinsed with methanol, dried under flowing air, and UV-ozone treated for 60 min. Gold substrates 

were prepared on silicon wafers using thermal evaporation with chromium as an adhesion layer. A 

bake out process for contaminant removal was used for chromium for 30 min and gold for 60 min 

prior to deposition. The thermal evaporation process took place at a base pressure of 7x10-7 torr at 

a rate of 3 Å/sec until a thickness of 20 nm and 50 nm was achieved for chromium and gold, 

respectively. The spin-coating speed was held constant at 3000 rpm (Headway Research, 1-

PM101D-R, Garland, TX) and the weight percentage of NAFION in solution was varied to yield 

the desired polymer film thicknesses. 

 

 After spin casting the samples were dried in a vacuum oven at 40 °C overnight. All 

samples were analyzed in the as cast form with no annealing. For bulk membrane measurements, 

commercial NAFION 117 membranes (IEC = 0.91 meq/g) were used (Sigma-Aldrich, St. Louis, 

MO).  

Thickness values for NAFION films were measured using a J.A. Woollam Alpha-SE spectroscopic 

ellipsometer (Lincoln, NE). The wave amplitude (Ɋ) and phase shift (ȹ) was measured at 188 

wavelengths over a spectral range of 360-900 nm (1.377-3.44 eV) at 65°, 70°, and 75° for 30 

seconds at each angle. The samples were modeled as a stacked multilayer system with silicon as 

the substrate and an oxide layer where the thickness was fit using measurements of the bare 

substrate prior to thin film deposition. The polymer thin film was then modeled as a uniform 

Cauchy layer with no surface roughness where the thickness and optical parameters B and C in the 

two term Cauchy equation below were allowed to fit. 

                                                      ὲ‗ ὃ                                                                 (3-1) 
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3.2.2. Polyamide thin film composite membranes  

Commercial thin film composite membranes with different chemical compositions and 

properties were obtained courtesy of Dow Water & Process Solutions. The supported active layers 

of the membranes were removed from the nonwoven fabric such that just the poly(sulfone) and 

polyamide layer remained. The polyamide layer was transferred to a silicon substrate or calcium 

fluoride window as follows. The membrane was placed polyamide side down on the substrate or 

window which had been previously wetted by a drop of ethanol to promote adhesion. The substrate 

supported membrane was then washed with sufficient dimethylformamide (DMF) to remove the 

poly(sulfone) layer. To remove the DMF, the sample was washed with water followed by methanol 

and then allowed to dry at 50 °C under vacuum for 20 h. 

mLbL samples on gold and silicon were prepared at NIST in an in-house developed multi 

deposition unassisted spin assembly (MDUSA) spin coater under a constant dry nitrogen purge. A 

1% wt/vol solution of each monomer in was prepared using H2O-free toluene. The silicon and gold 

substrates were prepared as described above for the preparation of NAFION samples. In the spin 

coating process, the TMC solution was spin coated on substrate first followed by a brief rest step 

before the substrate was spun dry. This was followed by a rinse with H2O-free acetone. This 

constituted a half layer (or half cycle). Following the rinse step The MPD solution was coated on 

top of the TMC half layer followed by a rest step to allow the monomers to react. The sample was 

again spun dry before a rinse with acetone to complete the first cycle. The process was then repeated 

for each subsequent cycle.5 Research is still ongoing to understand and optimize rinse times, rinse 

solvents, rest times and initial monomer concentrations. The thickness of each sample prepared was 

measured using SE as described above for NAFION samples.  
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3.3 Fourier Transform Infrared Spectroscopy (FTIR ) Sampling Methods 

All experiments were carried out on a Bruker vertex 70 spectrometer equipped with a wide 

band mercury cadmium telluride (MCT) detector which provided a wide spectral window with a 

detectivity of 5 x 109 cmÅHz1/2 ÅW-1. The spectrometer and external optics were purged with CO2-

free, dry air or nitrogen gas. Measurements were carried out at an optical velocity on the order of 

3.9 cmÅs-1 and spectra were converted to absorbance and processed using Opus 6.0 software. Unless 

otherwise stated, a Norton-Beer medium apodization function was applied to allow quantitative 

measurements if needed as it provides the best linearity of absorbance versus concentration.1,6 A 

Mertz phase correction function was applied along with a zero filling factor of 8. A ZnSe wire grid 

polarizer was used to set the polarization of the incident beam to s or p-polarized. 

Transmission spectra were recorded for pressed disk samples of dispersions of the pure 

material in KBr. 100 scans were averaged at a resolution of 4 cm-1 and an aperture setting (j-stop 

value) of 0.5mm. The corresponding spectral intensities are reported as īlog(T/T0), where T and 

To are the transmitted peak power through KBr disks with and without the polymer added, 

respectively. 

Reflectance absorbance infrared spectroscopy (RAIRS) experiments were carried out on a 

Veemax variable angle Accessory (Pike technologies) with a 2 cm sooted specular mask. The 

accessory was aligned and optimized using a pristine gold mirror before each experiment. An 

incidence angle of between 65° and 80° was selected depending on sample thickness and signal 

requirements. In general, when a comparison was required between SO-ATR and RAIRS an 

incident angle of 65° was selected and when data analysis was bases solely on RAIRS data an 

incident angle closer to 80° was selected. 500 to 1000 scans were averaged with p-polarized light 

and the instrument resolution set to 4 cmī1 with an aperture setting of 5 mm. Reflection spectral 
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intensities are reported as -log(R/R0), where R is the power reflectivity of the IR beam and R0 is 

the reflectivity of a bare gold reference sample. 

Brewster angle experiments were carried out using a rotating transmission sample holder 

(Harrick Scientific, City) at an incident angle of 74° which is the Brewster angle for silicon. 

Samples for Brewster angle experiments were prepared on optically pure undoped double side 

polished silicon substrates. 100 to 400 scans were averaged with unpolarized, s and p-polarized 

light and the instrument resolution set to 5 cmī1 with an aperture setting of 6 mm. 

ATR experiments were carried out on a Harrick Scientific variGATR accessory with a 

germanium hemisphere at 65° incident angle. A digital read-out force meter was employed for 

measurement of the force applied to achieve contact between the ATR crystal and the sample. The 

force applied was replicated within 5 N for all experiments to minimize effects of variable physical 

contact.7 When varying the incident angle beyond 60 - 65° was required, a VeeMax variable angle 

accessory modified to accept 2 cm diameter hemispherical ATR element was used. 100 to 400 

scans were averaged with unpolarized, s and p-polarized light and the instrument resolution set to 

4 cmī1 with an aperture setting of 5 mm. As the film thickness was typically less than the 

penetration depth no ATR correction algorithms were required.8 SO-ATR experiments were carried 

out on a variGATR accessory using the same experimental parameters as ATR. The sampling 

geometry and theoretical aspects related to it are described below. 

3.4 SO-ATR Sampling Geometry 

In SO-ATR, the experimental geometry consists of a germanium hemisphere, sample, and a high 

refractive index overlayer with the infrared beam at an incident angle of 60° - 65°, Figure 3-1. An 

evanescent wave propagates through the sample and can be divided into x, y and z components 
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(Figure 3-1), with the y component constituting s-polarized electric field and the sum of x and z 

components constituting the p-polarized electric field. 

 

 

Figure 3-1. the experimental geometry of an SO-ATR experiment the evanescent wave propagating 

through the sample can be envisaged as comprising of some components in x y and z directions 

labelled. 

 

In an ATR experiment, the observed signal is in the form of reflectance. At a given wavelength, 

the reflectivity of a three-layer system consisting of a prism (layer 1), sample (layer 2) and substrate 

over layer (layer 3) with the geometry shown in Figure 3-1, can be calculated using the Fresnel 

equations. Where ɗ is the incident angle, ni is the refractive index of layer i, di the thickness of layer 

i, and the Fresnel coefficients for reflectance and transmittance between layers i and j are r ij and tij, 

respectively. 

 



50 

 

 

Figure 3-2. Three-layer optical system of the SO-ATR geometry showing reflection and 

transmission of an incident beam through the three-layer system, only one of the multiple internal 

reflections within the film is shown. 

 

To calculate the reflectivity in the three layer system used for the ATR experiment, the 

Fresnel coefficients for the reflection must be calculated.9 In the calculation of the Fresnel 

coefficients the dielectric constant (ὑ) is taken to be the square of the complex refractive index (n). 

The p and s Fresnel coefficients for the crystal sample interface are given by equations (3-2) and 

(3-3), respectively:10  

                                    ὶ                                                         (3-2) 








































































































































































































































