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ABSTRACT 

  

A novel strategy to investigate interfaces relevant to chromatographic separations 

is presented. The strategy in this dissertation relies on three key ideas: 1) design and 

fabrication of appropriate model of chromatographic interface, 2) use of forced dewetting 

to separate interfacial constituent of mobile phase from its bulk component yet preserves 

the interface, and 3) use of IR spectroscopy and ellipsometry to investigate the structure 

and thickness of isolated interface.  

Stratified structures of ultrathin (≤ 10 nm thick) silica films on gold using gold 

oxide as adhesive layer and wetting control agent are used as model solid phase. Such 

design provides chemical environment of bulk silica surface, does not introduce 

significant spectral background, is suitable for reflection-based spectroscopies, and allow 

for easy modification to mimic wide range of silica – solvent interfaces. Bare silica–water 

models capillary electrophoresis interfaces; water–methanol mixture at octadecylsilane–

modified silica represents reversed phase liquid chromatography interfaces. 

Forced dewetting is used to decouple interfacial constituent of mobile phase from 

its bulk component; yet, the integrity of interface is preserved. This approach, combined 

with the use of IR spectroscopy and ellipsometry, allowed for ambient atmosphere 

characterization of these interfacial layers in terms of their structure, composition, and 

thickness for water at bare silica. Hydrogen bonding was probed in case of complex 

water–methanol binary mixture at octadecylsilane–modified silica surface. 
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The analysis of residual water layers formed by forced dewetting at bare silica as 

a function of bulk solution pH shows that the structure of the interfacial layer is highly 

ordered compared to bulk, and is also pH dependent. Further, thicknesses of interfacial 

layers were found to be pH dependent and vary from ~ 6 (pH 1) to ~9 nm (pH 9). Gouy-

Chapman-Stern double layer was found to be inadequate to satisfactorily describe 

observed trends. In addition, surface enhanced infrared absorbance phenomenon was also 

observed that aided increased quality of resulting IR spectra. 

The analysis of residual water–methanol layers formed by forced dewetting at 

octadecylsilane–modified silica surface as a function of gas phase atmosphere shows that 

the structure of the interfacial layer is highly dependent on the composition of gas phase. 

The observed changes indicate that condensation of methanol from gas phase into 

residual layer and/or evaporation of water from residual layer into gas phase may occur in 

used experimental setup used in this dissertation. For that reason, more precise 

quantification of relative amounts of water and methanol in residual layers was 

precluded. Yet, regardless of investigational conditions, two different hydrogen bonding 

environments for methanol were distinctively observed. 
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Chapter 1 

 

SILICA – SOLVENT INTERFACES  

RELEVANT TO CHROMATOGRAPHIC SEPARATIONS 

 

The Importance of Interfaces Relevant to Chromatographic Interfaces 

 Interfaces play a central role in a multitude of applications in chemistry as well as 

in other disciplines of science. Development of many new products and devices has been 

made possible through advances in interfacial chemistry that allowed for appropriate 

modeling of critical interfaces. For instance, progress in efficiency of modern solar cells 

and light emitting devices was possible through better understanding of their interfacial 

chemistry
1.1-8

; the emergence of novel class of environmental-friendly biosurfactants 

relies heavily on investigation and fine-tuning of their interfacial behavior
1.9, 1.10

; 

advances in wetting
1.11-13

 and electrowetting
1.14-18

; development of novel biocompatible 

materials
1.19, 1.20

; molecular electronics
1.21, 1.22

; including molecular rectifiers
1.23-25

; and in 

many other areas. 

Chromatographic separations are a very special and important case when 

interfacial chemistry of sophisticated chemical system is utilized to achieve isolation of 

individual components from a complex matrix.
1.26, 1.27

 Separations are also at heart of 
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essentially all chemical endeavors as it is of critical importance to be able to isolate 

molecules of interest from a complicated mixture(s) to use them for further purposes.
1.26, 

1.28-30
 Two types among various types of chromatographic systems warrant special 

attention: capillary electrophoresis (CE), and reversed phase liquid chromatography 

(RPLC). These two techniques deserve particular consideration because RPLC is a 

‘workhorse’ for separation
1.26

 at both analytical (mass range of separated compound up to 

grams per separation) and preparative scales (mass range exceeds kilograms per 

separation) and use in many industries, including pharmaceutical, cosmetics, and paints. 

In contrast, CE is mostly used for analytical purposes. However, this technique is of great 

importance in terms of its excellent efficiency as well as high separation speeds, and 

potential future in applications broadly described as micro- and nanofluidic devices that 

could be further implemented in ‘lab-on-the-chip’ type apparati. 

Progress in development, optimization and miniaturization of these techniques is 

contingent upon comprehension of separation processes at molecular level. Such an 

understanding is crucial for intelligent and informed control and manipulation of 

separation processes, which ultimately require a sufficiently detailed description how the 

separation depends on the numerous variables of separation conditions, e.g., composition 

of a mobile phase, properties of a stationary phase, presence and choice of potential 

additives, and other optimizable experimental parameters under which separation occurs.  
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Interfaces Relevant to CE. CE is of great importance for separation in terms of its 

unparalleled efficacy. These features allowed for several spectacular applications, with 

possibly one of the most important being large–scale DNA sequencing.
1.31-33

 

Additionally, CE is easily automated, allows for online sample detection, permits 

multidimensional separations and coupling with vide range of other techniques as well as 

detectors. These characteristics make potential future of this method very promising, 

especially in ‘lab-on-the-chip’ type applications utilizing micro- and nanofluidic channels 

for transport and separation. 

In CE, the separation process relies mainly on two electrokinetic processes. The 

first one is electroosmosis which refers to migration of solvent containing electrolyte 

along charged surfaces inside a capillary tube upon externally applied potential. 

Electroosmosis is directly pertinent to surface and interfacial chemistry of the supporting 

media through aforesaid need for charged species at the surface and presence of electric 

double layer, including counterbalancing ions that move solution in external electric 

field. Electroosmotic flow (EOF) in CE occurs via movement of ions in aqueous solution 

along deprotonated (negatively charged) silica surface. The second main process in CE, 

electrophoresis, refers to migration of ions upon externally applied electric field. This 

process, although important, is beyond scope of this work, and as such will not be 

discussed here in details. 

Significant research effort has been poured over last several decades into better 

understanding the surface and interfacial chemistry of silica. Many techniques have been 

used to develop molecular level understanding of the silica surface, e.g., attenuated total 
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reflection Fourier transformed infrared spectroscopy (ATR FTIR)
1.34, 1.35

, non-linear 

spectroscopies
1.36-42

,  fluorescence
1.43

, atomic force microscopy (AFM)
1.44-47

, X-ray 

photoelectron spectroscopy (XPS)
1.48-50

, neutron diffraction
1.51

, NMR
1.52-54

, heat capacity 

measurements
1.55-57

 and other methods.
1.58-65

 The results from these endeavors are 

discussed in more details in Chapter 4 in this dissertation; only few most important 

examples will be provided here. 

Non–linear spectroscopies (NLS, e.g., sum frequency generation, SFG
1.36-40

, or 

second harmonic generation, SHG
1.41, 1.42

) provided invaluable insight about silica–

solvent interfaces. Recently, Ostroverkhov et al. published results showing that water 

located in the at the silica surface ‘display an ice-like peak that resembles very closely 

that of a real ice surface, providing the first evidence to the belief that water molecules at 

a crystalline oxide surface form a more ordered hydrogen-bonding network’.
1.37, 1.39

 

Ostroverkhov et al. also used phase-sensitive surface spectroscopy that allowed them to 

conclude that orientation of water changes as a function of pH. Specifically, these authors 

found out that water molecules reorient themselves from O pointing towards the silica 

surface at low pHs (protonated surface), to H pointing towards the silica surface at high 

pHs (deprotonated surface).
1.39

 

SFG and SHG rely on higher order optical effects, thus, ‘they are forbidden under 

electric-dipole approximation in media with inversion symmetry like liquids but 

necessarily allowed at surfaces or interfaces.’
1.36, 1.66

 These conditions render these 

methods as an excellent choice for investigation of buried interfaces because there is no 

interference from bulk. Unfortunately, they also limit application of NLS in 



  

 

25 

quantification of the observed response as the symmetry is broken at the interface only; 

hence, structure of the first monolayer only of interfacial molecules is probed.
1.66

 

Nevertheless, having the opportunity to investigate first monolayer of the water at the 

silica surface is excellent, but need exist to investigate interfacial layer, and not only 

fraction of it. 

Asay et al. used ATR FTIR to investigate molecular structure of water adsorbed 

on a hydrophilic native silicon oxide surface at room temperature as a function of relative   

humidity in Ar atmosphere.
1.35

 These authors discovered that three first layers form ice-

like structure, with subsequent layers exhibiting increasing disordering that resembles 

structure of bulk water.
1.35

 Unfortunately, the experimental setup used by Asay et al. 

precluded further analysis, e.g., no clear distinction could be made between the end of 

interfacial layer and onset of bulk water. Regardless, the authors stated their 

approximation that ‘the entire structure can be applied to the silicon oxide and bulk water 

interface’ rationalizing this conclusion with observation that ‘the structure and thickness 

of the bottom ‘icelike’ layer do not change with the thickness of the liquid-structure 

overlayer’.
1.35

 

Peng et al.
1.45

 and Valle-Delgado et al.
1.47

 recently reported direct proof for the 

existence of hydration layers at silica surface (‘a structured layer of water molecules at 

the silica surface’
1.47

) through imaging using atomic force microscopy (AFM). These 

results, while in good agreement with data published by Asay et al., lack structural 

information about hydration layers due to inherent instrumental limitations.  
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Yet another strategy to investigate water – silica interfaces utilizes computer 

modeling and simulations (CMS).
1.67-75

 This strategy attracts more and more attention as 

the capabilities of modern computing technology increases. However, several limitations 

of this approach exist. One of the major drawbacks is (small) number of atoms that can 

be used in given simulation/modeling set. In addition, this constrain further propagates as 

limitation in representation of surface geometry due to the restricted model size. 

Therefore, while it can be safely said that current computer simulation have the potential 

to model nanoscale environments, they are not yet capable to provide a response that can 

be descriptive over the complete and real system. Regardless, Kjellander et al. found 

‘presence of strongly orientated water near polar surfaces’
1.76

, while ‘strong hydrogen 

bonds between water and silica surfaces’ has been observed by Lopes et al., and by Lee et 

al.
1.68, 1.75

 These results are in good agreement with previously discussed data for other 

techniques such as SFG, ATR-IR, or AFM. Finally, it should be noted that the quality of 

even the best simulations and/or models in terms of the results they provide need to be 

eventually validated by experimental data. 

Unfortunately, results discussed above are limited in that they can only provide 

excellent insight into first one or two monolayers at the surface only at the time (e.g., 

NLS, approach taken by Asay et al.), or may only provide direct evidence for existence 

of ‘hydration layers’ (AFM), or may only allow for modeling of the limited–size 

interface (CMS). In additional, none of these strategies are capable of providing 

simultaneously qualitative (structure) and quantitative (thickness of the interfacial layer) 

information about probed interfaces due to their fundamental restrictions. This limitation 
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stems mostly from the fact that, by definition, the techniques discussed above can either 

provide qualitative data (e.g., SFG or SHG) or quantitative data (e.g., AFM), or only 

from part of the interfacial layer (e.g., ATR-FTIR, CMS). 

Yet another group of methods to investigate water – silica surface interface utilize 

colloidal suspensions and the fact that silanols present at silica surface deprotonate upon 

exposure to aqueous solutions with pH near or above pKa of silanol groups. These 

studies are important for better understanding of EOF in capillary electrophoresis as they 

probe the effects of the presence of electric double layer onto interparticles interactions. 

Subsequently, the results from these studies can be further extended to approximate 

characteristics of electrical double layer present at charged surfaces in narrow capillaries 

of micro- and nanochannels.  

Derjaguin, Landau, Verwey, and Overbeek developed theory (DLVO theory) that 

represents the classical framework to discuss the stability of colloidal suspensions by 

treating interactions between the particles as a superposition of repulsive electric double 

layer overlap forces and attractive dispersion (London–van der Waals) forces. 
1.77-81

 

However, DLVO theory does not provide explanation for the existence of short-range 

repulsion between silica surfaces
1.47

, for independency of these short-range repulsion 

forces on pH and the ionic strength of solution
1.47

, nor it can account for the presence of 

hydration layers at silica surface. DLVO also inaccurately predicts that, at low pHs, silica 

colloidal particles should coagulate as silica surface has no charge; hence, there is no 

electric double layer, and no repulsion forces.
1.82-84

 Thus, deviation from DLVO theory 

clearly indicate that colloidal stability can not be treated only in term of the existence (or 
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lack of thereof) of electrical double layer and presence of attractive dispersion forces. The 

main ramification of this fact for the devices utilizing EOF is that fluid flow under 

extreme conditions (i.e., in very narrow channels) can not be described in terms of 

solution bulk properties, where solvent continuum is assumed, and thickness of diffuse 

layer as well as ion size is negligible. 

In most present devices that employ EOF for transport and separation, the role of 

the ions as well as the thickness of diffuse part of the electrical double layer are usually 

considered negligible compared to dimensions of capillaries or channels in which 

transport occurs. Therefore, little is known about of the structure and thickness of the 

interfacial water layers at silica surface and their influence onto separation process that 

utilizes EOF in extremely confined spaces where electrical double layers from opposite 

walls may overlap. 

However, the role of interfacial layer becomes progressively important as the 

surface–to–volume ratio increase in devices that employ narrow channels. For instance, 

for nanofluidic device with channel diameter of 50 of nm, the fraction volume of the 5 

nm–thick interfacial layer in total channel volume is ~1.5%. In contrast, for the device 

with 25 nm channel diameter (only 2 times smaller) and same thickness of the interfacial 

layer, the volume occupied by interfacial layer increases above 11% of the total channel 

volume rendering the issue of chemical and physical properties of the interfacial layer of 

great significance.  
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The thickness of the diffuse part of the electrical double layer present at the 

deprotonated silica surface is also important factor for proper functioning of devices 

utilizing EOF. This is so because the thickness of the diffuse layer (described as Debye 

length, κ
-1

) is dependent on concentration of ionic species in solution in that the lower the 

concentration, the thicker the diffuse layer is. Again, in most CE separation performed 

nowadays, this thickness is currently not an issue as the size of the capillary/channel is in 

the range of microns and up that is orders of magnitude larger compared to thickness of 

the Debye length. However, this aspect becomes of great importance significant 

especially for nanochannels as the diffuse layers may overlap. Such situation can not be 

adequately described using classical electrostatic models that are based on above stated 

assumptions of interfacial solvent region properties identical to those of bulk (e.g., 

structure, density, viscosity), solvent continuum, or negligible thickness of diffuse layer.  

Finally, it should be noted that understanding of relevant silica surface – water 

interfaces is not only limited to electrophoresis and CE separation. In fact, this 

knowledge can be extended to other important systems such as environmental (e.g., 

solution and contamination transport in soils, freezing of soil, rock weathering), 

technological (e.g., stability of colloidal dispersions, modern electronics), health issues 

(silicosis and eventually lung cancer due to interaction of lung tissue with pulverized 

silica), to name few areas. Thus, the need exist to develop a molecular – level 

understanding of silica surface – water interfaces such that devices can be intelligently 

designed as general knowledge about investigated interface is expanded. 
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Interfaces relevant to RPLC. RPLC is of great significance in our civilization since it is 

a ‘workhorse’ for separation at both analytical (mass range of separated compound up to 

grams per separation) and preparative scales (mass range exceeds kilograms per 

separation).
1.26

 RPLC is also routinely used in numerous industries, including 

pharmaceutical, cosmetics, and paints. However, the molecular–level details about the 

mobile phase and analyte, stationary phase and analyte, and mobile phase and stationary 

phase interactions that ultimately lead to separation remain unknown despite decades of 

research. In consequence, optimization of existing and development of new separation 

process is still mostly empirical (not intelligent or informed) procedure. 

In RPLC, the stationary phase component is relatively easy to investigate in that it 

is represented by chemical species that are completely different entities from either silica 

support or mobile phase. Therefore, it is relatively easy to utilize ‘bulk’ techniques to 

investigate stationary phase in that these do not have to be surface – sensitive as one will 

be looking for the analytical signal for aforementioned distinctive species. Examples of 

the research breadth include investigation of response from stationary phase as a function 

of its intrinsic properties (e.g., alkyl chain length, terminal group, surface coverage, 

polymerization method, end capping of silanol groups, etc.), as a function of the mobile 

phase parameters (e.g., composition, polarity, presence of additives etc.), or separation 

conditions (e.g., pore size, temperature, pressure). These investigations were carried out 

using methods such as Raman
1.85-96

, NMR
1.97-100

, IR
1.101-105

, fluorescence
1.106-112

, 

thermodynamic measurements
1.113-117

, and chromatographic methods
1.118-121

. 
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The investigation of interfacial component of mobile phase in RPLC is 

considerably more challenging. This is so because the interfacial component of mobile 

phase is comprised of the same chemical species as bulk part of mobile phase. Thus, the 

technique of choice has to be able to distinguish between analytical signal from the 

interfacial layer versus signal from bulk component.  

Traditional ‘bulk’ methods that were successfully applied for investigation of 

stationary phase (e.g., previously mentioned Raman, IR, or NMR) cannot be used as 

analytical signal is buried in overwhelming spectral response from bulk components. 

Thus, since it is beyond their capabilities to separate the analytical signal from the 

interface from the signal from bulk for the same chemical species, these methods are not 

normally used in investigation of mobile component of interfacial layer.  

In contrast to earlier ‘bulk’ discussed methods, fluorescence can be a reasonably 

useful technique in investigation of the interfacial part of the solid – liquid interface. As 

such, it has been successfully utilized in evaluation of the chemical environment at the 

interface of interest
1.106-112

. However, this method is not capable of providing data about 

thickness of the interfacial component of the mobile phase. In addition, it can not provide 

direct information about the structure of the interfacial layer at molecular level. 

Furthermore, fluorescence is not particularly useful when mobile phase is composed of 

two or more chemical species as it can not provide direct information about possible 

segregation of mobile phase individual components at the interface. 

Minor disturbance was yet another method that was used to evaluate the 

composition of an interfacial part of a mobile phase in RPLC.
1.114-117

 Unfortunately, the 
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results obtained by this technique did not provide direct evidence of the composition of 

the interfacial mobile phase (i.e., results are inferred based on measurements). Only 

quantitative detail about the interface composition were reported, e.g., on average, a 

monolayer adsorption of methanol from water-methanol mobile phase onto stationary 

phase (regardless of alkyl chain length) was reported.
1.114

 In addition, minor disturbance 

method did not yield structural data about mobile phase composition, and no direct 

information about hydrogen bonding or other intermolecular interactions between mobile 

phase molecules as well as mobile phase–stationary phase at the interface were reported. 

Therefore, this technique, while important in terms of basic knowledge about interfacial 

layer composition, is not sufficient to develop detailed molecular – level understanding 

about the RPLC interface. 

Computer simulations and modeling have been recently utilized to provide insight 

into the interfacial parts of stationary phase and mobile phase to complete and 

complement existing experimental data.
1.29, 1.122-131

  These simulations have been shown 

to provide the greatest insight into molecular details of investigated interface, e.g., 

conformations of individual alkyl chains as well as positions and orientations of 

individual solvent molecules are readily obtained. Such accuracy is highly desired as one 

wants to know molecular details about stationary phase – mobile phase interface. In 

contrast, all of above techniques (e.g., Raman, IR, NMR, fluorescence, minor 

disturbance, frontal methods) provide only averaged behavior of the alkyl chain 

ensemble, and no information about the behavior of individual chains can be ascertained.  
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However, due to computing limitations (e.g., finite and small number of atoms in 

one ensemble) computer simulations represent somewhat simplistic approach as they 

investigate only small ensemble of molecules at the time. Thus, the representativeness of 

such simulations can be questioned; for instance, pore size and their distribution may not 

be adequately represented. The other challenge for computer modeling is the time–scale 

of simulations, which is usually on the order of nanoseconds. This limit renders computer 

simulation not satisfactory; for instance, equilibration of stationary phase may take 

considerably longer times (e.g., up to tens of minutes) after a change of the mobile phase 

composition, or recovery after a loss of retention
1.29

. In addition, it has been shown that 

final results are sensitive to initial conditions as well as assumptions and/or 

simplifications used during calculations.
1.132, 1.133

 Finally, regardless how detailed the 

molecular picture of the mobile phase–stationary phase or retention mechanism is 

provided by computer simulations these results ultimately need to be verified 

experimentally to prove their usefulness. 

At the same time, the properties of mobile phase (e.g., composition, polarity, 

presence of additives etc.) are of critical importance for separation process. One of the 

most prominent examples of mobile phase influence onto stationary phase is a 

phenomenon that manifests itself as a dramatic loss in retention of analyte after exposure 

of stationary phase to mobile phase with high content of water (water content > 90%) or 

significant drop in pressure.
1.121

  Historically, such occurrence has been linked to so–

called ‘collapse’ of stationary phase.
1.80-82

 Giplin et al. proposed a model in which loss of 

retention was linked to significant decrease in conformational order of stationary phase 
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(‘collapse’) such that stationary phase would  end up in ‘an aggregated collapsed 

state’.
1.134-136

 However, more recent investigation provided direct evidence that observed 

loss in retention is caused by spontaneous dewetting of stationary phase in pores, and not 

actual ‘collapse’ (significant decrease in conformational order) of stationary phase.
1.87, 

1.91, 1.121
 Therefore, the more correct term for the phenomenon is ‘retention loss’, as it is 

more precise and its name does not suggest inaccurate nature of the phenomenon. 

Above examples clearly indicate the complexity and importance of solid–liquid 

interfacial chemistry in RPLC separation process. However, it should be noted that 

provided and discussed results, while invaluable in terms of better understanding 

molecular – level details about retention in RPLC, still deal essentially only with 

stationary phase, and no molecular level details about mobile phase (e.g., structure, 

ordering, possible surface segregation, hydrogen bonding etc.) are readily available. One  

exception are data for somewhat limited theoretical CMS approach.  

 

Challenges in Investigation of Solid-Liquid Interfaces Relevant to 

Chromatographic Separations 

The detailed and unified knowledge of interfacial chemistry (especially about 

mobile phase component) in chromatographic separations at molecular level has not been 

achieved despite decades of research. Such lack of fundamental comprehension exists for 

three main reasons. For one, interfaces are regions inherently difficult to study, and only 

recently few methods (e.g., NLS
1.36, 1.37, 1.39, 1.137

, CMS
1.67-71, 1.73

) were developed that are 
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capable of providing direct molecular–level information about interfacial region. 

However, these methods are limited to first monolayer or two of the interface (NLS), or 

are limited by # of atoms used in simulation/modeling as well as other constrains, and 

eventually need experimental verification (CMS). 

The second reason why interfaces relevant to chromatographic separations are 

poorly understood is the fact that it is necessary to evaluate molecular structural attributes 

of both the solid and liquid components (e.g., stationary phase and mobile phase in 

RPLC, silica surface and electrolyte in CE). Such assessment is necessary as, for 

example, in reversed phase liquid chromatography, the quintessence of the separation 

relies on molecular-level interactions between stationary phase – mobile phase, stationary 

phase – analyte, and mobile phase – analyte that determine retention process. For most of 

the traditional methods, it is extremely challenging to extract analytical signal from the 

interfacial layer due to overwhelming signal from the bulk counterpart. This challenge is 

pushed even further in case of mobile phase which interfacial layer constitutes of exactly 

the same chemical species as bulk. 

The third reason why interfaces relevant to chromatographic separations are not 

understood very well is the wide range of separation conditions under which separations 

are accomplished. Such versatility of chromatographic separations provides ability to 

discriminate very closely related compounds and the ease of variation of retention. On the 

other hand, it subsequently requires extremely ‘flexible’ (defined here as capable to 

investigate various systems) analytical methods that would provide insight into 

molecular–level details about the interfaces. For instance, in RPLC, there are numerous 
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variables that can be adjusted in many ways to tailor separation efficiency. These 

modifications include use of binary (and higher order) mixtures as mobile phase, gradient 

elution, addition of organic modifiers to mobile phase, use of various stationary phases 

(e.g., packing density, length of alkyl chain), type of silica support (e.g., particle size, 

pore size, surface area), etc. All of these changes rely on fine-tuning of the intermolecular 

interactions between stationary phase-mobile phase, stationary phase–solute, mobile 

phase–solute and within the stationary phase itself that eventually lead to improved 

separation. 

 

Approach taken in this Dissertation 

 An innovative strategy for investigation of solvent interfacial structure at model 

bare and organically modified silica surface at molecular level that mimic interfaces 

relevant to chromatographic separations is proposed in this dissertation. This approach is 

anticipated to provide unparalleled opportunity to investigate model silica–solvent 

interfaces that are relevant to chromatographic separations as well as other systems.  

The novelty of this tactic is threefold. Specifically, it relies on creating of 

appropriate chemical model of the interface, physical separation of the interface from 

bulk, and the use of vibrational spectroscopies to investigate interfacial layer. 

First, a new chemical model of the investigated interfaces that minimizes response from 

bulk solid was designed, fabricated, and characterized.
1.138-140

 Schematics of the desired 

system is shown in Figure 1.1a-b. Gold was chosen as a substrate for its reflective  
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Figure 1.1 Schematic of the desired layered structure of a) bare and b) OTS SAM -

modified ultrathin silica layer on a gold oxide/gold substrate. 
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characteristics. A thin gold oxide layer is desired as a wetting-control and adhesive layer 

to facilitate deposition of a sol-gel silica thin film. Finally, as shown in Figure 1.1a, a 

uniform, high quality silica layer terminates the desired structure. This substrate can be 

subsequently modified through self-assembly of octadecyltrichlorosilane  

(OTS) such that a monolayer is formed that is expected to mimic stationary phase 

in RPLC as schematically shown in Figure 1.1b. Second, forced dewetting phenomenon 

is utilized that physically separates yet preserves the structure and thickness of the 

interfacial layer. This process relies on forced dewetting process that is realized via 

controlled removal of a solid substrate (sample) from bulk solvent into solvent saturated 

atmosphere such that intact interfacial region is physically separated from bulk solution. 

The concept of the forced dewetting is schematically shown in Figure 1.2. In 

consequence, the spectral response only from the interfacial layer is measured allowing 

for convenient and detailed analysis without interferences from bulk mobile phase. The 

actual forced dewetting geometry used in this dissertation is shown in Figure 1.3. The 

more detailed discussion of the advantages of forced dewetting in investigation of 

interfacial solvent layers at solid substrate is presented in Chapter 3 in this dissertation as 

well as in other sources.
1.141-143

 

Third, vibrational spectroscopies are applied to investigation of structure and 

thickness of interfacial layers. These techniques were chosen as they are adequately 

sensitive to probe on order of submonolayer coverages, and are capable of providing 

direct qualitative (structure) and quantitative (thickness) information about probed  
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Figure 1.2 Representation of a formation of residual solvent layer via forced dewetting. 
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Figure 1.3 Geometry used in formation of residual solvent layers and location of probing 

spot for HeNe or IR beam. 
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sample. In addition, these techniques allow for non-destructive measurements as well as 

in wide range of conditions, including ambient condition. 

 

Research Objectives of This Work 

 The main objective of the work described in this dissertation is to investigate 

interfacial solvent layers at bare and organically modified silica substrates to provide 

molecular–level insight into interfaces relevant to chromatographic separations. This 

purpose is accomplished in three main steps. One is preparation of appropriate model 

system that will allow probing interfacial chemistry using vibrational spectroscopies. 

This aim is achieved through fabrication, characterization, and modification ultrathin 

silica layers on gold. Proposed model utilizes stratified structure of ultrathin (≤ 10 nm 

thick) silica films on gold using gold oxide as adhesive layer and wetting control agent. 

Such design provides chemical environment of silica surface, does not introduce 

significant spectral background, is suitable for vibrational spectroscopies in reflection 

geometry, and can be easily modified to mimic wide range of silica-solvent interfaces as 

needed.
1.138-140

 

The second major goal is to investigate interfacial solvent layers at bare and 

organically modified silica surfaces using aforesaid ultrathin silica films on gold support. 

In particular, two major systems were studied. One model is comprised of water layers 

formed from bulk solution of various pH at silica surfaces that were prepared in previous 

step. Such systems are expected to mimic conditions in capillary electrophoresis and in 
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other relevant silica – water interfaces (e.g., encountered in micro- and nanofluidic 

devices, environmental systems, etc.). The second system consists of water–methanol 

layers at organically modified silica that are expected to mimic interior of an RPLC 

column. These water–methanol layers were formed from 90:10 [v/v] water/methanol bulk 

solution and exposed to gas–phases of various composition to evaluate effects of 

aforesaid gas phase make up onto observed spectral response from residual layers. 

Forced dewetting was used to separate the interface under study from bulk 

solvent. The effectiveness and applicability of this process, previously shown to work 

well for a single solvent, was evaluated for formation and stability of residual layers 

formed from binary mixtures of volatile compounds to ensure that the chemical systems 

are indeed pertinent to real life systems. 

Finally, vibrational spectroscopies were utilized to investigate structure, bonding, 

and thickness of the residual solvent layers formed by forced dewetting. These techniques 

were chosen because they can provide direct evidence about structure, ordering, and 

thickness information about the interface. They also do not disturb or destroy the 

interface, and are sufficiently sensitive to probe surface coverage on the order of 

monolayer or less. 

Specific goal of research described in this dissertation are: 

1. Fabrication, characterization and modification of the ultrathin silica layers on gold 

supports to mimic interfaces relevant to chromatographic separations.  

Appropriate system are expected to: minimize background spectral response via 

use of ultrathin silica films; exhibit surface chemistry identical to that of bulk 
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silica; be easily modified to mimic wide range of conditions, and demonstrate 

high quality and stability of resulting layers. 

The results from this part are presented and discussed in Chapter 3. 

2. Investigation of the thickness and structure of the interfacial water layers at silica 

surface as a function of bulk solution pH that was varied between 1 and 9. 

Thickness of residual layers was evaluated using ellipsometry and infrared 

spectroscopy; the structure of residual water layers was evaluated using infrared 

spectroscopy. 

The results from this part are presented and discussed in Chapter 4. 

3. Investigation of the effects of composition of binary mixture gas phase onto the 

composition of the residual layer formed by forced dewetting using model 

water:methanol mixture at organically – modified silica surface. 

The composition of resulting residual layers was evaluated using infrared 

spectroscopy. 

The results from this part are described in Chapter 5. 

4. Investigation of the hydrogen – bonding environment in binary mixture mobile 

phase in model RPLC system. 

The hydrogen bonding in resulting residual layers was evaluated using infrared 

spectroscopy. 

The results from this part are presented and discussed in Chapter 5. 
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CHAPTER 2 

 

EXPERIMENTAL 

 

This chapter provides detailed descriptions of materials, instrumentation, and 

procedures as well as software used to acquire and process experimental raw data to 

analytically useful information that are presented in subsequent chapters of this 

dissertation.  

 

Materials 

 

 Octadecyltrichlorosilane (OTS, > 97%) and tetramethoxysilane (TMOS, 98%) 

were purchased from Aldrich. These chemicals were stored in a dessicator due to their 

hygroscopic properties and distilled under vacuum in a Schlenk line prior to use. 

Ultrapure water (18 MΩ, organic component < 10 ppb) was obtained from a Millipore-Q 

UV Plus water system. Analytical reagent grade HCl (37%), KCl (solid), and KOH were 

purchased from Mallinkrodt. Methanol was purchased from J.T. Baker. Deuterated 

methanol was purchased from Cambridge Isotope Labs. Toluene (HPLC grade) was 

obtained from EM Science. 
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Au films evaporated on float glass slides were purchased from Evaporated Metal 

Films (Ithaca, NY). Glass slides were 75 mm x 25 mm x 1 mm (length x width x 

thickness) with a gold layer thickness of 100 nm and ~5 nm thick adhesive layer of titania 

between glass substrate and gold layer. 

Reagents were used as received unless otherwise specified. 

Glassware was cleaned in base bath for at least 8 hrs prior to use followed by 

copious rinsing with ultrapure water, blowing with N2, and drying for at least 4 hrs in 

oven at temperature of at least 70°C. 

 

Instrumentation 

 

Fourier Transform Infrared (FT-IR) Spectroscopy Instrumentation. Nicolet Magna 

550 FT-IR and Thermo Electron Nicolet Nexus 670 FT-IR instruments were used in the 

course of the research describe in this dissertation. Nicolet Magna 550 FT-IR was used to 

evaluate presence and thickness of ultrathin silica layers on gold as well as presence and 

monolayer coverage of OTS. These measurements were performed as described 

elsewhere.
2.2, 2.3

 

 Nicolet Magna 550 FT-IR was also used to acquire spectra of bulk water of a 

given pH as well as water:deuterated methanol mixtures. These spectra were attained in 

standard transmission configuration between CaF2 windows, with at least 150 scans per 
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sample, at resolution of 4 cm
-1

, and within 4000-1100 cm
-1

 window. The thickness of 

solvent layers was determined interferometrically as described elsewhere.
2.4

 

 Thermo Electron Nicolet Nexus 670 FT-IR spectrometer equipped with two 

analog-to-digital (A/D) converters for dual channel detection. External top optical 

module (TOM) was used for spectra acquisition in photoelastic modulated infrared 

reflection-absorption spectroscopy configuration (PM-IRRAS) using forced dewetting 

approach. The schematics of this instrument, adopted from dissertation written by 

Tsuruta-Heier, is shown in Figure 2.1
2.1

  

 The cell was developed compared to the one Tsuruta-Heier and Mudalige worked 

with.
2.1, 2.5

 The main development was addition of focusing lens between PM polarizer 

and cell body. This lens provides better focusing of IR beam, hence smaller spot on the 

surface, which helped avoiding edge-effects and probing bare surface (beyond residual 

layer). Further, this lens allowed for overall higher throughput in that the Nicolet Nexus 

670 aperture was set to its widest opening (100) giving significantly higher photon flux 

that eventually reached detector. The author gratefully acknowledges all the work Dr. A. 

Mudalige performed that aided to addition of the lens as well as optimization of lens’s 

parameters and localization inside TOM box. Minor developments included new glass 

cover (to provide better visual control during operation), and gasket between cell body 

and cover (to provide appropriate sealing). 

The cell used in forced dewetting experiments was made from a block of 

polypropylene; the windows were made of CaF2. A drop that provided means for 

formation of residual solvent(s) layer on investigated substrate was brought into contact  
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with surface using capillary tube and pneumatic delivery system that consisted of Tygon 

tubing and 1 mL syringe. 

 

Ellipsometry Instrumentation. The ellipsometric instrumentation used in acquisition of 

data was using a single-wavelength, manual-null, Rudolph Research model 43603-200E 

ellipsometer as described in detail elsewhere.
2.2, 2.3

 At least 7 points per surface were 

measured, and data reported in this dissertation are averaged over at least 3 surfaces per 

pH, giving total number of sampling spots at least 21 per data point. 

 

Contact Angle Measurements. Contact angle measurements were performed using 

Kruss Drop Shape Analysis System DSA 10 Mk2, with Drop Shape Analysis software. 

The measurements were performed by placing sample onto instrument stage, and 

manually applying 2µL of desired solution. The image of drop on the surface was 

collected as soon as possible, i.e., within 5 sec or less from application of the solvent 

drop. The timing was found to be a critical parameter since high vapor pressure solvent(s) 

such as methanol would evaporate from the sample surface. Contact angles were further 

measured using either sessile drop or circle fitting methods. 

The instrument was also slightly modified for attempted dynamic contact angle 

measurements that used aqueous solutions of various pH to prevent its contamination 

and/or corrosion. The first step of modification was to prepare user’s needle, i.e., dulling 

its sharp tip such that a spherical drop could be extruded. Next, the needle was swapped 

with the original needle in the instrument that delivers solution to surface. Solution of 
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desired pH was drawn into the user-prepared needle using instrument software, and 

sample was put in its place. Finally, needle was lowered to its working position, and 

solution was delivered and withdrawn using provided software. Such approach allowed 

for precise control of pH of the extruded solution and eliminated contamination of the 

instrument tubing. Finally, for attempted measurements of dynamic contact angles, a 

movie was recoded while solution was delivered and withdrawn. Drop Shape Analysis 

software was subsequently utilized in effort to examine advancing and receding contact 

angles. Unfortunately, for aqueous solutions of various pH on bare, clean silica surfaces 

the observed angles were too low (i.e., < 5 [°])to be analyzed by provided software.  

 

pH Meter. A pH meter (Thermo Orion, model 710A plus) was used to measure pH of 

solutions used in the PM-IRRAS and ellipsometry measurements of residual water layers 

on ultrathin silica films on gold substrates. This pH meter was calibrated using buffer 

solutions with pH = 4 and pH = 7 before each measurement. 

The pH of solution was adjusted using either 0.1 M HCl or 0.1 M KOH and 

ultrapure water. In case of ‘overshooting’ pH (e.g., target pH = 1, but added too much 

HCl, resulting in measured pH < 1), the pH was brought back to desired level by adding 

ultrapure water to keep the solutions’ ionic strength reproducible. 

 

Other Instrumentation. A model 342 UVO-CLEANER (Jelight Company, Inc.) was 

used to provide UV/ozone cleaning and oxidation of gold substrates. A vacuum oven 

(National Appliance Company, model 5831) was used to dry ultrathin silica film samples 
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at ~110°C under a vacuum in the range of 20-25 mm Hg. A spin-coater (Laurell 

Technologies Corporation, model WS-400B-6NPP/Lite/AS/84) was used for formation 

of ultrathin silica layers on gold.  

Further, more specific details regarding use of these instrumentations can be 

found elsewhere.
2.2, 2.3

 

 

Software and Data Handling 

 

FT-IR Data. The raw PM-IRRAS spectra were processed with Omnic 6.2 with the SST 

software package by Thermo Electron Corporation. The detailed description of PM-

IRRAS theoretical background is described elsewhere.
2.1, 2.5

  

 The raw data from PM-IRRAS measurement consists of two IR spectra that 

correspond to spectra acquired for p and s polarized IR beam with respect to sample 

surface. These spectra were ratioed against each other according to Eqn. 2.1. 

 

  
sp

sp

II

II

R

R

+

−
=

∆
 Eqn. 2.1  

 

where Ip is the p-polarized radiation intensity, and Is is the s-radiation polarized intensity. 

These calculations yield spectrum of surface–species only which, for bare substrate in N2 

atmosphere, was subsequently treated as a background spectrum. The actual residual 
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layer spectra were first subject to operation as shown in Eqn. 2.1 to obtain residual and 

background spectra. Next, once surface–specific spectra were obtained, these were 

normalized using previously calculated background (bare substrate) spectra. This 

operation was conducted using formula shown in Eqn. 2.2 and Omnic 6.2 proprietary 

software package provided with Nicolet 670 instrument by Thermo Electron Corporation.  
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 Eqn. 2.2  

 

where A refers to final absorbance of residual layer, )(dI p∆  refers to differential 

spectrum of residual layer with bare substrate background, and )(dI p  refers to 

differential bare substrate spectrum.  

 

Peak Fitting. The peak fitting procedure of residual layers was executed using 

GRAMS/32 version 5.21 (Galactic Industries). For bulk samples, the initial values for 

peak center frequencies and widths were taken from the literature followed by first set of 

iteration to allow for height adjustment. Once this step was accomplished, these data 

were used as starting point for simulated and residual solvent layers at solid substrate 

peak fitting. Again, first set of iteration was performed with fixed values obtained for 

bulk sample followed by allowing changes in peak parameters. Specifically, center 

frequency was varied by no more that ± 10 cm
-1

 at the time, and widths were allowed to 
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change no more than 10% for each peak. The quality of final (accepted) peak fit was 

evaluated based on and R
2
 parameter. Since most of the spectra exhibit excellent signal-

to-noise, the acceptable R
2
 values for final fitting were usually in the range of 0.99 or 

better. 

 

Simulation of PM-IRRAS Spectra. PM-IRRAS spectra were calculated using following 

procedure. First, transmission spectra of investigated solvent(s) were acquired within 

desired range of IR frequencies and exported from Omnic software into *.csv file. This 

file was subsequently imported into Microsoft Excel to calculate n and k values as 

described in detail elsewhere
2.1, 2.5-7

. k was determined using transmittance values from 

bulk spectra of liquid of interest in transmission geometry and using relationship shown 

in Eqn. 2.3 

 

  dkA νπ2=  Eqn. 2.3 

 

where A is absorbance, k is extinction coefficient, ν is wavenumber [cm
-1

, and d is 

sample thickness. Next, these values were used to calculate n values by means of 

Kramers-Kronig Transformation (KKT) according to Eqn. 2.4  
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with relevant variables having the same meaning as in Eqn. 2.4. Subsequently, MathCAD 

11 (Mathsoft) software was used to simulate spectra utilizing above determined n and k. 

Such calculated absorbencies were exported into Microsoft Excel for convenient handling 

of spectral data, e.g., graph preparation, saving as *.csv file format, or further into into 

Omnic proprietary software. 

 In simulations, the thickness of residual water layers on silica was set to 5 nm 

based on the assumption that the interfacial layers consists of hydration layer (~1-2 nm 

thick)
2.8, 2.9

 and previous thickness results for water layers on hydrophilic substrates
2.10

. 

The thickness of water–methanol mixtures was set to 1 nm. 

 

Estimation of Residual Layers Thickness Based on PM-IRRAS Data. Thickness of 

residual layers were estimated using PM-IRRAS. Specifically, Beer-Lambert law was 

used to calculate molar absorptivities of modes of interests (e.g., ν(OH) for water) using 

Eqn. 2.1. 

 

 A = εbc Eqn. 2.1 

 

where A is absorbance, b is pathlength, and c is concentration (e.g., 55.5 for water, and 

22 for deuterated methanol). The pathlength in transmission measurement geometry was 

determined based on interference fringes.
2.4

 In case of simulated spectra (reflection 

geometry as shown in Figure 2.2), pathlength d was determined using Eqn. 2.2. 



 54 

 

 

 

 

 

 

Substrate

Film

θincident = 80 º

d

A C

B

 

 

 

 

 

 

 

 

 

Figure 2.2 Reflection geometry of IR measurement used in this dissertation: schematics 

of IR beam in simulated and residual fluid layer at surface. 
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 b = 2d/cos(θincident) Eqn. 2.2 

 

where d is thickness of the surface film (5 nm for water at bare silica, 1 nm for water-

methanol mixtures), and θincident is angle of IR beam with respect to surface normal (80º). 

 

Ellipsometry Data. Detailed description of ellipsometric data handling for bare silica 

layers on gold support can be found elsewhere.
2.2, 2.3

 For evaluation of residual water 

layers on silica, two-layer model was used that consisted of substrate with experimentally 

determined optical constants (individually for each sample), and a water layer for which n 

= 1.33, and k = 0 optical constants were assumed.
2.11

 Similarly, for calculations of water-

methanol layers at octadecylsilane on silica two layer model was assumed (water-

methanol being one layer, and OTS/SiO2/Au being second layer). Optical constants for 

water-methanol mixtures were taken from literature
2.12

, and were n = 1.3348, k = 0; n = 

1.3428, k = 0; and n = 1.3385, k = 0 for 90:10, 50:50, and 10:90 water-methanol v/v 

mixtures, respectively. These values are in good agreement with data published 

elsewhere.
2.13 
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Procedures 

 

Fabrication of Ultrathin Silica Films on Gold. The procedure for fabrication of 

ultrathin silica films on gold via sol-gel spin-coating onto gold substrates that were 

cleaned and oxidized using UV photo-oxidation in an ozone atmosphere and subsequent 

modification through OTS self–assembly is schematically shown in Figure 2.2. Prior to 

use, these films were characterized using IR in reflection geometry to ensure silica layer 

is present, and that the thickness of silica layer is within expected range. Detailed 

description of characterization of these substrates can be found elsewhere.
2.2, 2.3

 

 

Modification of Ultrathin Silica Films on Gold by Formation of OTS Self-Assembled 

Monolayers. The procedure for deposition of OTS SAM on ultrathin silica films on gold 

and characterization of resulting systems as shown in Figure 2.2 is reported elsewhere.
2.2, 

2.3
 Also, the procedure for determination of surface coverage that provided basis for 

accepting/rejecting given sample for further experiments is described in provided 

references. 

 

Forced Dewetting. The modus operandi of forced dewetting used in this dissertation is 

essentially the same for both ellipsometry and PM-IRRAS. First, background information 

about sample were acquired in forced dewetting cell for sample under N2 atmosphere. 

These were either P and A from ellipsometer, or background spectrum for PM-IRRAS 
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measurements. Next, appropriate solvent(s) were introduced at the bottom of the cell far 

away from sample, N2 flow was stopped, and cell was closed (airtight) for at least 60 min 

to accomplish solvent-saturated atmosphere.
2.6

 After equilibration time, a droplet was 

extruded from a capillary and brought into contact with rotating surface. Next, sample 

was rotated with drop in contact with surface at least 4 times per sample before 

measurement to establish residual layer. Finally, information from residual layer were 

obtained. These were either P and A from ellipsometer, or residual layer convoluted with 

background response spectrum for PM-IRRAS measurements. For PM-IRRAS, spectra 

were acquired with 1000 scans per spectrum, at 4 cm
-1

 resolution for rotating sample in 

contact with bulk droplet extruded from capillary. The linear rotation speed of sample 

was set to 0.029 cm/sec for both ellipsometry and PM–IRRAS. 
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Figure 2.3 Schematics of procedure used for fabrication of ultrathin silica films on gold 

support. 
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CHAPTER 3 

  

 RESIDUAL WATER LAYERS  

FORMED AT SILICA SURFACES BY FORCED DEWETTING 

FROM AQUEOUS SOLUTIONS OF DIFFERENT PH 

 

Water – silica (SiO2) interfaces are one of the most often encountered boundaries 

in the environment as well as in technology applications including in capillary 

electrophoresis3.1, 3.2,  surface catalysis3.3, 3.4, micro- and nano-fluidic devices3.1, 3.5-9, and 

electronics3.10-13. In these systems, despite the fact that these interfacial regions are 

typically only several nm thick, their properties (e.g., structure, thickness) are of great 

interest as they dictate overall system performance. SiO2 surfaces may exhibit 

significantly different properties that may suit particular applications.3.14-17 Thus, a lot of 

effort has been devoted to better understand what is happening at these interfaces at the 

molecular level and how to control them for specific applications3.14, 3.18-21.  

SiO2 can exhibit very different chemical properties along with different bulk and 

surface structure. The two types of SiO2 are crystalline, mostly found in nature, and 

amorphous (silica), mostly fabricated by humans. In crystalline SiO2 (e.g. quartz, 

crystobalite), the bulk material and surface is formed by highly ordered structures of SiO2 

tetrahedra bound together by shared oxygen atoms at their tops.3.14, 3.20 
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In contrast to crystalline structures, amorphous SiO2 does not exhibit such 

organization. In consequence, there are significant differences in available surface area 

resulting in surface areas starting from several m2 and up to hundreds of m2 per gram of 

silica.3.19, 3.21-23 Accordingly, the overall surface reactivity of silica can significantly 

increase because of an increase in total available surface area resulting in increase of total 

available silanols.  

A bare SiO2 surface can terminate in either siloxane groups (≡Si–O–Si≡) with the 

oxygen on the surface and/or with silanol group (≡Si–OH).3.19-21 In isolated (free) 

silanols, surface silicon atom has three bonds into the bulk and a single OH group is 

attached through the fourth bond. Vicinal (bridged) silanols have two single silanols 

groups, attached to different silicon atoms, which form hydrogen bond. The last group, 

geminal silanols, have two hydroxyl groups are attached to the same silicon atom. These 

silanol groups exhibit different properties on molecular level, e.g., their pKas may differ 

by several pH units as well as their populations may exhibit various densities depending 

on particular sample.3.24-26 Details about silanols (e.g., their populations, properties, and 

surface density) are discussed in more details is subsequent paragraphs.  

In research described in this chapter, amorphous SiO2 is used throughout. 

However, it is important to note that some of the literature examples discussed below also 

refer to other forms of SiO2, e.g., quartz. Results for interfacial water layers at water–

quartz interfaces are not necessarily representative for water–silica interface, and as such 

should not be directly compared. 
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Several different approaches are reported in the literature that provide insight into 

solid–liquid interfaces. One strategy relies on creating simplified (i.e., no bulk solvent 

present) models of these systems and development of appropriate techniques that allow 

investigation of interfacial water layers at silica. This approach has been successfully 

implemented for other interfacial systems in this lab; for instance, a number of solid-

liquid interfaces was effectively modeled using self-assembled monolayers with various 

terminal groups on silver substrates along with a variety of solvents used to investigate 

wide range of chemical environments.3.27-30 However, no work has been performed on 

water–silica interfaces to date. 

The other strategy is to directly probe the interface of interest. Several methods 

are used in this approach. For instance, techniques that rely on utilization of non-linear 

phenomena in generation of an analytical signal, thus being surface – sensitive, are 

frequently employed.3.24, 3.26, 3.31-38 Two of  these are of special importance: vibrational 

sum frequency generation (vSFG) 3.26, 3.31, 3.34, 3.36-38, and second harmonic generation 

(SHG)3.24, 3.32. Yang et al.3.37, Shen et al.3.36, Ostroverkhov et al.3.26, 3.34, and Richmond et 

al.3.33, 3.39, 3.40 successfully employed SFG in investigations of water structure at silica 

surfaces. These scientists found that water at silica mostly has an ice-like structure. 

Specifically, these authors evaluated the vSFG spectra with respect to the presence and 

relative intensities of the ice-like and liquid-like ν(OH) modes, finding that the mode 

characteristic of ice dominates the spectral response. Thus, conclusions have been drawn 

that interfacial water at an oxide surface forms a more ordered hydrogen-bonding 

network compared to that found in bulk solution.3.34 
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Ostroverkhov et al. also utilized phase-sensitive surface spectroscopy in a more 

detailed investigation of the interfacial structure of water at the water – quartz interface 

through measurement of real and imaginary parts of the surface nonlinear spectral 

response.3.26 Based on the data, the authors concluded that ice-like ordering occurs at 

protonated silanols (low pH of bulk solution) as indicated by the presence of an ice-like 

component in the spectral response, with O from water pointing towards the surface. As 

the pH is increased, the strength of the ice-like component was proposed to decrease in 

favor of the liquid-like component, indicating less ordering of the water at the quartz 

surface. However, the ice-like component was still observed even in solutions with pH 

values as high as 11.5. These results indicate that even at such high pH small fraction of 

silanols remain protonated providing bonding sites for water molecules.3.26 

The liquid-like component of the spectral response was observed at all ranges of 

pH investigated, and was associated by authors with deprotonated silanol sites. These 

conclusions were based on the fraction of the liquid-like component as a function of bulk 

solution pH. The liquid-like fraction was observed to be small at low pHs, consistent with 

highly protonated surface, and increased as the pH of bulk solution was increased. This is 

in good agreement with the increase in surface deprotonation that occurs at higher pHs. 

Further, since Ostroverkhov et al. used phase-sensitive surface spectroscopy, they were 

able to conclude that the H atoms from the water point towards the surface in liquid-like 

water, requiring the water molecules to ‘flip’ to accommodate this more preferred 

orientation. Finally, Ostroverkhov et al. arrived at the conclusion that at higher pH, the 

bonding between water molecules is weaker as indicated by an increase in center 
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frequencies in ice-like and water-like modes.3.26 Unfortunately, the authors do not 

mention specific information about how solutions were prepared (e.g., buffers, pH 

adjusted with acid/base, etc.); therefore, nothing is known about counterions at the 

interface, their chemical identity or concentration. 

Nevertheless, the results presented above clearly show that vibrational sum 

frequency generation is an excellent tool to investigate the structure of interfacial layers. 

However, due to fundamental limitations of the techniques employed, it is impossible to 

measure the thickness of the interfacial layer or the structure of interfacial water layers 

that are further away from the silica surface. This is so because non-linear spectroscopic 

techniques rely on second-order nonlinear optical processes; thus, they are forbidden 

under the electric-dipole approximation in media with inversion symmetry like liquids 

but necessarily allowed at surfaces or interfaces.3.36, 3.41 These conditions render these 

methods an excellent choice for investigation of buried interfaces as there is no 

interference from bulk. Unfortunately, they also limit application of non-linear techniques 

in quantification of the observed response as the symmetry is broken only at the interface; 

hence, only the structure of the first monolayer of interfacial molecules is probed.3.41-43  

Other methods that have been successfully utilized in the investigation of water – 

silica interfaces include attenuated total reflection-infrared spectroscopy (ATR-IR)3.44, 

3.45, fluorescence3.46, atomic force microscopy (AFM)3.47-50, X-ray photoelectron 

spectroscopy (XPS)3.51-54,  neutron diffraction3.55, NMR3.56-58,  heat capacity 

measurements3.59-61 as well as other methods.3.62-69  
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Asay et al.  used ATR-IR to investigate the molecular structure of water adsorbed 

on a hydrophilic native silicon oxide surface at room temperature as a function of relative 

humidity (RH) in Ar.3.45 This study provided direct evidence for the ice-like structure of 

the first three layers of adsorbed water that was observed at RH levels between 0 and 

30% as proven by the presence of only ice-like modes in the IR spectra. As the RH was 

increased to 60%, so did the thickness of the condensed water layer. More specifically, 

the thickness increased by one monolayer of water molecules that was deposited on top 

on an existing film of three well-ordered, ice-like monolayers. However, the liquid-like 

mode became apparent in the ATR-IR spectra acquired in this RH range indicative of less 

ordering in the fourth water monolayer. Finally, as the RH was increased beyond 60%, 

the liquid-like mode became dominant in the ATR-IR spectra. Simultaneously, the total 

thickness of condensed water layers on silica was observed to increase exponentially with 

RH, with bulk condensation noted to occur at near saturation vapor pressure. Under these 

conditions, equilibrium between the liquid water layer and vapor was observed to take 

place although no specific thickness value was provided by the authors.3.45 Similar results 

were reported also by other authors.3.54 

Unfortunately, considering the experimental setup used, the authors could not 

define what part of their results corresponds to truly interfacial water behavior relevant to 

water – liquid interfaces. Instead, they measured an ATR-IR response that starts with 

interfacial characteristics, and then becomes increasingly convoluted with the bulk 

condensed water response as discussed in paragraph above. In addition, Asay et al. do not 

show data beyond an estimated thickness of ~10 monolayers, which implies a water layer 
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thickness of ~30 Å3.45. Yet, the authors claim observation of bulk condensation that 

occurs at near saturation vapor pressure which implies thickness of the condensed layer 

that extends beyond ~30 Å3.45. Therefore, while this particular report represents great 

value in terms of direct evidence of water structure and its changes within the first several 

monolayers of water at a silica surface, it does not discuss in detail quantitative 

information about the interfacial layer (i.e., its thickness), nor does it discuss structure 

and thickness characteristics as a function of bulk solution pH. Instead, the authors state 

their approximation that the entire structure can be applied to the silicon oxide and bulk 

water interface based on the observation that the structure and thickness of the bottom 

ice-like layer do not change with thickness of the liquid overlayer.3.45 This is a 

considerable simplification as, for instance, surface protonation/deprotonation issues 

were not addressed by Asay et al. In contrast, the degree of silanol  

protonation/deprotonation has been shown to impart changes in structure of interfacial 

water layers as observed by other authors.3.26, 3.33, 3.34, 3.36 

The other approach to study water – silica interfaces that utilizes atomic force 

microscopy clearly shows the existence of hydration layers, as named by Peng et al.3.48 

following the nomenclature introduced by Derjaguin et al.3.70, 3.71, Israelachvili3.72, and 

others3.50, 3.73-79. Peng et al. observed mechanically-rigid hydration layers on the surface 

of silica, which corresponds well with the ice-like structure of these layers observed by 

spectroscopic methods. Unfortunately, Peng et al. do not attempt to evaluate the thickness 

of the hydration layer nor, being limited by intrinsic characteristics of the instrument 

used, analyze the structure of the hydration layer.  
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Valle-Delgado et al. also used AFM equipped with a tipless AFM cantilever that 

was modified by attachment of a silica particle to investigate the water – silica 

interface.3.50 These authors observed very strong repulsion between the silica particle and 

a silica substrate at distances ≤ 2 nm regardless of the experimental conditions (high vs. 

low pH, and low vs. high salt concentration.) This repulsion was ascribed to the presence 

of structured hydration layers at the silica surface, consistent with previous results.3.45 

The overlap of these hydration layers at the two silica surfaces gives rise to short-range 

repulsion forces which are commonly known as hydration forces.3.50 Valle-Delgado et al. 

considered several theories in an attempt to provide an explanation for formation and 

existence of these hydration layers. The theories considered included those of Marčelja 

and Radić (hydration layers described using an order parameter η(z) which depends on 

the distance z to the surface)3.73,  Attard and Patey (image – charge model)3.74, Paunov, 

Kaler, Sandler, and Petsev (overlap of hydrated ion layers adsorbed on the surfaces)3.75, 

Ruckenstein and Manciu (polarization of water molecules by surface dipoles)3.76, 3.77, 3.79, 

and Attard and Batchelor (formation and rupture of hydrogen bonds between water 

molecules)3.78. After analyzing these theories, Valle-Delgado et al. concluded that no 

single concept can explain in detail the existence or behavior of the hydration layers. The 

more recent work of Manciu et al. also supports the notion that no single theory provides 

a sufficient explanation for the presence and characteristics of these hydration layers; 

however, these authors emphasized the adequacy of their model involving the 

polarization of water molecules by surface dipoles in describing the origin of these 

hydration layers.3.80 
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Yet another strategy to investigate water – silica interfaces relies on computer 

modeling and simulations.3.81-89 This strategy attracts more and more attention as the 

capabilities of modern computing technology increases. However, the fundamental 

limitation still exists in that computer modeling and simulations are constrained, mostly 

by the number of atoms that can be used in a given simulation and by the simulation 

algorithm. In addition, it is hard to include surface geometry effects due to the restricted 

model size. Therefore, while it can be safely said that current computer simulations have 

the potential to adequately model nanoscale environments, they presently are not capable 

of providing a response that can be averaged over a complete system. Regardless of these 

limitations, computer simulations/modeling can provide useful insight into the structure 

of interfacial layers on a small scale, i.e., at hundreds to thousands of atoms. For instance, 

Kjellander et al. found that water is strongly oriented near polar surfaces3.90, while Lopes 

et al.3.83, and Lee et al. reported hydrogen bonding between water and silica surfaces.3.89 

These results are in good agreement with previously described data from other techniques 

such as vSFG and ATR-IR. However, the quality of even the best simulations and/or 

models in terms of the results they provide must be validated by experimental data. 

The surface chemistry of silica has been investigated using not only planar 

substrates, but also silica spheres in the colloidal size regime. Specifically, the degree of 

surface deprotonation, and hence charge density and surface potential, was studied as a 

function of pH, concentration and chemical identity of the ions used.3.91-95 Possible 

scenarios in terms of surface charge are schematically shown in Figure 3.1.  
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a)

b)

c)

 

 

 

 

Figure 3.1 Schematic representations of the state of silica surface charge: a) point of zero 
charge, fully protonated surface, b) partially deprotonated silica, negatively 
charged surface, c) fully deprotonated silica. 
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They are: a) point of zero charge (pzc, no charge present at the silica surface, low 

pH regime), b) partially-charged negative silica surface and c) fully-charged negative 

silica surface (high pH regime). 

The presence of charge at a silica surface results in formation of an electrical 

double layer (edl) that can be described by the classical Gouy-Chapman-Stern (GCS) 

model as shown in Figure 3.2.3.96, 3.97 The charge present on the silica surface is 

compensated by counterions from solution that form the Stern (compact) layer 

immediately adjacent to the surface that is defined by the inner Helmholtz plane (IHP) 

Many studies have been performed to evaluate the edl at charged silica surfaces under 

various conditions. For instance, changes in bulk solution pH at constant ionic strength 

induce changes in the degree of silica surface protonation. Thus, such changes can be 

used as a means to modify surface charge, which in turn, is expected to alter the surface 

potential and consequently the thickness of the diffuse layer. In contrast, changes in ionic 

strength of bulk solution at a fixed pH (hence, surface charge) are also expected to 

manipulate the thickness of the diffuse layer, but in this case these, alterations will be 

accomplished through the changes in the concentration of counterions in the interfacial 

layer necessary to counterbalance the charge on the silica surface. 

Allen et al. found that the stability of colloidal silica is ‘remarkably high’ 

(colloidal suspension remains intact despite high salt concentrations) towards 

electrolytes, although a decrease in stability was observed with increasing pH.3.91 Further, 

the authors showed evidence that there is no correlation between critical coagulation 

concentrations defined as the minimum concentration of electrolyte required to induce  
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Figure 3.2 Pictorial representation of electrical double layer at partially charged silica 
according to Gouy-Chapman-Stern model. Solvent molecules are omitted for 
clarity of presentation. 
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coagulation of a stable colloidal suspension3.98 for different electrolytes with 

electrophoretic mobility of colloidal silica. Therefore, the stability of silica colloidal 

suspensions can not be explained by a simple electrical double layer model and 

electrostatic repulsion. 

Derjaguin, Landau, Verwey, and Overbeek (DLVO) developed theory that 

represents the classical framework to discuss the stability of colloidal suspensions (in 

general) treating interactions between the particles as a superposition of repulsive electric 

double layer overlap forces and attractive dispersion (London – van der Waals) forces.3.72, 

3.99-102 However, DLVO theory does not provide an explanation for the existence of short-

range repulsion between silica surfaces3.50, or for the independence of these short-range 

repulsion forces on pH and solution ionic strength3.50. DLVO also inaccurately predicts 

that at low pH, silica colloidal particles should coagulate since the silica surface has no 

charge.3.91, 3.103, 3.104 These departures from DLVO theory were observed mostly for silica 

particle sizes in the nanometer regime.3.91, 3.92, 3.103, 3.105 Thus, deviations from DLVO 

theory clearly indicate that colloidal stability can not be treated only in terms of electrical 

double layer forces and attractive dispersion forces. Based on these observations, the 

hypothesis of a structured water layer at the silica surface that stabilizes these colloids 

was recently proposed to rationalize these departures from DLVO theory.3.50, 3.106, 3.107  

The above results paint a coherent picture of the water – silica interface in that the 

first few layers of water possess ice-like structure at the silica surface. Unfortunately, 

methods that were discussed above can only provide reliable insight into the structure of 

one or two monolayers at the surface only at the time, OR may only provide direct 
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evidence for existence of ‘hydration layers’, OR may only allow for modeling of a 

limited size interface. In additional, none of these strategies is capable of providing 

simultaneously qualitative (structure) and quantitative (thickness of the interfacial layer) 

information about such interfaces. This limitation stems mostly from the fact that, by 

definition, the techniques discussed above can either provide qualitative data (e.g., vSFG 

or SHG) or quantitative data (e.g., AFM or heat capacity studies). 

Methods that can provide both types of information for bulk samples often fail 

when utilized for interfacial investigation if this is beyond their analytical capabilities to 

discern between the analytical signal from the interface and its bulk counterpart as the 

magnitude of the signal from the interface is many orders of magnitude lower than that 

from the bulk. In addition, the chemical identity of the molecules at the interface under 

scrutiny is exactly the same as the chemical identity of molecules in the bulk; hence, the 

observed response from interfacial region and from bulk overlap.  

Therefore, the need exists to develop methodology that will allow probing of the 

interfacial region such that both quantitative and qualitative information about the 

interface will be obtained. The information sought is molecular structure and thickness of 

the interfacial water layer, the dynamics of water in this layer, and how these properties 

are affected by silica surface chemistry controlled by bulk solution pH. This work is also 

important extension in terms of applicability of forced dewetting from bare and SAM-

modified metal substrates to oxides in terms of probing solid-liquid interfaces. These 

interfaces are of considerable significance in many areas of science that were discussed 

earlier. 
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The results from application of an innovative strategy for the investigation of 

water interfacial structure at bare silica surfaces at a molecular level are discussed in this 

chapter. The novelty of this approach is threefold and relies on creating an appropriate 

chemical model of the interface, physical separation of the interface from the bulk, and 

the use of vibrational spectroscopy to investigate interfacial layer. The first element of 

this strategy utilizes a new chemical model of a silica surface that minimizes the response 

from the bulk solid silica that was designed and successfully fabricated. This model relies 

on stratified structure of ultrathin (≤ 10 nm thick) silica films on gold using gold oxide as 

an adhesive layer and a wetting control agent as shown in Figure 1.1a, Chapter 1. Such a 

design provides the chemical environment of a silica surface, does not introduce 

significant spectral background, is suitable for vibrational spectroscopies, and can be 

easily modified to mimic a wide range of silica-solvent interfaces.  

The second element of this tactic uses forced dewetting to separate an interfacial 

layer from the bulk solvent phase. As a consequence, a spectral response from only the 

interfacial layer is measured allowing for analysis of the interface without interference 

from the bulk phase.  

The third main constituent of the approach utilizes vibrational spectroscopy to 

investigate the structure and thickness of the interfacial layers. This technique was chosen 

as they are adequately sensitive to probe submonolayer coverages of water, and are 

capable of providing direct qualitative (structure) and quantitative (thickness) 

information. Finally, it should be also noted that these techniques are non-destructive and 

can be applied in a wide range of conditions, including ambient. 
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Using the above approach, a unique set of data about the thickness and structure 

of water – silica interfaces as a function of bulk solution pH was obtained by means of 

infrared absorption spectroscopy and ellipsometry. This collection of information is truly 

unique in that, for the first time, both structural and thickness information about the 

interface is provided that has not been available previously. 

 

Experimental 

 Bulk solution pH was adjusted using either HCl or KOH as described in Chapter 

2, and no other ionic species were added to any solutions. 

Ellipsometry was used to measure the thicknesses of the residual H2O layers for 

solutions ranging in pH from 1 to 9. At least 7 points per surface were averaged, and data 

were pooled over at least 3 independently-prepared surfaces for each solution pH, giving 

a total number of at least 21 samples per data point. 

Spectra of isotropic water layers at a silica surface were simulated as described in 

Chapters 2. PM-IRRAS spectra of residual H2O layers at silica were obtained at a center 

frequency of 3300 cm-1, with 1000 scans per spectrum with the substrate rotating at 290 

µm/s. Details about the experimental setup for spectral acquisition and data workup (e.g., 

spectral ratioing, peak fitting) can be found in Chapter 2.   

IR spectra of residual water layers at silica were acquired from bulk solutions of 

pH 1, 5.6, and 9. These solutions were chosen to investigate the structure of interfacial 

water layers under various protonation/deprotonation conditions, from fully protonated 
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surfaces at pH 1, through partially protonated surfaces at pH 5.6, to mostly deprotonated 

surfaces at pH 9.3.20, 3.24 

 Integrated peak area ratios that are presented tables summarizing results of IR 

spectral decomposition were calculated according to Eqn 3.1: 
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integrated absorbances of the monomer plus weakly H-bonded modes. 

 The surface potential was calculated using Eqn 3.33.108:  
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where σ is calculated surface charge density, k is Boltzmann constant, T is temperature, ε 

is dielectric constant, ε0 is the permittivity of free space, n0 is the number density of ions, 

z is the charge, and e is the charge of an electron. 

The concentration profiles of ionic species were calculated by first determining 

potential profile in considered diffuse layer according to Eqn 3.43.96 
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where x is distance from silica surface, ϕ0 is potential at x = 0, z is charge of an ion, e is 

charge of electron, k is Boltzmann constant, K is absolute temperature, and κ is the 

Debye length(the inverse thickness of the diffuse layer component of the edl) that was 

calculated using Eqn. 3.53.96  

 

 ( ) 2
1

71029.3 •∗= zCκ  Eqn. 3.5 

 

where C● is the bulk z:z electrolyte concentration in M and κ is in cm-1. 

Next, concentration-distance profiles for total concentration of cations (and 

separately for total anions) at each pH were calculated, followed by breaking them down 

into individual ion contributions to the total accordingly using Eqn. 3.6.3.96, 3.109 
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where ni
0 is bulk concentration of an ion, z is (signed) charge on an ion, ϕ is potential 

measured with respect to the bulk solution, e is charge of electron, k is Boltzmann 

constant, and K is absolute temperature. Because of overall low concentrations (even 

nearby charged surface), ions were assumed to be point charges. 

 

 

Results and Discussion 

 

The overall objective of this chapter is to investigate interfacial water structure 

and thickness at silica surfaces as a function of bulk solution pH. To accomplish this aim, 

ultrathin silica films were immobilized on gold supports and used as model silica 

surfaces. These substrates were used in forced dewetting experiments in which thickness 

and structure of residual layers were investigated by ellipsometry and photoelastic 

modulation - infrared reflectance-absorbance spectroscopy (PM-IRRAS). 

The chemical characteristics of the ultrathin silica films used in this work are 

discussed first to demonstrate their suitability as models for bulk silica in forced 

dewetting experiments. Next, the IR spectral behavior for bulk water is presented as a 

foundation for the simulation of the IR behavior of thin isotropic water layers at silica 

substrates for subsequent use in interpretation of experimental spectra from interfacial 
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water layers formed by forced dewetting. Finally, ellipsometry and PM-IRRAS are used 

to evaluate thickness and structure of these residual water layers as a function of bulk 

solution pH.  

 

Bare Ultrathin Silica Layers on Gold. Ultrathin silica layers on gold supports are the 

first component of the strategy applied to investigate interfacial water structure at silica 

surfaces. This system was designed and fabricated for the following reasons: 1) it 

provides the surface chemistry of silica, yet the spectral background from the ultrathin 

silica layer is minimal; 2) a thin layer gold oxide layer acts as an adhesive and wetting 

control agent and does not introduce a significant spectral signature, and 3) gold was 

chosen as a substrate for its reflective characteristics, necessary for use of reflection 

vibrational spectroscopy and ellipsometry.3.110, 3.111 

A schematic of the desired layered structure is shown in Figure 1.1a in Chapter 1. 

Silica layers (top layer) were fabricated through sol-gel, spin-coating of dilute silica 

precursor solutions (tetramethoxysilane) onto gold substrates (bottom layer) that were 

cleaned and oxidized to form gold oxide (middle layer) under UV radiation in an 

ozone/atomic oxygen environment. The detailed description of design, fabrication, 

procedure optimization and characterization of proposed model is provided elsewhere; 

only the most relevant results are discussed here.3.110-112 

The presence of silica layer on top of gold substrate is confirmed by the IR 

spectrum shown in Figure 3.3. The νas(Si-O-Si) modes at 1235 and 1120 cm-1, the νs(Si-

O-Si) mode at 800 cm-1, the νs(Si-OH) mode at 945 cm-1, and the broad envelope  
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Figure 3.3. IRRAS spectrum of a ~6 nm thick ultrathin silica layer formed on a gold 
oxide/gold substrate. 
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encompassing the ν(Si-OH) and ν(OH) modes at ~3400 cm-1 prove the existence of 

silica.3.15, 3.21, 3.113, 3.114 Qualitatively identical spectra were published for films prepared by 

plasma enhanced chemical vapor deposition3.115, plasma-activated chemical vapor 

deposition3.116, and sol-gel method3.113, 3.117-119 with reported films thickness between ~5 

and ~90 nm; the only difference between the 5 and 90 nm films was a monotonic increase 

in absorbance of the silica modes. The absence of ν(C-H) modes in the region around 

2900 cm-1 is consistent with complete hydrolysis and condensation of the precursor 

methoxy groups. As shown by the spectrum in Figure 3.3, these ultrathin films exhibit a 

wide, interference–free spectral window from ~1250 to 3000 cm-1 that should not 

significantly interfere with the spectral response from species at the silica surface. 

These ultrathin silica films should be stable upon immersion in aqueous solutions 

over a wide pH range for at least tens of minutes to be suitable for PM-IRRAS of residual 

layers formed by forced dewetting. This requirement is clearly fulfilled as observed in 

Figure 3.4a-f for two different pH values (2 and 10), where IRRAS spectra of these films 

before and after immersion are shown. These spectra remain unchanged within the 

investigated immersion time and pH. Therefore, it is concluded that the stability of these 

films is adequate for forced dewetting experiments. 

This array of defects was shown to exhibit a voltammetric response consistent 

with an ultramicroelectrode array. However, the size and number of defects in the silica 

layer yields ≤ 0.6% of total surface area of silica layer through which the underlying gold  
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Figure 3.4 IRRAS spectra of ultrathin silica films: a, d) before immersion; and after 
immersion for: b, e) 15 min, and c, f) 30 min. Solution pH noted above 
spectra. 
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substrate is exposed. Therefore, it assumed that the chemistry of these ultrathin silica 

layers is not significantly affected by the underlying gold substrate exposed through these 

pinholes. 

Ultrathin silica films were also characterized using atomic force microscopy, 

conductive tip atomic force microscopy, cyclic voltammetry, and contact angle 

measurements to ensure the high quality of the resulting silica films. These films were 

found to contain nanoscopic defects with radii of ≤2 µm in all cases, at a density of 1.6 

defects per 10 µm x 10 µm, with a weighted average defect radius of 200 nm.3.110-112 

 

FT-IR Characterization of H2O. Excellent, in-depth reviews and papers on the 

molecular structure of water have been published previously including but not limited to 

the work of Tsuruta-Heier3.29, Mudalige3.27, Frank et al.3.120, 3.121, Walrafen et al.3.122-124, 

Smiechowski et al.3.125-128, Gonzales-Blanco3.129, 3.130 as well as references found therein.  

Bulk water has been studied extensively using IR spectroscopy.3.120, 3.129-138 A 

broad ν(OH) envelope is observed in the water IR spectral response centered around 3400 

cm-1. This envelope draws particular attention because of its sensitivity to hydrogen 

bonding between water molecules, and to its sensitivity to environmental effects on the 

hydrogen bonding. Therefore, a detailed analysis of this mode is an excellent choice for 

studies of interfacial water layer properties, including the effects of surface characteristics 

such as chemical properties of substrate, degree of surface deprotonation, etc.3.27, 3.29, 3.30 

However, in order to be able to analyze the IR spectral response in depth, it is necessary 
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to decompose this broad envelope into individual peaks that can be used subsequently to 

more accurately describe the interfacial structure and bonding of water molecules. 

Figure 3.5a-c shows the ν(OH) envelopes for transmission IR spectra of bulk H2O 

with pH adjusted to 1, 5.6, 9, respectively, along with results of spectral decomposition. 

A summary of peak assignments and frequencies and decomposition parameters is 

provided in Table 3.1.  

The ν(OH) envelope is usually decomposed into three3.133, 3.136, 3.138, 3.139 or four3.29, 

3.126-128, 3.130, 3.137, 3.140-142 Gaussian peaks. In this dissertation, four peaks are used as shown 

in Figure 3.5a-c. This choice is justified since four bands are reported in the literature to 

more adequately represent the variety of hydrogen bonding environments thought to 

occur in bulk liquid water3.29, 3.125-128, 3.140, 3.142. In contrast, a three-peak decomposition 

strategy, while numerically able to provide reasonably good fits, does not fully account 

for the variety of hydrogen bonding environments present. In addition, it was found 

empirically that when a three-peak decomposition scheme was used, the resulting fit was 

a significant mismatch from the original spectrum (especially in the higher frequency of 

the envelope) further validating the choice of a four peak methodology.  

The four-peak model represents four types of hydrogen bonding environments 

that occur in bulk liquid water. These types are schematically shown in Figure 3.5d-g. 

The highest frequency mode at ~3615 cm-1 is attributed to monomeric water as it 

provides the response from free molecules that do not form hydrogen bonds. The other 

high-frequency mode found at ~3525 cm-1 is assigned to weakly hydrogen bonded water, 
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Figure 3.5 Peak–fit transmission IR spectra of bulk H2O: a) pH 1, b) pH 5.6, c) pH 9. Pictoral representations of hydrogen 
bonding environments in bulk water that correspond to following IR water modes: d) monomeric, e) weakly 
hydrogen bonded, f) liquid–like, g) ice–like. Dashed lines – total fit envelopes and fit peaks, dotted lines – 
residuals. 
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Table 3.1 Peak frequencies and their assignments for bulk water of pH 1, 5.6, and 9. 

pH 1 pH 5.6 pH 9 

Assignment Spectruma 

Frequency 

(FWHMb), cm-1 

Int. Abs.c 

(a.u. cm-1) 

Fract. Int. 

Abs.d 

Frequency 

(FWHM), cm-1 

Int. Abs. 

(a.u. cm-1) 

Fract. Int. 

Abs. 

Frequency 

(FWHM), cm-1 

Int. Abs. 

(a.u. cm-1) 

Fract. Int.  

Abs. 

ice-like 1 3243 (233) 196 0.35 3231 (253) 244 0.34 3266 (350) 294.59 0.54 

 2 3234 (242) 203 0.36 3221 (259) 228 0.32 3262 (359) 229.53 0.42 

 3 3245 (231) 198 0.35 3230 (255) 237 0.33 3272 (349) 276.05 0.50 

 Average 
3241 ± 6 

(235 ±6) 

199 

± 4 

0.35 

± 0.01 

3227 ± 6 

(255 ± 3) 

236 

± 8 

0.33 

± 0.01 

3267 ± 5 

(353 ± 5) 

267 

± 34 

0.49 

± 0.06 

           

liquid-like 1 3419 (242) 279 0.49 3415 (234) 364 0.51 3370 (228) 103 0.19 

 2 3418 (237) 278 0.49 3412 (241) 396 0.55 3362 (245) 125 0.32 

 3 3425 (243) 284 0.50 3414 (238) 369 0.52 3367 (234) 120 0.22 

 Average 
3421 ± 4 

(241 ± 3) 

280 

± 3 

0.50 

± 0.01 

3414 ± 2 

(238 ± 4) 

377 

± 17 

0.53 

± 0.02 

3366 ± 4 

(236 ± 9) 

116 

± 12 

0.24                 

± 0.07 

           
weakly 

H-bonded 
1 3523 (169) 71 0.13 3522 (150) 78 0.11 3499 (186) 127 0.23 

 2 3522 (170) 72 0.13 3529 (141) 71 0.10 3505 (200) 125 0.23 

 3 3517 (162) 57 0.10 3522 (155) 81 0.11 3500 (171) 116 0.21 

 Average 
3521 ± 3 

(167 ± 4) 

66 

± 8 

0.12 

± 0.01 

3524 ± 4 

(149 ± 7) 

77 

± 5 

0.11 

± 0.01 

3501 ± 3 

(186 ± 5) 

123 

± 6 

0.22 

± 0.01 

           

monomer 1 3615 (99) 18 0.03 3614 (103) 28 0.04 3608 (114) 24 0.04 

 2 3615 (102) 21 0.04 3617 (97) 24 0.03 3604 (109) 17 0.03 

 3 3614 (106) 22 0.04 3614 (99) 25 0.04 3611 (115) 32 0.00 

 Average 
3615 ± 1 

(102 ± 3) 

20 

± 2 

0.04 

± 0.00 

3615 ± 2 

(100 ± 3) 

26 

± 2 

0.04 

± 0.00 

3607 ± 3 

(113 ± 3) 

24 

± 7 

0.05 

± 0.01 
athree independent fits of three independent spectra   bFWHM = full width at half maximum; cInt. Abs. = integrated absorbance; d Fract. Int. Abs. = 
fractional integrated absorbance
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referring to mostly single hydrogen bonds formed with neighboring molecules through its 

lone-pair electrons. 

The third mode at ~3415 cm-1 is assigned to liquid-like water and refers to water 

molecules that form strong hydrogen bonds with surrounding molecules. However, 

molecules that exhibit the liquid-like response do not form full tetrahedral coordination 

with their neighbors. Therefore, this mode refers to water molecules in a distorted 

tetrahedral environment.3.29, 3.127, 3.140 This fact differentiates water in the liquid-like mode 

from water represented by the ice-like band at ~3230 cm-1. This water forms strong 

hydrogen bonds (networks) with surrounding water molecules in full tetrahedral 

coordination, which is similar to that dominating in ice structures.3.29, 3.39, 3.40, 3.127, 3.140 

strategy, while numerically able to provide reasonably good fits, does not fully account 

for the variety of hydrogen bonding environments present. In addition, it was found 

empirically that when a three-peak decomposition scheme was used, the resulting fit was 

a significant mismatch from the original spectrum (especially in the higher frequency of 

the envelope) further validating the choice of a four peak methodology.  

The four-peak model represents four types of hydrogen bonding environments 

that occur in bulk liquid water. These types are schematically shown in Figure 3.5d-g. 

The highest frequency mode at ~3615 cm-1 is attributed to monomeric water as it 

provides the response from free molecules that do not form hydrogen bonds. The other 

high-frequency mode found at ~3525 cm-1 is assigned to weakly hydrogen bonded water, 

referring to mostly single hydrogen bonds formed with neighboring molecules through its 

lone-pair electrons. 
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Initial values for peak frequencies and widths in the spectral decomposition were 

taken from the literature.3.29, 3.127, 3.128, 3.130, 3.137, 3.140-142 Since the published data are not 

entirely consistent (e.g., variations in peak frequencies or widths), these values were 

allowed to vary until a satisfying fit quality was obtained as described in Chapter 2. The 

quality of peak fitting was ascertained based on no changes in results in consecutive 

iterations, an R2 parameter of usually 0.99 or better, and examination of residuals. This 

approach was utilized throughout this dissertation. 

Overall, the peak frequencies and FWHM values obtained from peak fitting as 

shown in Table 3.1 are in good agreement with data reported in the literature. For 

instance, Tsuruta-Heier reports an ice-like mode at 3218 ± 5 (FWHM 258 ± 13), a liquid-

like mode at 3411 ± 4 (FWHM 261 ± 9), a weakly hydrogen bonded mode at 3529 ± 7 

(FWHM 141 ± 11), and a monomer mode at 3617 ± 5 (FWHM 5).3.29, 3.140 Similarly, 

Zhou et al. reported an ice-like mode at 3230 ± 20, a liquid-like mode at 3420 ± 20, a 

weakly hydrogen bonded mode at 3540 ± 20, and a monomer mode at 3610 ± 20  

[cm-1].3.137 Unfortunately, Zhou et al. did not published FWHMs for their fitting, but 

evaluation of their spectra indicates that these values are comparable to those determined 

here. More recently, Smiechowski et al. reported decomposition of the ν(OH) envelope 

into four peaks at 3629 ± 2 (FWHM 79 ± 3), 3551 ± 3 (FWHM 152 ± 3), 3410 ± 2 

(FWHM 206 ± 6), and 3244 ± 4 (FWHM 251 ± 4) that correspond to monomer, weakly 

hydrogen bonded, liquid-like and ice-like modes, respectively.3.127, 3.128 
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It is also important to notice that the fractional integrated absorbance ratios of the 

modes discussed above provide a direct indication of the degree of water organization or 

lack of thereof. The least organized structures are expected to exhibit significant 

integrated absorbencies of monomer, weakly hydrogen bonded, and liquid-like modes 

with only small of fraction of ice-like mode. In contrast, for highly organized structures, 

the ice-like mode is expected to dominate the IR spectrum, with monomers, weakly 

hydrogen bonding and liquid-like modes being expressed to lower extent.  

 

Thickness of Residual Water Layers at Silica Formed by Forced Dewetting from 

Aqueous Solution of Various pHs as Measured by Ellipsometry .Residual water 

layers from solutions of different pH were formed on ultrathin silica films on Au 

substrates using forced dewetting. The thicknesses of these residual water layers were 

estimated using ellipsometry as shown in Figure 3.6 and Table 3.2. The thicknesses vary 

significantly as a function of bulk solution pH. At low and intermediate pH, the thickness 

increases as the pH rises, from ~6 to ~9 nm between pH 1 and 9. These values are in 

good agreement with the thicknesses of interfacial water layers that were estimated to be 

between 5 and 7.5 nm based on heat capacities of water adsorbed on silica3.59, 3.60, 

densities of water confined to the pores of silica gels3.67, or up to 10 nm using other 

methods3.143-145. 
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Figure 3.6 Thickness of residual water layers on silica as a function of bulk solution pH. 
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Table 3.2 Thickness of residual water layers at silica as a function of bulk solution pH.  
 

 

 

 

 

pH Thickness [nm] 

1.0 6.0 ± 1.5 

3.0 5.8 ± 1.2 

4.5 6.6 ± 1.1 

5.6 9.1 ± 2.9 

6.5 8.5 ± 1.0 

8.0 9.4 ± 0.8 

9.0 7.4 ± 1.4 
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Several models are available in the literature that can possibly provide explanation to 

observed thicknesses of residual layer formed by forced dewetting. These are discussed 

individually in more detail below followed by a discussion of their relevance in terms of 

the observed water thicknesses as a function of pH. 

 

Hydrodynamic Model of Residual Layers Formed by Forced Dewetting. In a purely 

hydrodynamic description of this process, the formation of residual layers is driven by an 

externally imposed hydrodynamic force (in this case, the rotation of the substrate through 

a liquid drop). This description also assumes that fluid flows in parallel with respect to 

underlying the surface, and that the liquid itself near surface retains its bulk 

characteristics (i.e., viscosity) and obeys Newton’s viscosity law, Eqn 3.7: 

 

 
Y
V
η

A
F

=   Eqn. 3.7 

 

where F/A is shear force per unit area, η is viscosity of a fluid, and V/Y is velocity 

decrease over distance Y. 

According to this description, a steady-state velocity profile develops starting at 

the surface and extending into the bulk droplet in contact with the moving substrate upon 

application of the externally applied force. As a consequence, at a certain distance Y from 

the solid surface, the fluid velocity reaches zero, at which point the bulk drop slips off the 

residual film. In this description, this distance Y would also define the thickness of the 

residual layer. It should be noted that Eqn. 3.6 does not include any terms related to 
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chemical characteristics of the solid-liquid interface; the only variables are bulk liquid 

viscosity and imposed velocity at which the substrate is moved. 

The simplicity of a hydrodynamic description provides convenient means to 

control the effects of two variables on the thickness of residual layers. In other words, it 

is possible to investigate the role of intermolecular interactions by carefully choosing 

experimental conditions such that the magnitude of intermolecular interactions 

determines the thickness of residual layer, and neither hydrodynamic force nor viscosity 

has significant bearing onto the thickness of residual layer. The maximum velocity for 

hydrodynamic region at which intermolecular forces dominate is system specific and 

depends on the properties of the solvent (surface tension, γ, and viscosity, η), and the 

macroscopic static (equilibrium) contact angle of the fluid with the solid, θequil that 

characterizes the energetics between the solid and fluid.3.146-149 

The simplicity of the hydrodynamic models also implies its limitations. Tiani 

investigated the effects of rotation velocity onto thickness of residual layers for a series of 

solvents on organically-modified Ag substrates, and noted the role of intermolecular 

forces (e.g., hydrogen bonding, dipole-dipole) onto thickness of residual layers.3.28, 3.150 

Specifically, various solvents were found to exhibit different behavior, i.e., observed 

change in thickness as a function of rotation velocity. In particular, water was found to 

display highest thickness at lowest velocity employed compared to other solvents, which 

was interpreted as a manifestation of the role of intermolecular forces present in water 

(e.g., hydrogen bonding, dipole-dipole, overall high degree of self-association). Such 
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behavior can not be successfully explained by hydrodynamic model which does not 

include molecular-level characteristics of used solvent. 

In addition, Tiani has also shown that the thickness of residual solvent layers for 

the same solvent is strongly dependent of chemical nature of the underlying substrate.3.28, 

3.150 Thus, Tiani concluded that the solvent-surface intermolecular interactions are also of 

extreme importance for determination of residual layer thickness within low rotation 

velocities regime. In case of water-silica interface, solid-liquid interactions are in 

particular important in terms of hydrogen bonding (i.e., water-silanol) that results in 

‘locking’ of water molecules at the silica surface. Such ‘locking’ gives raise to well-

documented and previously discussed hydration layers.3.30, 3.50, 3.73-80 The presence of 

hydration layers clearly demonstrates limitations of hydrodynamic model in that it does 

not include molecular-level solid-liquid interactions.  

Previously reported data3.50 shows the presence of hydration layers regardless of 

investigated conditions (e.g., pH, presence of various electrolytes). This observation 

justifies assumption that the density of hydration layers is comparable within range of 

experimental conditions used to obtain results presented here. Thus, it is assumed that the 

densities of fluid in residual layer, be it within or outside hydration layer (yet within 

residual layer) are comparable with each other (e.g., density of hydration layer at pH 1 

and pH 9), and hence density does not considerably affect thickness of residual layers.  

The other hydrodynamic model that attempts to predict thickness of residual 

layers is Landau-Levich model (LLM) based on macroscopic dynamic properties of fluid 

and large withdrawal velocities. The LLM model was developed in 1942 to provide basis 
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of dip coating process that is frequently used in many industries. LLM model allows 

prediction of fluid layer thickness retained upon withdrawal from a fluid reservoir; the 

equation that yields such thickness is given by Eqn 3.8:3.151-153 

 

  

σ

ρg

σ

ηV

0.946h

2/3










=  Eqn. 3.8 

 

where h is film thickness, η is the liquid viscosity, V is the substrate velocity, ρ is the 

liquid density, σ is the liquid surface tension, and g is the gravitational acceleration 

constant. For water layers at silica formed by forced dewetting, η is 0.89 cP, V is 290 

µm/s, ρ is 1 g/mL, and σ is 72 mN/m yielding residual layer thickness of  ~690 nm. This 

thickness is about two orders of magnitude higher compared to the experimentally 

measured values. 

In LLM model, inertial and viscous forces are balanced by gravity and surface 

tension forces. Thus, two regimes of removal velocity are distinguished in LLM model. 

One is above critical value (which is system-specific); the other is below this value. In 

high velocity regime, viscous and capillary forces primarily determine thickness of 

solvent layer on substrate. LLM has been previously shown to work well several system 

in this region of removal speed (cm/s and higher) and for liquids with low capillary 

number (Ca=ηV/σ < 0.01) that behave as Newtonian fluids.3.154-157 
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In contrast, for the low velocity regime, LLM has been previously shown to not 

adequately predict thicknesses of residual layers as intermolecular forces overcome 

hydrodynamic forces thus determining thickness of residual layer.3.27, 3.28, 3.30 Therefore, 

at lower rotation velocities, the thickness (typically up to several nm) and structure of 

residual films is representative of an interfacial region between bulk solid and bulk liquid. 

The dominance of intermolecular interactions stems from the fact that, at low velocities, 

hydrodynamic forces are not significant. 

It is also worth noting that LLM predicts the same thickness for residual layers 

formed from the same liquid regardless of the chemical characteristics of the underlying 

substrate given identical values for all other variables. However, the measured 

thicknesses of water layers at silica are found to vary from ~6 to ~9 nm as a function of 

bulk solution pH at the same rotation velocity. These differences suggest that the LLM 

does not adequately predict residual layer thickness in the low velocity regime. For 

instance, the thickness of residual water layers at various substrates (e.g., silica and 

Ag3.27) is predicted to have the same value of ~690 nm, because the residual layer 

thickness in LLM is a function only of bulk solvent properties. This observation further 

supports the notion that LLM in the low velocity regime does not satisfactorily predict 

the thickness of residual layers. 

The results described in this chapter were acquired at constant dewettting velocity 

to minimize possible effects of hydrodynamic forces on potential variations in the 

residual layers thicknesses and under assumption of similar densities. Thus, the observed 

changes as a function of pH are interpreted as a manifestation of molecular-level 
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interactions that collectively contribute to residual layer retention and hence thickness. It 

is also concluded that hydrodynamic models alone are insufficient to explain variation in 

residual layer thicknesses as they do not include intermolecular interactions.  

However, it should be noted that the above conclusions do not necessarily mean 

that hydrodynamic effects do not contribute to residual layer thickness. Instead, it is 

assumed that hydrodynamic effects are relatively insignificant but constant throughout 

these experiments, since the rotation velocity was constant and the residual layer 

densities are assumed comparable.3.50 

 

Lifshitz Theory for Prediction of Residual Layer Thickness. The Lifshitz theory of 

long-range van der Waals (VDW) forces at the interface can also be used to estimate the 

thickness of a dielectric phase between two semi-infinite media.3.158-160 For the system 

investigated here, the relevant semi-infinite phases that are interacting via these long-

range forces are the silica layer and the vapor-saturated atmosphere with water as the 

intermediate dielectric phase that is subject to thinning upon repulsive VDW interactions 

between the silica and vapor phase.  

Lifshitz theory utilizes continuum theory (separation distances d >> atomic 

dimensions) and bulk dielectric characteristics for thin films sandwiched between two 

semi-infinite phases. The main limitations of this theory are that only VDW forces are 

considered with no hydrodynamic contributions are considered. Lifshitz theory does not 

apply under conditions where hydrodynamic forces overcome intermolecular forces (i.e., 



  97 

under high removal speeds). Therefore, residual layer thickness might only be reasonably 

modeled using Lifshitz theory in the low velocity regime.  

Lifshitz theory holds that residual layer thickness is related to disjoining pressure, 

Π, between the phases as given by:3.71, 3.161  

 

  















−=

0m p

p
ln

V

RT
  Π(L)   Eqn. 3.9 

 

where T is the temperature (298 K), R is the ideal gas constant (8.314 J/K*mol), Vm is 

the molar volume (for water, 18 cm3/mol)3.162, 3.163, p is the vapor pressure of the gas, and 

p0 is the gas vapor pressure at saturation. For films <5 nm thick, retardation effects can be 

neglected due to the finite time for transmission of the interactions; under these 

conditions, Π can also be expressed in terms of the Hamaker constant, A, as  

  

 3L6
A

  Π(L)
π

−=  Eqn. 3.10 

 

Here, A is the Hamaker constant and L is film thickness.3.164-166 Combining and 

rearranging Eqns 3.9 and 3.10 into Eqn 3.11, it is possible to predict residual layer 

thickness according to Lifshitz theory. 
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The system investigated here is described using a three-layer model as shown in 

Figure 3.7, where phase 1 is the water-saturated gas phase, the residual layer is phase 2, 

and the silica is phase 3. Hamaker constants for the individual phases in Figure 3.7 are 

available in the literature and following values were used in calculations in this section: 

9.7 x 10-20 J for silica3.167, 3.7 x 10-20 J for water3.72, 3.168, and 0 for vapor-saturated 

atmosphere3.72, 3.167. 

The driving force for residual layer thinning upon dewetting is the van der Waals 

interaction between the solid substrate and the fluid vapor-saturated phase. The nature 

and magnitude of this interaction is described by Π as given in Eqns 3.7 and 3.8. 

For an asymmetric, three-phase system such as the one considered in this work, 

the Hamaker constant can be calculated using the combining rule proposed by 

Richmond,3.169: 

 

 ( )( )22332211123 AAAAA −−=  Eqn. 3.12 

 

where A11, A22, and A33 are Hamaker constants for vapor-saturated atmosphere, water, 

and silica, respectively. Using this relationship, A123 is calculated to be  

-2.3 x 10-20 J where the negative sign indicates repulsive VDW interactions; repulsive 

interactions are expected for a system in which the dielectric properties of the  



  99 

  

 

 

 

Substrate

(phase 3)

Residual layer

(phase 2)

Fluid-saturated atmosphere

(phase 1)

 

 

 

 

 

 

 

Figure 3.7 Schematics representation of three layer system for thickness calculations 
using Lifshitz theory.  
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intermediate phase 2 are intermediate between those of phases 1 phase 3.3.170  

It is important to note that effects from the underlying Au substrate are not 

considered in these calculations. Miller et al. investigated the effect of SAM alkyl chain 

length on the VDW interaction force between a liquid and a metallic surface across self-

assembled monolayers and discovered that contact angles measured on these surfaces are 

not significantly influenced by VDW interactions between the liquid and the metallic 

substrate for alkyl chain lengths longer than ~1.6 nm.3.167 In the system investigated here, 

the thickness of the silica layer is ~6 nm, almost four-fold longer than the minimum 

critical distance for interaction reported by Miller. Thus, neglect of the Au substrate in 

calculations is justified. 

The predicted thickness of residual water layers at silica according to Lifshitz 

theory is ~1.0 nm under 99.9% water-saturated atmosphere condition. This value is about 

six times smaller than the experimentally observed thicknesses at low pH and ~9 times 

lower than observed at high pH. These discrepancies lead to the conclusion that residual 

layer thicknesses are inadequately explained by long range forces as embodied in Lifshitz 

theory.  

Lifshitz theory also does not account for chemical changes of the silica surface 

upon exposure to aqueous solutions of varying pH. Changes in the degree of silica 

surface deprotonation with increasing pH will lead to the development of an edl as a 

result of the surface charges that confer additional electrostatic forces operable in the 

interface. These forces require additional consideration of the ionic content of the 

residual layer and how this might change with pH.  
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The state of protonation of silica surface silanols varies from mostly protonated at 

pH <5.6 to mostly deprotonated at pH ≥5.6. Consequently, in the low pH regime with 

low surface charge (< -9 µC/cm2), the total interactions (both electrostatic and VDW) can 

be approximated by considering VDW forces only3.171. Indeed, the observed thicknesses 

in this low pH range do not vary significantly supporting above statement. In the high pH 

regime, the surface charge can reach up to -64 µC/cm-2 indicating considerable 

contributions from electrostatics to the observed residual layer thicknesses in addition to 

VDW forces. These additional forces give rise to a stepwise increase in thickness by ~3 

nm compared to the lower pH regime. 

The presence of surface charges are expected to have impact onto VDW forces in 

system. VDW are dipole-dipole, dipole-induced dipole and instantaneous induced dipole-

induced dipole interactions, which are essentially electrostatic in nature3.172. Thus, the 

presence of surface charges will affect effective polarizability of neighboring water 

molecules3.72 and induce orientation effects due to directionality of strong dipole moment 

of water (1.85 D3.173). Such alteration results in changes in the dielectric constant of 

water; indeed, water molecules in the Stern layer have been reported to have a lower 

dielectric constant as well as exhibit highly ordered structures at charged surfaces3.26, 3.76, 

3.77, 3.79, 3.174. It should be noted, however, that there are other factors that have been 

associated with the aforesaid ordering besides the presence of surface charge (e.g., 

presence of hydrated ion layers adsorbed on the surfaces3.75, or formation and rupture of 

hydrogen bonds between water molecules3.78). Further, observed changes in dielectric 

constant were also reported to quickly decay (return to its original value) beyond Stern 
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layer.3.168 This observation means that the use of bulk water optical constant for 

determination of residual layer thickness is justified as the thickness of Stern layer (~0.5-

1 nm) is only a small fraction of total thickness of residual layer. 

An additional limitation of Lifshitz theory as an explanation for residual water 

layer thinning at a silica surface is the fact that this interface is unique in that the silica 

surface is strongly hydrated by hydration layers of water. The presence of these 

distinctive solid-like hydration layers3.30, 3.50, 3.73-80 is not accounted for in Lifshitz theory. 

The occurrence of hydration layers would add to residual layer thickness, since the 

hydration layers can be thought of as an extension of the solid-like surface yet it is made 

of water molecules. Thus, the presence of these rigid hydration layers would be expected 

to result in thicker residual water layers, since the shear plane at which the bulk liquid 

slips off of the residual film is formed at a greater distance from the surface.  

It should be reiterated that in the presence of solid-like hydration layers water 

slips off from solid-like (yet made of water) surface. The significance of this is that such 

solid-like, water-made surface is chemically different from silanol-terminated surface. 

Specifically, amorphous silica surface can terminate with various groups such as 

siloxanes, and isolated, vicinal (bridged), or geminal silanols.3.19-21, 3.24-26 Thus, the 

amorphous silica surface is a heterogeneous surface whose geometrically does not 

support geometrically-ideal adsorption of water on molecular level. In contrast, ice 

surface has been shown to terminate with mostly isotropically distributed free hydroxyl 

groups3.175-177. In consequence, different degree of water molecules ‘locking’ at the 

surface (influences thickness of residual layer3.30, 3.50, 3.73-80) may be also expected due to 
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geometry of underlying solid. Finally, solid-like hydration layers are also included in 

ellipsometric response increasing measured thickness of residual layers as optical 

constants of solid water are very similar to those of liquid water3.178, 3.179. 

In summary, the above considerations indicate that while Lifshitz theory of long-

range forces may provide some valuable insight into factors important in residual layer 

thickness, this theory alone cannot rationalize the observed thicknesses. A hydrodynamic 

model combined with Lifshitz theory also does not adequately rationalize the observed 

thicknesses. Thus, other factors must be considered in order to explain the observed 

thicknesses as a function of solution pH. 

 

Electrical Double Layer Model of Residual Layers Formed by Forced Dewetting. 

The presence of an electrical double layer (edl) at the partially deprotonated surface has 

not been taken into account in attempting to explain the observed residual layer 

thicknesses. Given that surface charge varies with solution pH, it is postulated that the 

presence of the edl is an important factor in dictating the observed behavior of these 

systems.  

 The edl is described using the classical GCS model discussed above. In this 

model, the hydrodynamically mobile part of the electric double layer has traditionally 

been considered to start at the boundary between the outer Helmholtz plane (OHP) and 

the diffuse layer.3.180-184 If true and if the residual layer is formed only by shear forces, 

then one would predict that the diffuse layer would not be present in the residual layer. 

Thus, according to the traditional GCS model, residual water layers at all pH values 
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should have approximately the same thickness that is determined by the thickness of the 

Stern layer, ~0.5-1 nm.3.96, 3.97  

The GCS edl model does not include any possible hydrodynamic contributions or 

contributions from other interactions such as VDW forces in the system. These 

contributions could affect the resulting residual layer thickness and provide at least a 

partial rationale for an increased thickness of the residual layers relative to GCS theory. 

Previous studies from this laboratory have demonstrated that residual layer thickness is 

not systematically equivalent to the thickness of the Stern layer.3.27, 3.185, 3.186 Here, 

however, residual layer thickness is hypothesized to be at least partially related to surface 

charge, and hence, to the presence of the edl.  

 The charge present on the silica surface, calculated as described above, is plotted 

along with the values of residual layer thickness in Figure 3.8. No unambiguous 

correlation exists for either the low (< 5.6) or high pH regime (≥5.6) between thickness of 

residual layer and surface charge. In the low pH region, surface charge increases from 0 

at pH 1 to -9 µC/cm2 at pH 4.5. In high pH range, surface charge increases from -19 

µC/cm2 at pH 5.6 to -64 µC/cm2 at pH 9. The only pH region wherein a correlation is 

observed is around pH 5.6 where the residual layer thickness and the surface charge both 

increase by ~50% (from ~6 to ~9 nm) and ~100% (from ~ -9 to ~ -19 µC/cm2), 

respectively. Based on these results, it is concluded that contributions from interfacial 

electrostatic interactions (i.e., coulombic attraction between the charged surface and 

counterions in bulk solution) must play a role in dictating residual water layer thickness 

at silica surfaces.  
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Figure 3.8 ◊ - thicknesses of residual water layers at silica surface (left y-axis) and  
● – calculated surface charge as a function of bulk solution pH (right y-axis). 
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Unfortunately, GCS edl theory alone does not adequately describe the behavior of 

the interface under study. Specifically, this model fails to explain residual layer thickness 

at silica surfaces with no or low surface charge. Further, the GCS edl model does not 

explain the stepwise ~50% increase in thickness at pH ~5.6 or the constant residual layer 

thickness at higher pH values with progressively increasing surface charge. These 

observations indicate that other factors must contribute to the observed residual layer 

thickness in the presence of the edl at the surface. 

The bulk concentrations of ionic species present in bulk solutions used in 

experiments are shown in Table 3.3. Only HCO3
-, CO3

2-, H+ , Cl-, OH-, K+ ions are 

considered; dissolved CO2 was present in solution, HCl was used to adjust pH < 5.6, and 

KOH was used to adjust pH > 5.6 as described in chapter 2. The solution of pH 5.6 had 

no added electrolyte and its composition is was determined only by dissolved CO2. 

For determination of concentrations of HCO3
-, and CO3

2- species, it was assumed 

that partial pressure of CO2 in air is ~3.85 x 10-4 (atm)3.187, 3.188, yielding a total 

concentration of aqueous CO2 of 1.28 x 10−5 M that gives a carbonic acid (H2CO3) 

concentration of 2.16 x 10−8 M. [H2CO3] was subsequently treated as the formal 

concentration for further calculation of [HCO3
-] and [CO3

2-] using Ka1 of 2.5 x 10−4 and 

Ka2 of 4.7 x 10-11, respectively3.173. The results of these calculations are shown below in 

Table 3.3. 



 

Table 3.3 Ionic species and their concentrations in bulk solutions used in ellipsometric measurement of water residual layer 
thicknesses at silica surfaces. 

 

 

Bulk 

solution 

pH 

[H
+
] [Cl

-
] [OH

-
] [K

+
] [HCO3

-
] [CO3

-2
] 

SiOH 

total surface 

coverage 

[molec/cm
2
] 

SiOH 

surface 

coverage 

[molec/cm
2
] 

SiO
-
 

surface 

coverage 

[molec/cm
2
] 

Surface 

charge 

[µC/cm
2
] 

Surface 

potential 

[V] 

1 1.0 x 10-1 1.0 x 10-1 1.0 x 10-13 0NA 5.4 x 10−11 2.5 x 10−20 5.0 x 1014 5.0 x 1014 4.0 x 1010 0.0 0.00 

3 1.0 x 10-3 1.0 x 10-3 1.0 x 10-11 0NA 4.3 x 10−9 2.0 x 10−16 5.0 x 1014 5.0 x 1014 3.8 x 1012 -0.6 -0.064 

4.5 3.2 x 10-5 2.9 x 10-5 3.2 x 10-10 0NA 1.9 x 10−8 2.8 x 10−14 5.0 x 1014 4.4 x 1014 6.3 x 1013 -10 -0.29 

5.6 2.5 x 10-6 0NA 4.0 x 10-9 0NA 2.2 x 10-6 5.6 x 10−11 5.0 x 1014 3.8 x 1014 1.2 x 1014 -19 -0.39 

6.5 3.2 x 10-7 0NA 3.2 x 10-8 2.5 x 10-6 2.2 x 10−8 3.2 x 10−12 5.0 x 1014 3.7 x 1014 1.3 x 1014 -21 -0.39 

8 1.0 x 10-8 0NA 1.0 x 10-6 3.5 x 10-6 2.1 x 10−8 1.0 x 10−10 5.0 x 1014 2.8 x 1014 2.2 x 1014 -35 -0.41 

9 1.0 x 10-9 0NA 1.0 x 10-5 1.3 x 10-5 2.1 x 10−8 9.7 x 10−10 5.0 x 1014 9.0 x 1013 4.1 x 1014 -64 -0.41 

 
 
NA - not added

107 
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Using data presented in Table 3.3, concentration profiles for all ions as a function 

of distance from the silica surface at a given pH were calculated for all ionic species 

using equations Eqns 3.4, 3.5, and 3.6. The results of these calculations are shown in 

Figure 3.9a-c through Figure 3.14a-c. The results in these plots indicate no direct 

correlation between the presence and concentration of ionic species and the observed 

residual layer thickness at any pH. Specifically, for low pH solutions (pH < 5.6), the 

silica surface is mostly protonated, with only small charge present (see Figure 3.8) and 

edl is not well developed resulting in essentially no ion concentration gradient at the 

silica surface. For higher pHs (pH ≥ 5.6), more silanols are deprotonated, and the edl is 

better developed. Such an increase results in ion gradients immediately at the silica 

surface. This observation is important in terms of thickness of double layer as there are 

solvated ions within residual layer that are electrostatically attracted to the charged 

surface 

The presence of these solvated ions in the edl increases thickness of residual layer 

as observed in Figure 3.11 through Figure 3.14. However, the thickness of the residual 

layer is relatively insensitive to the surface charge (see Figure 3.8), and to the 

concentrations of ionic species in bulk solution (see Table 3.3), or in diffuse layer (see 

Figure 3.9a-c vs. Figure 3.14a-c). 

The above observations indicate that residual layer thickness can not be 

satisfactorily rationalized by using the traditional GCS/edl model only. In fact, the 

residual layer thicknesses remains constant within two bulk solution pH regions (< 5.6 

and ≥ 5.6) despite the change in surface charge, different concentrations of various ionic  
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Figure 3.9 Concentration-distance profiles at pH 3.0 for ◊ - H+, □ – Cl-, ∆ - OH-, ○ - 
HCO3

-, and + - CO3
2; vertical dashed line represents residual layer thickness 

measured with ellipsometry. 
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Figure 3.10 Concentration-distance profiles at pH 4.5 for ◊ - H+, □ – Cl-, ∆ - OH-, ○ - 
HCO3

-, and + - CO3
2; vertical dashed line represents residual layer thickness 

measured with ellipsometry. 
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Figure 3.11 Concentration-distance profiles at pH 5.6 for ◊ - H+, ∆ - OH-, ○ - HCO3
-, and 

+ - CO3
2; vertical dashed line represents residual layer thickness measured 

with ellipsometry. 
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Figure 3.12 Concentration-distance profiles at pH 6.5 for ◊ - H+, ∆ - OH-, × - K+, ○ - 
HCO3

-, and + - CO3
2; vertical dashed line represents residual layer thickness 

measured with ellipsometry. 
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Figure 3.13 Concentration-distance profiles at pH 8.0 for ◊ - H+, ∆ - OH-, × - K+, ○ - 
HCO3

-, and + - CO3
2; vertical dashed line represents residual layer thickness 

measured with ellipsometry. 
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Figure 3.14 Concentration-distance profiles at pH 9.0 for ◊ - H+, ∆ - OH-, × - K+, ○ - 
HCO3-, and + - CO3

2; vertical dashed line represents residual layer thickness 
measured with ellipsometry. 
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species in bulk solution, and overall totality of the chemical interactions between solution 

components and silica surface chemical characteristics. The differences in chemical 

interactions include hydrogen bonding at low pH values with protonated silanols via 

silanol hydrogen vs. reorientation of water molecules at the surface such that hydrogen 

bonding occurs via water hydrogen with deprotonated silanol groups, presence of 

electrostatic interactions at high pHs (highly deprotonated surface), etc. 

Based on the above considerations, it is concluded that neither hydrodynamic, 

Lifshitz theory, nor GCS/edl models individually can accurately predict observed 

thicknesses of residual layers or their changes as a function of bulk solution pH. Thus, 

given complexity of water-silica interface, it is very likely that all of these theories 

contribute to certain degree in overall measured thickness. It should be noted that this 

statement does not imply that all considered theories equally contribute to thickness of 

residual layers. Instead, based on data discussed above, it is hypothesized that major 

factors are hydrogen bonding (especially for lower pH region, pH ≤5.6), and hydrogen 

bonding along with electrostatic interactions (GSC/edl model) , especially in higher pH 

region (pH > 5.6), with hydrodynamic model playing only a minor role.  

 

Proposed Models of Water Residual Layers at Silica as a Function of Bulk Solution 

pH. Two regions in terms of thickness of residual water layers at silica can be 

distinguished based on data presented in Figure 3.8. For pH < 5.6, it is proposed that 

extensive hydrogen bonding between water and silica as well as in water is the main 

reason for formation of ~6 nm thick residual layers in this regime. In particular, the 
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presence of an ~2 nm thick silica surface hydration layer as reported by other authors3.30, 

3.45, 3.47, 3.50, 3.73-80 is extremely important. This is because this hydration layer provides an 

‘extension’ of the silica surface in that it exhibits solid-like properties3.45, 3.50. Thus, the 

ellipsometric response from these rigid hydration layers is included into ellipsometric 

response from residual layers, resulting in overall thicker water layers as measured by 

ellipsometry.. Beyond these first 2 nm that constitutes hydration layers, water in residual 

layers is expected to be more liquid-like (bulk-like) as shown in previous studies.3.45 The 

more liquid-like structure is also expected to be more pronounced for water located far 

away from silica surface when compared to layers very close to hydration layer as 

indicated in previous report.3.45 

For pH ≥ 5.6, the measured residual layer thicknesses are ~7-9 nm, an ~50% 

increase compared to the low pH region. It is proposed that the thickness of water layers 

in this pH region is mostly attributed to extensive hydrogen bonding between water and 

silica and to the presence of edl. Earlier studies3.50 have shown that the hydration layers 

are present at silica surface regardless of experimental conditions (low vs. high pH, and 

low vs. high salt concentration). Therefore, the same thickness of hydration layer is 

assumed for both pH regions. Although not explicitly stated by Valle-Delgado3.50, it is 

also assumed that the structure of these hydration layers is solid-like as well in range of 

conditions reported in this dissertation The remaining ~5-7 nm of residual layer thickness 

is expected to be more liquid-like water. 

In case of low pH region (< 5.6), the concentration of ions at the surface is 

comparable to bulk solution because only small fraction (~13% or less) of the total 
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available silanols are deprotonated. Hence, the edl is not well developed, surface charge 

is low, and ions concentrations in the edl are not sufficiently high such that it would give 

an appreciable rise in thickness as measured using ellipsometry. Thus, hydration layers 

and extensive hydrogen bonding is main rationale for observed thicknesses of residual 

layers. 

For elevated pHs (≥ 5.6), significantly higher concentration of ions are observed 

at the silica surface because a higher fraction (≥ 25%) of total available silanols are 

deprotonated resulting in higher surface charges and much better developed edl. These 

solvated ions form Stern layer and part of diffuse layer that is retained within residual 

layer and, collectively, add to thickness as measured by ellipsometry. Thus, once edl is 

formed and surface deprotonation (hence, surface charge) exceed certain threshold value 

(for system investigated here, ≥ 25% deprotonation of total number of available silanols, 

and ≥~ -19 µC/cm-2), the thickness of residual layers does not change. 

Unfortunately, ellipsometry alone does not allow inference of the molecular-level 

details of the interface such as structure and bonding environments of water molecules at 

the water-silica interface. Thus, other methods were employed to provide molecular-level 

details about the interfaces under study that are not available from ellipsometric 

measurements. 
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PM-IRRAS Spectra of Residual H2O Layers at SiO2 Formed by Forced Dewetting 

from Aqueous Solution of pH 1. PM-IRRAS was chosen to investigate the molecular 

structure of the residual water layers at silica and to attempt to verify their thicknesses. 

This method provides direct information about the structure and bonding environment in 

the residual layers. In addition, based on Beer’s Law it should be possible to estimate the 

thickness of the residual layers. Thus, this technique is an excellent choice to complement 

ellipsometry measurements. 

First, IRRAS spectra of isotropic water layers were simulated using a procedure 

that follows the methodology described by Mudalige3.27 and Tsuruta-Heier3.29, 3.140 and 

presented in Chapter 2. These simulated spectra were subsequently used as reference 

spectra for comparative purposes with experimental spectra to facilitate interpretation in 

terms of ordering and hydrogen bonding within the residual layer. Experimental spectra 

of residual water layers at silica surfaces formed via forced dewetting from bulk aqueous 

solutions with pH of 1, 5.6, and 9 were acquired to cover wide range of silica surface 

deprotonation (hence, charge) states.  

Both isotropic simulated and experimental spectra were subjected to spectral 

decomposition analyze the behavior of each individual water mode. Numbers of bands, 

their frequencies and full–width–at–half-maximum (FWHM) values were chosen based 

on assumptions discussed in previous section. The fitting procedure for the simulated 

spectra used as initial settings numbers of peaks, their frequencies and FWHMs that were 

determined for bulk water. The fit procedure then undertook numerous iteration with 

incremental changes in peak frequencies and FWHMs such that good fits were obtained. 
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The quality of peak fitting was ascertained based on no changes in results in consecutive 

iterations, and an R2 parameter of usually 0.99 or better. For experimental spectra, a 

similar procedure was used except that initial values for peak frequencies and FWHMs 

from simulated spectra were used as a starting point. 

The resulting decomposed simulated IRRAS spectrum for a 5-nm thick isotropic 

water layer at pH 1 is shown in Figure 3.15a. The thickness of the isotropic layer for the 

simulated spectrum was chosen based on residual layer thickness and previously reported 

thickness values for similar systems3.27, 3.59, 3.60, 3.67 Figure 3.15b presents the decomposed 

experimental IRRAS spectrum of a residual water layer for med by forced dewetting of 

silica from a pH 1 solution. Peak frequencies and their assignments from both spectra sets 

are summarized in Table 3.4 and Table 3.5 along with fractional integrated absorbance 

ratios calculated as described above.  

One direct measure of water ordering is the relative contribution of the ice-like 

mode to the ν(OH) envelope. The higher the ice-like fraction, the more ordered the water 

structure is. Further, ordering of water molecules can be evaluated through several ratios 

derived from the spectral decomposition, e.g., the ratio of the integrated absorbance of 

the ice-like mode to that of the liquid-like mode. In addition, the ratio of the integrated 

absorbance of the ice-like mode to the sum of integrated absorbencies of the monomer 

plus weakly H-bonded modes also provides additional insight into the degree of ordering 

in the water structure. The higher these resulting values, the more ordered the water 

structure. 
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Figure 3.15 a, c, e: Simulated IRRAS spectra of 5-nm thick isotropic water layers at silica; b, d, f: experimental IRRAS spectra 
of residual water layers from forced dewetting of silica from pH 1, 5.6, and 9, solutions, respectively. Dashed lines 
on each spectrum represent total fit envelopes and fit peaks: dotted lines below each spectrum represent residuals. 
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Table 3.4. Peak frequencies and assignments for simulated spectra of 5 nm-thick isotropic water layer at silica surface at pH 1, 
5.6, and 9. 

pH 1 pH 5.6 pH 9 

Assignment Spectrum Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-

1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l.d
 

i.l./ 

(m.+w.H.b)e 
Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-

1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l.d
 

i.l./ 

(m.+w.H.b)e

Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-

1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l.d 
i.l./ 

(m.+w.H.b)e

ice-like 1 3255 (288) 1.81 0.36 0.76 2.30 3241 (273) 1.99 0.33 0.60 2.99 3298 (343) 2.49 0.55 1.76 3.99 
 2 3255 (299) 1.86 0.37 0.78 2.38 3241 (274) 1.99 0.33 0.61 2.76 3298 (343) 2.49 0.55 1.70 4.04 
 3 3249 (301) 1.77 0.36 0.64 3.18 3237 (270) 1.90 0.32 0.58 3.12 3301 (350) 253 0.55 1.71 4.33 

 Average 
3253 ± 4 

(296 ± 7) 

1.81 

± 0.04 

0.36 

± 0.07 

0.70 

± 

0.01 

2.56 

± 0.49 

3240 ± 3 

(272 ± 1) 

1.96 

± 0.05 

0.33 

± 0.01 

0.60 

± 0.02 

2.96 

± 0.18 

3299 ± 2 

(345 ± 4) 

2.50 

± 0.02 

0.55 

± 0.00 

1.71 

± 0.01 

4.12 

± 0.18 

liquid-like 1 3442 (246) 2.39 0.48   3443 (255) 3.31 0.56   3461 (235) 1.45 0.32   
 2 3442 (248) 2.39 0.48   3441 (255) 3.26 0.55   3465 (245) 1.47 0.32   
 3 3448 (258) 2.76 0.55   3438 (258) 3.30 0.55   3465 (251) 1.44 0.32   

 Average 
3443 ± 4 

(251 ± 7) 

2.51 

± 0.22 

0.50 

± 0.04 
  3441 ± 3 

(256 ± 2) 

3.29 

± 0.03 

0.55 

± 0.00 
  3464 ± 2 

(243 ± 8) 

1.46 

± 0.02 

0.32                 

± 0.00 
  

weakly 

H-bonded 
1 3521 (157) 0.57 0.11   3513 (143) 0.48 0.08   3546 (139) 0.48 0.10   

 2 3522 (158) 0.56 0.11   3518 (156) 0.58 0.10   3537 (143) 0.47 0.10   
 3 3515 (151) 0.40 0.08   3514 (145) 0.61 0.10   3537 (143) 0.44 0.10   

 Average 
3519 ± 4 

(155 ± 4) 

0.51 

± 0.10 

0.10 

± 0.02 
  3514 ± 3 

(148 ± 7) 

0.56 

± 0.06 

0.09 

± 0.01 
  3540 ± 5 

(141 ± 2) 

0.46 

± 0.02 

0.10 

± 0.00 
  

monomer 1 3613 (105) 0.22 0.04   3610 (89) 0.18 0.03   3629 (86) 0.15 0.03   
 2 3613 (110) 0.22 0.04   3615 (82) 0.14 0.02   3629 (86) 0.15 0.03   
 3 3608 (101) 0.16 0.03   3614 (86) 0.16 0.03   3622 (88) 0.14 0.03   

 Average 
3611 ± 3 

(105 ± 5) 

0.20 

± 0.03 

0.04 

± 0.01 
  3613 ± 3 

(86 ± 4) 

0.16 

± 0.02 

0.03 

± 0.00 
  3626 ± 4 

(87 ± 1) 

0.15 

± 0.00 

0.03 

± 0.00 
  

 

 aFWHM = full width at half maximum; bInt. Abs. = integrated absorbance; cFract. Int. Abs. = fractional integrated absorbance, d ratio of i.l. – ice-like 
mode over l.l. – liquid-like mode, e ratio of ice-like mode over sum (m. – monomer + w.H.b. – weakly hydrogen bonded mode). Results are shown from 
3 independent fits of simulated spectra per pH. 
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 Table 3.5. Peak frequencies and assignments for spectra from residual water layers formed by forced dewetting of silica from 
bulk solutions of pH 1, 5.6 and 9. 

pH 1 pH 5.6 pH 9 

Assignment Spectrum Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l. 
i.l./ 

(m.+w.H.b) 
Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l. 
i.l./ 

(m.+w.H.b)

Frequency 

(FWHMa), 

cm-1 

Int. Abs.b 

(a.u. cm-1) 

Fract. 

Int. 

Abs.c 

i.l./ 

l.l. 
i.l./ 

(m.+w.H.b)

ice-like 1 
3229 ± 6 
 (288 ± 0) 

6.97  
± 0.36 

0.36 
± 0.02 

1.05 
± 0.11 

1.24 
± 0.05 

3302 ± 3 
(291 ± 15) 

12.1  
± 1.2 

0.46 
± 0.04 

1.45 
± 0.33 

1.97 
± 0.14 

3294 ± 7 
(301 ± 4) 

12.3 
 ± 0.43 

0.46 
± 0.01 

1.50 
± 0.15 

1.76 
± 0.05 

 2 
3232 ± 3 
(302 ± 3) 

6.78 
± 0.38 

0.37 
± 0.02 

1.08 
± 0.15 

1.23 
± 0.05 

3297 ± 7 
(270 ± 13) 

13.4 
± 0.81 

0.43 
± 0.03 

1.22 
± 0.12 

1.90 
± 0.16 

3297 ± 6 
(306 ± 12) 

15.6 
± 0.84 

0.46 
± 0.01 

1.57 
± 0.17 

1.86 
± 0.29 

 3 
3236 ± 4 
(301 ± 8) 

7.43 
± 0.46 

0.35 
± 0.02 

1.13 
± 0.16 

1.02 
± 0.06 

3298 ± 4 
(288 ± 19) 

12.7  
± 1.4 

0.43 
± 0.05 

2.19 
± 0.11 

2.19 
± 0.11 

3295 ± 6 
 (303 ± 4) 

15.4 
± 0.28 

0.45 
± 0.01 

1.53 
± 0.15 

1.82 
± 0.15 

 Average 
3235 ± 3 

(297 ± 5) 

7.06 

± 0.45 

0.36 

± 0.02 

1.09 

± 0.04 

1.16 

± 0.12 

3299 ± 5 

(283 ± 17) 

12.7 

± 1.2 

0.47 

± 0.04 

2.05 

± 0.20 

2.05 

± 0.20 

3295 ± 6 

(303 ± 6) 

15.4 

± 0.52 

0.46 

± 0.02 

1.54 

± 0.12 

1.82 
± 0.17 

liquid-like 1 
3421 ± 2  

(222 ± 12) 
6.62 

± 0.35 
0.34 

± 0.02   3476 ± 2 
(176 ± 6) 

8.4  
± 0.96 

0.31 
± 0.04   3481 ± 3 

(179 ± 3) 
10.1 

± 0.71 
0.30 

± 0.02   

 2 
3429 ± 1  

(213 ± 15) 
6.26 

± 0.49 
0.34 

± 0.03   3474 ± 3 
(182 ± 1) 

11.0 
± 0.48 

0.35 
± 0.02   3484 ± 7 

(178 ± 3) 
9.94 

± 0.54 
0.29 

± 0.02   

 3 
3421 ± 3 

(215 ± 15) 
6.55 

± 0.54 
0.31 

± 0.03   3477 ± 4 
(192 ± 5) 

12.2 
± 0.99 

0.40 
± 0.04   3484 ± 7 

(180 ± 5) 
10.1 

± 0.82 
0.30 

± 0.02   

 Average 
3424 ± 4 

(217 ± 13) 

6.48 

± 0.44 

0.34 

± 0.02 
  3476 ± 3 

(183 ± 5) 

10.5 

± 1.85 

0.39 

± 0.07 
  3483 ± 5 

(179 ± 3) 

10.1 

± 0.62 

0.30                

± 0.02 
  

weakly 

H-bonded 
1 

3507 ± 3 
(165 ± 5) 

4.32 
± 0.03 

0.23 
± 0.00   3567 ± 2 

(117 ± 2) 
4.8 

± 0.21 
0.18 

± 0.01   3567 ± 2 
(128 ± 2) 

6.69 
± 0.20 

0.20 
± 0.01   

 2 
3523 ± 0  
(161 ± 5) 

4.33 
± 0.12 

0.23 
± 0.01   3567 ± 1 

(114 ± 2) 
5.6 

± 0.17 
0.18 

± 0.01   3568 ± 2 
(125 ± 77) 

6.49 
± 0.87 

0.19 
± 0.03   

 3 
3501 ± 4 
(169 ± 4) 

5.64 
± 0.32 

0.27 
± 0.02   3570 ± 2 

(125 ± 1) 
4.5 

± 0.46 
0.15 

± 0.02   3568 ± 2 
(130 ± 3) 

6.60 
± 0.65 

0.19 
± 0.02   

 Average 
3510 ± 10 

(165 ± 5) 

4.77 

± 0.68 

0.25 

± 0.04 
  3568 ± 2 

(118 ± 5) 

5.0 

± 0.54 

0.18 

± 0.02 
  3568 ± 2 

(127 ± 5) 

6.59 

± 0.56 

0.20 

± 0.02 
  

monomer 1 
3599 ± 1  
(107 ± 4) 

1.31 
± 0.08 

0.07 
± 0.00   3630 ± 2 

(69 ± 2) 
1.3 

± 0.12 
0.05 

± 0.00   3633 ± 2 
(79 ± 1) 

1.97 
± 0.17 

0.06 
± 0.00   

 2 
3608 ± 1 
 (100 ± 1) 

1.19 
± 0.07 

0.06 
± 0.00   3629 ± 1 

(66 ± 1) 
1.5 

± 0.0.04 
0.05 

± 0.00   3634 ± 1 
(77 ± 4) 

1.93 
± 0.13 

0.06 
± 0.00   

 3 
3599 ± 1 
 (113 ± 1) 

1.65 
± 0.03 

0.08 
± 0.00   3633 ± 0 

(74 ± 1) 
1.2 

± 0.09 
0.04 

± 0.00   3632 ± 4 
(80 ± 2) 

1.88 
± 0.12 

0.06 
± 0.00   

 Average 
3602 ± 5 

(107 ± 6) 

1.38 

± 0.22 

0.07 

± 0.01 
  3631 ± 2 

(70 ± 4) 

1.3 

± 0.12 

0.05 

± 0.00 
  3633 ± 3 

(79 ± 2) 

1.93 

± 0.13 

0.08 

± 0.00 
  

Annotation as in Table 3.4. Results are shown from 3 independent fits of 3 independent spectra per pH.
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The shape of the ν(OH) envelope in residual water layers formed at pH 1 is 

clearly different from the simulated spectra of isotropic layers. It is hypothesized that 

these differences reflect changes in the degree of residual water layer ordering at the 

silica surface compared to bulk solution that manifests itself as different fraction of each 

of the four modes present in ν(OH) envelope. The validity of the above hypothesis 

becomes more evident once the envelope is decomposed into individual modes, and 

properties and relative fractions of each mode are evaluated. 

The results shown in Figure 3.15a-b, in Table 3.4 and Table 3.5 demonstrate 

distinct differences between the simulated spectrum of the isotropic water layer and the 

experimental spectrum of the residual water layer. The fractions of ice-like modes in the 

ν(OH) envelope in both spectra are similar, which could be interpreted that the structure 

is the same. However, this fraction is only one of multiple order parameters, and others 

must be considered as well. More specifically, the absorbance ratio of the ice-like to 

liquid-like modes for the residual water layer is ~50% higher than that in the simulated 

spectrum. Along with the fractional absorbance values, this indicates that the relative 

absorbencies of the monomer and weakly hydrogen bonded modes increases at the 

expense of the liquid-like mode. Indeed, the absorbance ratio of the ice-like to weakly 

hydrogen bonded modes is ~50% lower for the residual water layer relative to the 

simulated spectrum due to this increase in the weakly hydrogen bonded mode. 

These observations indicate that the structure of the interfacial layer differs from 

that of bulk solution. This supposition is in good agreement with results from other 

studies which provide evidence that up to the first three water layers at the surface 
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(hydration layers) are ice-like3.36, 3.39, 3.40, 3.45. For a water molecule of ~0.3 nm dia3.45 and 

a residual layer thickness at pH 1 of ~6 nm, there are ~20 monolayers of water in the 

residual layer. Further, assuming that the first three layers are ice-like and that the 

remaining ~5 nm of the residual layer are more similar to bulk water3.45, the spectral 

response predicted from such a stratified system would exhibit an increase in ice-like 

mode absorbance by ~20% or an increase in fractional absorbance of the overall ν(OH) 

envelope of about 33%. If the first nm of water immediately adjacent to the surface were 

entirely ice-like, then a decrease in the liquid-like, monomeric and weakly hydrogen 

bonded modes of ~17% for the full 6 nm film would also be expected. As presented in 

the fractional absorbance of the ice-like mode is essentially the same in the simulated and 

experimental spectra.  

On the other hand, the fractional absorbance of the liquid-like mode decreases by 

~33% and the fractions of the weakly hydrogen-bound and monomer modes increase by 

~100% and 75%, respectively. However, it should be noted that observed spectral 

response is an average over the thickness of the residual layer. Therefore, fractions of 

individual modes are strong indicator about increased ordering of water in interfacial 

layer. Yet, it should be noted that fractions of individual modes alone in total water 

envelope do not allow unambiguous confirmation of this conclusion. Therefore, 

necessary further analysis of spectral response is discussed below.  

The FWHM values also provide insight into the diversity of the hydrogen bonding 

environment for a given mode. Small widths (narrow peaks) indicate a more 

homogeneous environment, while wide peaks indicate a multiplicity of environments of a 
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given type. Overall, the FWHMs of the bands in the experimental spectrum are slightly 

larger than those in the simulated spectrum indicating that, on average, a slight increase 

in the diversity of the hydrogen bonding environments within the residual layer occurs. 

Such a conclusion is consistent with the notion of a stratified residual layer with multiple 

types of hydrogen bonding environments.    

The other important parameter resulting from spectral decomposition is peak 

frequency. For the ν(OH) modes of water, this information has been shown to indicate the 

strength of hydrogen bonding with an increase in hydrogen bond strength leading to a 

decrease in frequency.3.26, 3.29, 3.30 The observed decrease in peak frequencies for all 

modes relative to the simulated spectrum indicate stronger hydrogen bonding in the  

residual water layers at pH 1. Specifically, the ice-like mode decreases by 17 cm-1 and the 

liquid-like mode decreases by 24 cm-1.  

The silanol groups at silica in a solution with pH 1 are protonated3.24, 3.25. This 

provides an additional means for hydrogen bonding that could significantly influence the 

structure of the interfacial water layer. This hydrogen bonding is anticipated to be the 

primary force responsible for the high-degree of ordering of water in near-surface layers. 

In this sense, these near-surface water layers are hypothesized to be ‘locked’ at the 

surface3.45, 3.48, 3.50 and to provide an extension of the silica surface, templating the 

structure of water throughout the residual layer.   

The fact that silanol groups at silica in a solution with pH 1 are protonated also 

points out that there is no edl at the surface. Therefore, there is no preferential 

segregation of ionic species at the surface that would lead to contribution of electrostatic 
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interaction to thickness of residual layer (e.g., coulombic attraction for counterions 

concentration, or, conversely, coulombic repulsion for ions with the same sign), and to 

concentration gradient. Thus, the choice of pH 1 bulk solution for examination of residual 

layer structure allows for elimination of electrostatic forces onto the thickness of residual 

layer. 

Collectively, combining above information with the thickness information 

obtained from ellipsometry, the water layers located further from surface must be less 

well ordered and more bulk like than the ice-like layers immediately adjacent to the silica 

surface. It should be noted that this conclusion is somewhat limited by the fact that 

information on only the average behavior is reported in the data acquired. This issue of 

how to further prove possible stratification in the residual layer is addressed below in the 

Conclusions and Future Directions chapter where some solutions for this challenge will 

be posed. Yet, despite this limitation, it is evident from the PM-IRRAS data that residual 

water layers at silica are generally more ordered than is expected for a purely isotropic 

system. This conclusion is in good agreement with previous reports3.26, 3.34, 3.45. However, 

in contrast to previously published results, the data presented here provide insight about 

the water beyond the first few layers at the silica surface that has not been successfully 

obtained to date.  
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PM-IRRAS Spectra of Residual H2O Layers at SiO2 Formed by Forced Dewetting 

from Aqueous Solution of pH 5.6. The decomposed simulated IRRAS spectrum for a 5-

nm isotropic water layer at pH 5.6 is shown in Figure 3.15c. Figure 3.15d presents the 

experimentally-obtained, decomposed spectrum of the water layer obtained by forced 

dewetting from pH 5.6 solution. Peak frequencies and their assignments from both 

spectra are summarized in Table 3.4 and Table 3.5 in along with fractional integrated 

absorbance ratios for the ice-like to liquid-like modes. Similar to residual water layers at 

pH 1, the results exhibit considerable differences between the simulated spectrum of 

isotropic water layers and the experimental spectrum of residual water layer at silica. 

The fractional absorbance of the ice-like mode in the overall ν(OH) envelope is 

~40% higher in the spectrum of the residual water layer compared to the simulated 

spectrum of the isotropic water layer. This is a strong indicator of higher average order of 

the water molecules in the residual layer. In addition, the ratio of the ice-like to liquid-

like absorbencies also greatly increases in the spectrum of the residual layer compared to 

that of the isotropic layer. This increase, in conjunction with the increased fraction of ice-

like water in the overall ν(OH) envelope, must result in a decreased contribution of the 

liquid-like mode at the expense of increased contributions of ice-like and weakly 

hydrogen bonded modes. Also, the ratio of the absorbencies for the ice-like to weakly 

hydrogen bonded modes in the residual layer is lower than in the isotropic layer. 

Collectively, a greater degree of average order of water in the residual layer than in an 

isotropic layer is suggested by these results. 
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The increase in FWHM of the ice-like mode by 10 cm-1 suggests a less 

homogeneous environment in the residual layer. This result is in good accordance with 

expectations since the silica surface, at a pH close to one of its pKa values of 4.5 and 8.5, 

becomes partially charged. Specifically, ~90% of silanols with pKa 4.5 and < 1% of 

silanols with pKa 8.5 are deprotonated at pH 5.6. Given the 1:3 population ratio of 

silanols with pKa 4.5: silanols with pKa 8.53.24, 3.25, 3.189, ~24% of total available silanols 

are deprotonated resulting in a surface charge of -19 µC/cm2 (see Table 3.3). The 

presence of this surface charge is expected to promote water ordering through electric 

field-dipole interactions.  

Following molecular scenario is proposed based on surface states in residual 

water layers formed by forced dewetting from bulk solution of pH 5.6. One population of 

water molecules (~76%) remains hydrogen bonded with protonated silanols (with O 

atoms pointing toward surface), and the other population (~24%) orients with such that 

the water dipole moments are aligned with the electric field (with H atoms pointing 

toward surface)3.38, 3.190. This interpretation implies the presence of three distinct 

populations in the residual layer with the third representing the water molecules that 

either transition between the domains of the orientations just described or are not well-

templated from the surface into the residual layer due to these multiple surface 

populations. The schematic picture of the first water layer at the silica water interface is 

shown in Figure 3.16. 
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Figure 3.16 Pictorial representation of first water layer at the silica surface formed by 
forced dewetting from bulk solution with pH 5.6: a) protonated surface, water 
‘locked’ at the surface due to hydrogen bonding, b) boundary between 
protonated and deprotonated surface, disordered water (solid vertical bars), c) 
deprotonated surface, water ‘locked’ at the surface due to hydrogen bonding, 
and reoriented due to presence of surface charge.  
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Several nm thick residual water layers are observed to form for two reasons. One 

are strong interactions (e.g., hydrogen bonding) between water molecules and silica 

surface. Thus, the shear plane, where the bulk liquid slips off of the residual film, is 

formed at a longer distance away from the surface. The second reason is the fact that 

water is highly self-associating liquid, which further supports formation of thick residual 

layers. However, the average order of water throughout the entire thickness of the 

residual layer exhibits an apparent decrease compared to isotropic water due to the 

existence of these multiple surface populations that have distinct structural orientation. 

Observed decrease is despite the highly ordered structuring within each domain in 

the first few water layers that is strongly templated by the two silanol states on the 

surface3.26. This is because only the average response across total thickness of residual 

layer can be measured in experimental setup used here. At the same time, it has been 

shown that for the system under scrutiny, the water structure changes (i.e., becomes more 

liquid-like) with increasing distance away from the surface3.27-29, 3.45. Averaging of 

spectral response is especially true for thicker residual layers (more than several 

monolayers), where, for layers located further away from surface, thermal motion of the 

molecules and weaker templating due to interactions with underlying substrate causes 

overall increase in disordering in residual layer.3.30, 3.45  

This issue of vertical resolution throughout the thickness of the residual layer 

must be addressed with different experiments than those described here; some approaches 

for this are proposed in the Conclusions and Future Directions chapter. 
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 Upon contact with bulk solution with pH 5.6, silica surface becomes partially 

deprotonated resulting in edl formation as discussed previously (see Table 3.3). In 

consequence, concentration profiles of ionic species present in solution develop as shown 

in Figure 3.11a-c. However, due to very low concentrations of aforesaid ionic species 

(hence, thick diffuse layers), no significant concentration gradients of ionic species arise. 

Combining this observation with increased (by ~50%) thickness of residual layer, it is 

concluded that the sole presence of ionic species in residual layers has not significant 

effect onto the thickness of residual layers as discussed earlier. Similar results were 

observed previously by Woelfel 3.185 and Gordon.3.186 

It is also instructive to notice that the thickness of residual layers formed by 

forced dewetting from bulk solution pH 5.6 (see Figure 3.11a-c) can not be specifically 

correlated to any characteristic concentration point (e.g., a point where concentration 

profile reaches maximum or minimum). This is true for concentration of either dominant 

ionic species (H+ and HCO3
-) or minor ions (OH- and CO3

2-, whose concentrations are up 

to 6 fold lower compared to higher concentration ions). This observation further suggests 

that the concentration of ionic species does not play a considerable role in thickness of 

residual layer. 

As a consequence of a partially deprotonated silica surface, the major forces 

responsible for intermolecular interactions within the residual layer include both 

hydrogen bonding and electric field–dipole interactions originating from the partially 

deprotonated silica surface that also induces ordering of water in residual layer. 

Hydrogen bonding, operating on distances of ~2 to 3 Å3.191, is a relatively short range 
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intermolecular force, especially when compared to the long range (beyond the thickness 

of residual layer) electric field generated from charged silica surface. However, based on 

ellipsometry results (see Figure 3.6 and Figure 3.8) electrostatic forces only can not play 

a significant role in determining the thickness of residual layer. This statement is justified 

because thickness of residual layer does not change appreciably beyond pH 5.6, yet the 

surface charge increases more than three times (from ~ -19 to ~ -64 µC cm-2).  

Overall, the analysis of the above suggests a significant role of hydrogen bonding 

in formation and structuring of the residual water layer at pH 5.6. However, the existence 

of a considerable fraction of deprotonated silanols on the surface (~25% of total surface 

silanols) renders the structure of interface more complicated. While hydrogen bonding 

still plays a significant role in ordering, the presence of the electric field that can interact 

with the water dipole moment causes disruption of the ordering that is promoted strictly 

by hydrogen bonding. The presence of these two major forces leads to strong ordering 

and ice-like hydrogen bonding within domains their individual. Yet, weakening of the 

hydrogen bonding between water molecules outside of these domains occurs due to 

different orientation of water molecules for either population such that a considerably 

greater fraction of less well hydrogen bonded monomeric and weakly hydrogen bonded 

water exists between these ice-like domains. 
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PM-IRRAS Spectra of Residual H2O Layers at SiO2 Formed by Forced Dewetting 

from Aqueous Solution of pH 9. The decomposed simulated IRRAS spectrum for a 5-

nm isotropic water layer at pH 9 is shown in Figure 3.15e. Figure 3.15f presents the 

experimentally–obtained, decomposed spectrum of the water layer obtained by forced 

dewetting from pH 9 solution. Peak frequencies, their assignments and absorbance values 

from both spectra are summarized in Table 3.4 and Table 3.5. 

It should be noted that in this case, the algorithm for simulating the spectrum of 

the isotropic water layer has a fundamental limitation in that it does not take into account 

the surface charge of ~ -64 µC/cm2 equivalent to a surface potential of 0.39 V. Such an 

electric field is expected to promote water ordering within the interface3.26 that is not 

represented in the simulated spectrum.  

The fractional absorbance of the ice-like mode within the overall ν(OH) envelope 

at pH 9 is ~20% lower compared to that in the simulated spectrum. The ratio of the ice-

like to liquid-like modes is also lower compared to the simulated spectrum (by ~10%), 

and so is the ratio of the ice-like to weakly hydrogen bonded modes. Based on the 

behavior of these spectral indicators, one might conclude that water in the residual layer 

is less ordered than that in isotropic water at this pH. Interestingly, however, the ratio of 

the ice-like to liquid-like absorbencies of water in the residual layer at pH 9  is higher 

than that in the spectrum at pH 1, suggesting that the residual layer water at pH 9 is more 

ordered than at pH 1. Collectively, these results present a conundrum in that water in the 

residual layer at pH 9 is proposed to be more ordered than that in an isotropic water layer 

of pH 1, yet less compared to bulk solution of pH 9. 
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The likely explanation for this challenge may lie in consideration of possible 

composition of residual water layers at silica surface formed from bulk solution of pH 9. 

Specifically, KOH was used to adjust the pH of the bulk solution prior to acquisition of 

the bulk solution spectrum. K+ is a known chaotropic cation that disrupts water 

structure3.192-197. Since edl is formed at highly deprotonated silica surface, K+ in residual 

layer are present at the interface in considerably higher (~5 fold, see Figure 3.14a and 

Table 3.3) concentration of K+ (i.e., in diffuse part of eld layer). 

The concentration of K+ in Stern layer, albeit yet significantly higher compared to 

bulk and diffuse layer, is expected to not affect a lot overall spectral response. Three 

main arguments justify this statement. First, Stern layer, assumed to be equivalent to 

diameter of hydrated K+, ~0.3 nm3.198, 3.199, is only a small fraction of total thickness of 

residual layer; thus, it cannot significantly affect average spectral response from residual 

layer. Secondly, not all available silica surface is even deprotonated (up to ~80% at pH 

9); hence, aforesaid contribution from residual layer further declines in average response 

from residual layer. The third argument is that only a fraction of deprotonated silanols 

(~75%) is ‘screened’ by hydrated K+ counterions, additionally diminishing possible effect 

of Stern layer. For instance, the residual layer is ~7.4 nm thick as formed from bulk 

solution of pH 9. The fraction of Stern layer at this pH is 0.3/7.4, which yields ~4% of 

total thickness of residual layer at pH 9. At this pH, ~80% silanols are deprotonated, 

which yields ~3% (4% * 80%). Finally, at pH 9, ~75% of silanols are counterbalanced by 

K+, which yields ~2% fraction of Stern layer in total thickness of residual layer; this 

translates into ~0.8 nm of total thickness of residual layer. pH 9 has been chosen as 
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example for calculations as it provides highest degree of surface deprotonation and 

thinnest residual layers for high pH region; thus, the effect of Stern layer is expected to 

be pronounced strongest. Thus, aforecalculated values are even smaller for lower pHs, 

with thicker residual layers and lower degree of surface deprotonation. 

The overall ordering of water within this segment of residual layer is expected to 

be disturbed as reported in literature for the first monolayer of interfacial water at silica 

surface3.37. In addition, due to overall low bulk solution concentration, K+ concentration 

profile decays slowly away from silica surface resulting in elevated concentrations (up to 

~3 fold compared to bulk, see Figure 3.14a) within distances comparable to the thickness 

of residual layers further increasing disordering of water. In consequence, increased 

disordering due to the presence of chaotropic K+ is expected in residual layer formed by 

forced dewetting from bulk solution pH 9.  

It might seem informative to evaluate the impact of hydrated K+ ions onto IR 

response from residual layer by comparing spectra of bulk K+ solutions with molar 

concentrations similar to ‘effective’ (in residual layer as calculated previously) ones in 

residual layers. However, such comparison is not entirely valid because in residual layers 

there are also present hydration layers and electrostatic forces that are known to increase 

ordering. In contrast, these phenomena do not have their counterparts in bulk solutions. 

Further, with available experimental data in hand, it is not possible to discern individual 

contribution from these components onto overall spectral response. Thus, no direct 

evaluation can be made in this case. 
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On the other hand, OH- has been shown to promote water ordering.3.126, 3.127 These 

anions, despite concentrations that are lower compared to bulk solutions (approximately 

~4 to ~5 fold immediately at the surface, due to electrostatic repulsion from negatively 

charged deprotonated silanols), are still present in remaining part of residual layer 

promoting ordering of water molecules (see Figure 3.14c. Therefore, increased ordering 

due to presence of OH- in residual layers is not as strongly pronounced as it is in case of 

bulk solution because the concentration of OH- in residual layer is ~4 to 5 fold lower 

compared to bulk. 

The magnitude of decrease in OH- concentration in residual layer as shown in 

Figure 3.14c is considerably higher (down to 4 to 5 fold decrease) compared to decrease 

in ordering of water as determined from spectral response (only ~20% lower ordering vs. 

simulated isotropic layers). This discrepancy can be explained by the presence of 

hydration layers nearby the surface which are not accounted for in simulated spectra3.45, 

3.47, 3.50. These layers were shown to occur regardless of pH, and exhibit highly ordered 

structure. Therefore, it is concluded that while OH- contribute to increased ordering, there 

are also other factors that affect overall spectral response. 

The other ions (H+, HCO3
- and CO3

2-), although present in residual layers, are 

assumed to not contribute considerably in structure of water. This statement is justified 

because their concentrations are on order of 10-9 M or less, which is approximately at 

least 3 to 4 orders of magnitude lower compared to K+ and OH-. 
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Finally, it should be noted that in experimental setup used here IR beam provides 

average response from total thickness of residual layer. Thus, combining all of these 

information (increased disordering due to presence of chaotropic K+ in Stern layer, 

increased ordering in remaining portion of residual layer due to hydration layers and 

presence of OH-, and averaged response from whole residual layer), observed spectral 

response supports proposed explanation. 

The center frequencies of the liquid-like, weakly hydrogen bonded and monomer 

modes in the residual layer at pH 9 shift to higher frequencies by ~20, 30, and 6 cm-1, 

respectively, relative to the spectrum of isotropic water indicating a weakening of 

hydrogen bonding3.26. In contrast, the ice-like mode shifts towards slightly lower 

frequencies by ~3 cm-1 indicating a small increase in hydrogen bonding strength. The 

frequency of the monomer mode remains essentially identical to that in isotropic water. 

The FWHM values of the monomer and weakly hydrogen bonded modes decrease 

by ~10% indicating greater homogeneity in these environments compared to those in 

isotropic water. Similarly, the FWHM values of the ice-like and liquid-like modes 

decrease by ~10 and 25% relative to isotropic water, again suggesting an increase in 

homogeneity of these environments consistent with a high degree of ordering. 

The observed results are somewhat expected. At this mostly deprotonated surface 

(~80 % deprotonated), only ~20% of the silanols remain protonated that can provide 

hydrogen bonding sites on the surface. The considerable negative charge present at the 

surface leads to dominant electric field-water dipole interactions with the H atoms 

pointing toward the surface.3.38, 3.190  
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Collectively, the analysis of the spectral data acquired from residual water layers 

at pH 9 suggests that the overall order is the greater than that at pH 5.6 or at pH 1 and that 

the hydrogen bonding environments within the interfacial layer become more 

homogeneous due to the orienting effect from the relatively large electric field at the 

surface.  

 

Thickness of Residual H2O Layers at SiO2 Formed by Forced Dewetting 

from Aqueous Solution of Various pHs as Measured by PM-IRRAS. The thicknesses 

of the residual water layers formed by forced dewetting of silica from different pH 

solutions were also estimated from the PM-IRRAS data. The calculation procedure can 

be found in Chapter 2.3.27, 3.29 The results from these calculations are shown in Figure 

3.17 (right y-axis) along with the results from ellipsometry (left y-axis).  

 The PM-IRRAS results show an increase in thickness with pH similar to the 

general trend observed with ellipsometry. However, the absolute magnitude of the 

thicknesses from PM-IRRAS, ranging from 19.3 ± 1.02 nm at pH 1 to 30.7 ± 1.97 nm at 

pH 5.6 to 34.7 ± 3.39 nm at pH 9, are about three times larger than those from 

ellipsometry. 

Several hypotheses were considered to explain the discrepancies in thicknesses 

between ellipsometry and PM-IRRAS. One hypothesis considered the presence of 

nanopores in the silica layer, or swelling of the silica film upon exposure to aqueous 

solution. Both of these phenomena would increase the absolute amount of water present 

within the silica layer that would further add to the PM-IRRAS spectral response but  
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Figure 3.17 Thicknesses of residual water layers at silica formed by forced dewetting 
from bulk solutions of various pHs as measured by: a) ● PM-IRRAS (right y-
axis), and b) ◊ ellipsometry (left y-axis). 
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which might be transparent to the ellipsometry response.  Above theories were rejected as 

not probable based on other studies of the characteristics of these films, especially 

electrochemical and AFM data.3.110-113 

These previous studies demonstrated conclusively that these silica layers, despite 

very small thicknesses, behave as perfect insulators except at pinholes that occupy << 1% 

of the total surface area.3.110-112 In addition, it is worth noting that these previous 

measurements were performed while the silica layers were in contact with aqueous 

solutions for prolonged periods of time that exceed those necessary for ellipsometric and 

PM-IRRAS measurements. Therefore, given the sensitivity of electrochemical methods 

to the presence of such pinholes, if swelling of the film during solution exposure occurred 

this would have been easily detected as an increase in electrochemical activity, which 

was not observed. Indeed, no evidence for ion penetration through these silica films at 

places other than pinholes has been observed on either gold or silver substrates.3.110-113 

Thus, the presence of nanopores or swelling of the silica film is rejected as an explanation 

for the disparity in results from ellipsometry and PM-IRRAS.  

The essentially constant multiplier between the residual water layer thicknesses 

measured by ellipsometry and PM-IRRAS suggests a systematic cause for this apparent 

discrepancy. Based on literature research, it was hypothesized that this might be a 

manifestation of surface enhanced infrared absorption (SEIRA). This hypothesis was 

further substantiated by the fact that gold substrates were used that are known to provide 

enhancement. Further, gold roughness features can be thought about as low density 

population of gold nanoparticles covered with thin film (spacer) of silica that could 
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provide appropriate separation distance between gold and molecules under scrutiny. 

Thus, SEIRA hypothesis appeared as plausible in explanation of discrepancy in thickness 

measured between PM-IRRAS and ellipsometry. 

The phenomenon of SEIRA has been recognized for several decades.3.200-202 In 

most experimental setups, SEIRA is observed either on rough metal substrates3.203 or on 

non-metallic substrates modified with metal nanoparticles that provide enhancement.3.204 

The observed enhancement factor is usually somewhere between 5 and 503.202, 3.205, with 

the exact magnitude dependent on characteristics of the substrate (metal vs. dielectric, 

optical properties, presence of surface dipoles), surface protrusions, or shape and 

separation of nanoparticles3.205. Recent reports indicate signal enhancement on order of 

up to 105 for nanoengineered substrates covered with hexagonal close-packed nanoshell 

arrays separated by nanoscale gaps.3.206, 3.207 

SEIRA relies on contributions from both electromagnetic and chemical effects, 

with the magnitude of each dependent on specific sample and substrate attributes.3.208 

SEIRA has also been found to be dependent on distance of the absorber from the surface, 

with an optimal distance at which the maximum enhancement is observed on the order of 

~10 nm from the substrate.3.202, 3.207-210 Osawa et al. showed that the maximum SEIRA 

enhancement for para-nitrobenzoic acid (PNBA) on silver islands on a CaF2 substrate 

increases with distance from 4 to 10 nm, then remains constant for films up to 14 nm, and 

then decreases for films exceeding 14 nm.3.202 Wang et al. recently reported enhancement 

factors approaching 105 on nanoengineered substrates in which the spacing between 

nanoparticles was ~8 nm.3.207 However, in this case the separation distance between the 
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nanoparticles was predetermined and fixed by the use of cetyltrimethyl ammonium 

bromide (CTAB) as a spacer. Consequently, no distance-dependence could be observed 

unless another spacer with different length was used. 

In order to verify the hypothesis that the discrepancy between the thicknesses of 

residual water layers at silica measured by ellipsometry and PM-IRRAS is indeed due to 

SEIRA, experiments with a range of silica film thicknesses were performed to explore the  

distance dependence of the PM-IRRAS response.3.202, 3.207-210 Initially, silica films with a 

thickness of 25 nm were used and the results compared to those obtained with the usual 6 

nm thick silica layers. It was anticipated that with residual layers placed further away 

from the gold substrate, the measured absorbance would decrease as suggested by 

literature data.3.202, 3.207-210 The distance of 25 nm was chosen on the basis of reports that 

the maximum enhancement occurs at ~10-15 nm from substrate. For this reason, placing 

the water residual layer at a distance of at least 25 nm from the underlying gold substrate 

was assumed to be sufficiently far away to minimize contributions of SEIRA to the 

observed response. The results of this are shown in Figure 3.18.  

No significant differences are observed in the spectral response of residual water 

layers on the 6 and 25 nm-thick silica films. For both spectra, the absorption maximum is 

at the same frequency of 3530 cm-1, and the integrated peak areas are essentially 

identical. 
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Figure 3.18 PM-IRRAS spectra of water layers formed by forced dewetting at pH 5.6 on 
silica layers: a) 6 and b) 25 nm thick. 

 



 144 

The results acquired for 6 and 25 nm thick silica films on gold supports are not 

sufficient to confirm or refute the possible role of SEIRA in the thickness discrepancy 

between ellipsometry and PM-IRRAS. As a consequence, more data on the behavior of 

the IR absorbance at these substrates as a function of separation distance are necessary to 

incontestably answer the question of potential SEIRA involvement. In addition, if SEIRA 

indeed occurs at ultrathin silica films on gold, then the SEIRA response should be 

observed for other molecules as well. 

PNBA was chosen as a probe molecule further study of the distance dependence 

of SEIRA at these silica-coated gold substrates. PNBA has a large infrared absorption 

cross-section due to the carbonyl group, and this molecule has been used in previous 

studies as a ‘benchmark target analyte’ to observe SEIRA. Moreover, PNBA has 

distinctive vibrational features when adsorbed to a metal substrate as opposed to adsorbed 

to silica providing assurance that only PNBA adsorbed to the silica surface is measured in 

this study.3.113, 3.200, 3.202, 3.208, 3.211, 3.212 

An IRRAS spectrum for PNBA adsorbed onto 6 nm-thick ultrathin silica film on 

gold support is shown in Figure 3.19. Figure 3.20 presents spectra for PNBA deposited 

onto silica films on increasing thickness, from ~6 nm to ~83 nm. PNBA was deposited 

onto each substrate via spin-coating 50 µL of a 1 mM PNBA in ethanol solution onto the 

silica/gold substrate at ~3000 rpm for 1 min, in ambient atmosphere. Such prepared 

samples were allowed to dry prior to measurements. 
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Figure 3.19 IRRAS spectrum of PNBA layer deposited onto ~6 nm thick silica layer on 
gold support. Insert shows the PNBA structure. 
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Figure 3.20 IRRAS spectra of PNBA layer deposited onto: a) 6, b) 15, c) 25, d) 39, and e) 
83 nm thick silica layers on rough gold support. 
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The major bands observed in the high frequency region are assigned to ν(SiO-H), 

ν(OH), and νaromatic(CH) modes. The band at ~3750 cm-1 is assigned to the ν(SiO-H) of 

isolated silanols, the broad envelope at ~3400 cm-1 is assigned to ν(SiO-H) and ν(OH) 

modes of the silica, and the bands at ~3115, 3085, and 3060 cm-1 are assigned to the 

νaromatic(CH) modes of PNBA.3.110, 3.111, 3.202, 3.213 The major bands observed in the low 

frequency region are: the ν(C=O) mode at ~1700 cm-1, the νgauche at ~1605 cm-1, the 

νa(NO2) at ~1525 cm-1, the δ(C-O-H) at 1430 cm-1, the νs(NO2) at ~1350 cm-1, the ν(C-O) 

at ~1300 cm-1; and the vas(Si- O-Si) at ~1235 and ~1120 cm-1.3.113, 3.202, 3.213 

The ν(C=O) mode at ~1700 cm-1 was chosen to monitor potential changes in 

absorbance as a function of silica layer thickness. This intense mode is easily observed in 

PNBA on silica support spectra, and is not obscured by proximity of silica spectral 

signature that need to be retained as it is used in evaluation of silica film thickness. 

Silica layers were prepared via sol-gel, spin-coating method, with thickness of 

silica layer controlled by concentration of tetramethoxysilane (silica precursor) in 

depositing solution. Least concentrated sol yielded thinnest films (~6 nm thick), while 

most concentrated sol yielded thickest film (~80 nm), and intermediate sols giving 

intermediate thicknesses.3.110, 3.111 The thicknesses of the silica layers were approximated 

based on the IRRAS absorbance of the vas(Si-O-Si) mode located at ~1235 cm-1 whose 

increase in absorbance was previously shown to correlate linearly with thickness within 

investigated thickness range. Thus, based on absorbance and Beer-Lambert’s law, 

thickness of silica layer was estimated.3.110, 3.111 
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The absorbance of the PNBA ν(C=O) mode as a function of silica film thickness 

are shown in Figure 3.21. The PNBA ν(C=O) absorbance initially increases from 0.0056 

± 0.0007 a.u. for a 6.6 ± 0.4 nm-thick silica spacer layer to a  maximum of 0.0070 ± 

0.0006 a.u. for a silica spacer thickness of 15 nm. The absorbance then decreases beyond 

a silica thickness of 15 nm to 0.0020 ± 0.0004 a.u. for a silica film of 83 nm.  The 

maximum absorbance observed at a spacer layer thickness of ~15 nm is in good 

agreement with previous SEIRA reports as discussed above, and can be further 

considered as an independent metric for validation of the proposed SEIRA 

enhancement.3.202, 3.207-210 

Ultrathin silica layers were also formed on ultraflat, template-stripped gold. Main 

characteristics of such prepared gold surfaces is their nearly atomic flatness on order of  

≤ 5 Å on large areas on order of tens of µm2.3.214-216 Since SEIRA is observed on rough 

metal substrates3.203, the use of ultraflat substrates makes them ideal to eliminate 

electromagnetic contribution for SEIRA; thus, it is hypothesized that no enhancement 

should be observed if enhancement is indeed due to SEIRA effect. 

Gold substrates were prepared by resistive heating evaporation of ~50 nm thick layer of 

gold onto freshly cleaved mica, followed by gluing them to 1.3 x 1.3 mm glass supports 

using epoxy resin and carefully peeling off such that gold surface that was ultraflat-

templated by mica substrate was exposed. 
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Figure 3.21 Absorbance of PNBA ν(C=O) mode as a function of silica spacer thickness 
on ultrathin silica layers on ◊ commercial (rough) Au, and ● ultraflat, 
template-stripped Au.  
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The average RMS roughness of the template-stripped gold substrates was 

determined using AFM to be 0.52 ± 0.03 nm prior to cleaning and oxidation in a 

UV/ozone atmosphere and 0.48 ± 0.05 nm after exposure to UV/ozone. These results, in 

good agreement with literature data3.214-216, demonstrate that the ultraflat Au substrate is 

~2.5 times smoother than to the gold films evaporated onto glass microscope slides that 

possess average RMS roughness values of 1.2 ± 0.14.3.110, 3.111 Next, ultrathin silica layers 

were deposited on these ultraflat substrates according to protocol used for commercially 

available gold substrates3.110, 3.111 followed by deposition of PNBA as described earlier. 

The resulting spectra of PNBA layer on ultrathin silica layers on ultraflat gold substrates 

are shown in Figure 3.22. 

The absorbance of ν(C=O) from PNBA deposited on ultraflat gold as well as on 

commercially available gold substrates are presented in Figure 3.21. The absorbance of 

the PNBA ν(C=O) mode is virtually constant with silica layer thickness. This behavior 

clearly shows that the ultraflat gold substrates do not support any surface enhancement 

regardless of silica spacer thickness. It should be further noted that the absorbance of the 

PNBA ν(C=O) mode on the ultraflat gold substrates is the same as that on the ~80 nm 

silica films of the commercially-available evaporated gold on glass slide substrates. This 

behavior is in perfect accord with expectation, since once distances from the enhancing 

substrate are reached where surface enhancement is no longer operative, the absorbance 

of a probe molecule, here the PNBA ν(C=O) mode, should be the same for both 

substrates, which it is. 
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Figure 3.22 IRRAS spectra of PNBA layer deposited onto: a) 5, b) 14, c) 25, d) 37, and e) 
80 nm thick silica layers on ultraflat gold supports. 
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Given the 1 mM concentration of PNBA in ethanol solution and assuming that all 

of the PNBA molecules present in 50 µL aliquot of ethanol solution are deposited onto 13 

x 13 mm silica film on gold support, it is estimated that there are ~1.8 x x1016 PNBA 

molecules per cm2 of sample. Next, assuming that this number of molecules is deposited 

onto silica surface regardless of its thickness, effective molar absorptivity for PNBA on 

silica substrate was estimated to be 3.9 x 10-19 and 1.1 x 10-19 per molecules for silica 

layer thickness of 6.6 nm and 83 nm, respectively. Assuming that the lower result reflects 

unenhanced effective molar absorptivity, and higher result corresponds to enhanced one, 

the enhancement factor can be calculated by ratioing these numbers. Thus, the 

enhancement factor is determined to be ~3.5. 

The maximum enhancement factor for the PNBA IR absorption can be also 

calculated following the approach of Osawa et al.3.202 The absorbance for PNBA on the 

15 nm silica spacer layer (0.007 a.u.) was ratioed against the lowest measured absorbance 

for PNBA on the 83 nm silica spacer layer (0.002 a.u.) yielding an enhancement factor of 

~3.5. Collectively, this enhancement is rather small compared with other reported 

values3.202, 3.207; however, it should be noted that several of the large enhancement factors 

reported elsewhere were obtained on substrates that were specifically nanoengineered as 

SEIRA platforms. 

No data points could be acquired for a ‘zero thickness’ silica layer, since this is 

equivalent to PNBA being in direct contact with the gold substrate. Under this condition, 

as discussed previously, the PNBA spectral modes change compared to this behavior on 

silica. Thus, these changes in spectral response preclude direct comparison based on the 
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magnitude of the absorbance3.113, 3.200, 3.202, 3.208, 3.211, 3.212, and no ‘zero thickness’ data 

point was acquired. 

The enhancement factor of ~3.5 calculated above was used to correct the residual 

water layer thicknesses obtained with PM-IRRAS. The thickness of residual water layer 

on silica films on gold as estimated by PM-IRRAS was divided by enhancement factor. 

After this operation, measured thicknesses of residual water films on silica formed by 

forced dewetting are 5.5, 8.7, and 9.9 nm for bulk solutions pH of 1, 5.6, and 9, 

respectively. These values, given the precision in both sets of measurement, correspond 

well within the precision of the measurements to the values obtained with ellipsometry of 

6.0, 9.1, and 7.4 nm for the same bulk solutions, respectively. 

The biggest discrepancy between results from these two methods is observed for 

pH 9, where the thickness of residual layers is 9.9 and 7.4 nm for PM-IRRAS and 

ellipsometry. The possible explanation of this inconsistency is that SEIRA is mostly 

electromagnetic phenomenon; therefore, it is likely that the presence of surface charge at 

pH 9 (-60.9 µC/cm2) may cause increase in SEIRA effect.  

 In summary, it can be concluded that SEIRA effect was show to operate for 

commercially available gold substrates that were modified with ultrathin silica layers. 

The enhancement was shown to be about 3.5 times for PNBA as a probe molecule.  After 

assuming that the enhancement is similar for water and adjusting spectral response by 

enhancement factor, the thicknesses by PM-IRRAS and ellipsometry were found to be 

virtually the same for each pH measured. The thicknesses are expected to be the same for 

residual water layers formed on ultrathin silica layers on ultraflat gold substrates. 
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Conclusions 

The results presented in this chapter prove successful implementation of 

innovative strategy to investigate buried solid-liquid interfaces. The approach utilizes 

novel ultrathin silica films on gold supports, forced dewetting to physically separate 

interfacial layer from bulk solution, and ellipsometry along with PM-IRRAS in 

investigation of the thickness, structure and hydrogen bonding environments of 

interfacial water layers at silica surface as a function of bulk solution pH under ambient 

conditions.  

The strong dependence of thickness and structure of residual layer on bulk 

solution pH was demonstrated. The thickness data from both methods are in good 

agreement within each other. At low pH of bulk solution, i.e., pH of 1, surface charge of 

0, and surface potential 0 mV, the thickness of the residual water layers was determined 

to be 5.97 and 5.5 nm by ellipsometry and PM-IRRAS, respectively. At high pH of bulk 

solution (i.e., pH of 9), surface charge of -64 µC per cm2, and surface potential of -0.41 

V, the thickness of residual water layers was determined to be 7.4, and 9.9 nm by 

ellipsometry and PM-IRRAS, respectively. Finally, at pH 5.6, with surface charge of -18 

µC per cm2, and surface potential of -0.39 V, the thickness of residual water layers at 

silica was determined to be 9.1 and 8.7 nm by ellipsometry and PM-IRRAS, respectively. 

The molecular pictures that emerge from PM-IRRAS investigations of structures 

and thicknesses of residual water layers at the silica surfaces as a function of bulk 

solution pH clearly indicates that the interfacial water layers at the silica surfaces possess 

higher ordered compared to bulk solution. This observation is in good agreement with 
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data previously published in literature. However, in contrast to prior reports, the results 

shown here allow insight into the average structure of the interfacial layer and 

simultaneous evaluation of its thickness using two independent techniques. Such wealth 

and completeness of information was not available up to this point; only one of these 

information at a time were reported available using either more traditional approaches or 

recently developed surface – sensitive methods.  

The results shown here also indicate that the structure of the residual water layers 

at silica is sensitive to surface potential observed at the surface. Specifically, at pH 1, all 

silanols are protonated and silica is at point of zero charge, no surface potential is 

observed, hence, hydrogen bonding is the major force that induces ordering of water 

molecules at the surface. This is manifested by increase in ice-like modes, and shift to 

lower frequencies indicating stronger hydrogen bonding. 

At partially deprotonated surface (~23% of silanols deprotonated, residual layer 

formed from bulk solution of pH 5.6, -19 µC per cm2 surface charge, -0.39 V of surface 

potential), electrostatic interactions between deprotonated silanols and water molecules 

cause reorientation of water indicating that hydrogen bonding is not the major force 

orienting water at the surface. The observed spectral response indicates increase apparent 

in disorder in residual layer. However, other published reports indicate that this is 

because of reorientation of water at the interface that is caused by appearance of discrete 

negative charges at the silica surface. In consequence, domains of hydrogen bonded water 

at protonated silanols, and domains of electrostatic interactions between water at 
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deprotonated silanols are predicted that apparently increase averaged spectral response 

despite high ordering in individual residual layer fractions. 

At mostly deprotonated surface (~75% of silanols deprotonated, residual layer 

formed from bulk solution of pH 9, -64 µC per cm2 surface charge, -0.41 V of surface 

potential), electric field is the major force that causes ordering of water molecules at the 

silica surface. However, the presence of chaotropic K+ ions cause disruption in hydrogen 

bonding, resulting in apparent increase in disorder in residual layers. 

It is of critical importance to recognize that, in given instrumental setup, the 

observed spectral response represents an average throughout the full thickness of the 

interfacial layer. For that reason, in order to build detailed molecular picture of the 

interface, depth profiling of the interfacial layer is necessary. This idea is addressed in 

more details in Conclusions and Future Directions chapter.  

Finally, it is also interesting to note that SEIRA was observed in utilized 

experimental setup. This fact, albeit somewhat surprising, adds another dimension to the 

success of the strategy proposed in this dissertation. The observed enhancement factor, 

despite being low, is sufficient to provide significantly better S/N and creates a promising 

avenue for further research using ultrathin silica layers on gold support platform.  
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CHAPTER 4 

 

 RESIDUAL WATER – METHANOL LAYERS  

FORMED BY FORCED DEWETTING  

AT ORGANICALLY MODIFIED SILICA SURFACES  

 

 Reversed phase liquid chromatography (RPLC) is one of the most often used 

techniques for separations. Recently, “it has been estimated that about 90% of all 

analytical separations on low molecular weight samples are carried out using this 

technique”4.1, 4.2. Yet, despite widespread use of this technique, the composition and 

structure of the interfacial layer between stationary phase and mobile phase remains 

vague, especially at the molecular level. However, this interfacial layer between 

stationary phase and mobile phase is of critical importance for the separation as the 

process itself is based on interactions between analytes in mobile phase, and analyte 

interactions with stationary phase. Specifically, the analyte present in mobile phase must 

approach, interact with stationary phase, go back to the mobile phase, and repeat this 

sequence many times before being eluted. Therefore, it is of key importance to 

comprehend how retention process occurs, and what is the structure and composition of 

the stationary phase–mobile phase interfacial layer for better understanding how and to 
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what degree analytes are retained. In addition, these information will provide foundation 

for better understanding of the whole system that eventually will lead to improved quality 

of the separation, and more effective a priori prediction of conditions for efficient 

separations of unknown compounds, or further optimization of existing separation 

methods and procedures. 

The lack of fundamental comprehension of the stationary phase–mobile phase 

interfacial region stems mainly from the facts that interfacial regions are inherently 

difficult to study, and complexity of the retention process that requires in–depth insight 

into molecular – level details about stationary phase, mobile phase, and analyte. The 

major challenges in investigation of interfacial layers are separation of the analytical 

signal from the interface vs. high bulk background (either from silica, mobile phase, or 

both), and need for qualitative and quantitative information about the interfacial 

components of the stationary and mobile phases at molecular level. The sought 

information are directly relevant to the intramolecular interactions between stationary 

phase – mobile phase, stationary phase – analyte, and mobile phase – analyte that overall 

determine retention process. Hence, solid knowledge and an understanding of separation 

interfaces is critical for intelligent and informed control and manipulation of separation 

processes. 

 RPLC interface consists of a silica support, stationary phase (usually 

octadecylsilane (OTS) tethered to silica surface through covalent linking), mobile phase, 

and the OTS–mobile phase interface between these two phases. Several theories were 

developed to explain the separation process. Two widely accepted mechanisms for 
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separation are referred to as adsorption4.3, 4.4 and partitioning models4.5-7. In adsorption 

model, separation occurs because of adsorption of analyte onto stationary phase; the 

stationary phase is considered as a surface at which adsorption occurs. In consequence, 

since various analytes have different affinity towards the same ‘surface’ (i.e., stationary 

phase), they would spend different times ‘adsorbed’ onto surface resulting in separation 

of a mixture. In contrast, partition model predicts that analytes can diffuse into the 

stationary phase. Subsequently, upon various times spent in stationary phase, analytes are 

retained for different times resulting in a separation of mixture.  

Regardless of which model is more appropriate for given separation system, it is 

still the interfacial chemistry of the RPLC column that determines retention process. The 

complexity of these interactions between stationary phase–mobile phase, stationary 

phase–analyte, and mobile phase–analyte as well as need for molecular–level details 

results in extremely difficult challenge for scientists who wish to investigate such 

interfaces. 

Several strategies have been shown to provide as least partial insight into the 

interface under investigation. For instance, stationary phase component is relatively easy 

to study in that it is represented by chemical species that are completely different entities 

from either silica support or mobile phase. Therefore, techniques to investigate stationary 

phase do not have to be surface sensitive as one will be looking for the response for 

aforementioned distinctive species. The possible issues with overlap of signal from 

stationary phase and mobile phase as observed in Raman or IR spectroscopies can be 

addresses without significant difficulties by, for instance, using deuterated chemicals 
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(either alkyl chains, or solvents), and careful choice of spectral region of interest. In 

consequence of this relative ease of study and accessibility for conventional techniques, a 

large body of the literature exists that is devoted to investigation of stationary phase. 

Examples include investigation of response from stationary phase as a function of its 

intrinsic properties (alkyl chain length, surface coverage, etc.), as a function of the mobile 

phase parameters (composition, polarity, size etc.), or separation conditions (temperature, 

pressure). These investigations were carried out using methods such as Raman4.8-26, 

NMR4.27-30, FT-IR4.30-36, and fluorescence4.37-45. 

 The investigation of interfacial component of mobile phase (center interest in this 

dissertation) is considerably more problematical. The interfacial part of the mobile phase 

is defined here as part of the mobile phase in contact with stationary phase that exhibits 

characteristics dissimilar to bulk, e.g., different structure and/or composition. The main 

challenge is that the interface is comprised of exactly the same chemical species as bulk 

mobile phase. In consequence, traditional ‘bulk’ methods that were successfully applied 

for investigation of stationary phase (e.g., Raman, IR, NMR) can not be used as it is 

beyond their capabilities to separate the analytical signal from the interface from the bulk 

signal for the same chemical species.  

Fluorescence spectroscopy can be useful technique in investigation of the 

interfacial part of the solid – liquid interface, and as such has been used in evaluation of 

the chemical environment at the interface of interest.4.37-45  However, this method is not 

capable of providing data about thickness of the interfacial component of the mobile 

phase. In addition, it can not provide direct information about the structure of the 
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interfacial layer at molecular level, and, in case of binary (and higher order) mixtures of 

mobile phase, it is challenging to provide information about possible segregation of 

mobile phase individual components at the interface. 

Surface sensitive methods are not particularly useful in investigation of interfacial 

layers either as mobile phase must be present during the measurement. These methods, 

defined here as techniques that derive their surface sensitivity through electromagnetic or 

chemical enhancement from underlying substrates and provide analytical response 

limited to species in contact with enhancement – providing substrate or within several nm 

from such substrate. Therefore, despite enhancement, the presence of bulk quantities of 

mobile phase would interfere with signal from the interface. As a result, the surface 

sensitive techniques either face the same problems as for ‘bulk’ techniques (e.g., how to 

distinguish signal from the interface from bulk signal), or the interfacial part of the 

mobile phase can be too far away from the surface to utilize certain methods. For 

instance, in surface enhanced spectroscopies (e.g., Surface Enhanced Raman 

Spectroscopy, SERS, or surface enhanced infrared absorbance, SEIRA), the enhanced 

signal decays very quickly as a function of distance from the surface4.46-50. In the case of 

SEIRA, the enhancement operates at slightly longer range (up to lower tens of nm from 

substrate). Unfortunately, SEIRA suffers from low enhancement factors (usually up to 

100), and very strong signal from bulk mobile phase that further minimizes its usefulness. 

Thus, the interfacial component of mobile phase may be too far away and may not 

experience significant enhancement; simultaneously, bulk response is still present 

causing problems in spectral data interpretation. In addition, it is a serious challenge on 
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its own to couple silica layer with substrate that would provide appropriate enhancement; 

such silica layer causes interfacial layer to be even further away from enhancement–

providing substrate further minimizing benefits of surface enhancement. 

Attenuated total reflectance FT-IR (ATR FT-IR) is also not particularly suitable 

for direct investigation of interfacial component of the mobile phase because the depth of 

penetration into the mobile phase. This depth can be roughly approximated as the length 

of used wavelength.4.50 However, since the thickness of the interfacial layer as defined 

above in investigated systems is usually in nm regime4.51-56, the ATR FT-IR signal will 

mostly provide the bulk response. This is so because IR wavelengths are on the order of 

several microns long; hence, ATR FT-IR provides spectral response over several microns 

thick sampling depth, which is the distance well beyond the thickness of interfacial layer, 

and probe mostly bulk mobile phase.  

Attempts to deduce the composition of mobile phase at the interface with a 

stationary phase have been undertaken using the minor disturbance4.51-54 or frontal 

chromatography4.55, 4.56 methods. Using minor disturbance method, Kazakevich et al. 

found that that interfacial layer of water – methanol mobile phase at C1 – C6, C8, C10, 

C12, and C18 methyl – terminated stationary phases is enriched in methanol. This 

method utilizes small change in composition of the solvent at the top of the column; the 

eluted volume between applying the disturbance and the occurrence of the corresponding 

signal on the detector is a measure of the change in the amount adsorbed resulting from 

the concentration change in the solvent.4.57 Specifically, Kazakevich et al. found that 

methanol forms an adsorbed layer of ~2.5 Å thickness; the results were also found to be 
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independent of alkyl chain length.4.52 This observation led to further conclusion that 

methanol does not solvate the chains as the amount of methanol was found to be 

insensitive to the length of alkyl chain.  

In subsequent paper, Chan et al. presented evidence that the type of stationary 

phase terminal group does not affect significantly monolayer formation by methanol.4.58 

Chen et al. used columns with ethylphenyldimethylsilyl, etherphenyldimethylsililyl, 

perfluorophenyldimethylsilyl and hexylphenyldimethylsilyl stationary phases. Similarly 

to methyl – terminated alkyl chains, only a monomolecular adsorption of methanol at all 

stationary phases was observed, with only slightly higher adsorption for 

perfluorophenyldimethylsilyl columns.  

Unfortunately, the results presented by Kazakevich et al., or Chan et al., do not 

provide direct evidence of the composition of the interfacial mobile phase (i.e., results are 

inferred based on measurements). The data presented by these authors provides only 

quantitative detail about the interface (e.g., on average, a monolayer adsorption of 

methanol), and do not yield structural data or information about hydrogen bonding or 

other intermolecular interactions between solvent molecules at the interface. 

 An increasing volume of theoretical work has been recently reported using 

computer-based molecular simulations to complete and complement existing 

experimental data.4.1, 4.59-69 To date, these simulations provide the greatest insight into 

molecular details of investigated interface, e.g., conformations of individual alkyl chains 

as well as positions and orientations of single solvent molecules are readily obtained. On 

one hand, such accuracy is desired as one wants to know molecular details about 
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stationary phase–mobile phase interface. On the other hand, however, due to computing 

power limitations (e.g., finite number of atoms, up to several hundreds or thousands at 

once), the results may not be representative to accurately mimic interior of RPLC 

column; for instance, pore size and distribution may be inadequately represented. 

Other issues associated with computer-based molecular simulations also exist. 

Zhang et al. pointed out that in the presence of solvent, the initial starting structure 

becomes a significant issue because in the best of circumstances, trajectories of only a 

few nanoseconds or less are generally possible with the MD technique4.1. This constitutes 

a serious limitation of MD simulations because the stationary phase may take 

considerably longer times (e.g., tens of minutes) to equilibrate after a change of the 

mobile phase from a hydro-organic binary mixture to neat water or to recover after a loss 

of retention.  For this reason, MD simulations may not be representative of real –life 

systems due to these time–scale issues.  

In addition, several authors have shown in their reports that the results of the MD 

simulations are sensitive to starting conditions. For instance, placing chains in all-trans 

starting conformation has been shown to lead to the conclusion that chains are oriented 

away from surfaces.4.70, 4.71 In contrast, starting MD simulations with alkyl chains in 

collapsed states led to the conclusion that the chain conformation is characterized by 

many gauche defects (equivalent to disordered state) along with a large tilt angle, and 

little solvent penetration was observed.4.72, 4.73 

Another constrain of the MD simulations is that they require a closed ensemble of 

the molecules used in calculations. As a consequence, the solvent density and 
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composition (numbers of solvent molecules) can not respond to relaxation of the chain 

conformation, thereby resulting in an uncontrolled chemical potential of the solvent 

molecules.4.1 

The final limitation of computer simulation is that they need to be eventually 

verified experimentally. Therefore, in spite of how detailed the molecular picture of the 

mobile phase – stationary phase or retention mechanism is provided by simulations, they 

are not worth much unless proven by experimental results. 

Regardless of these limitations, Zhang et al. investigated chain conformation and 

solvent partitioning in RPLC using Monte Carlo simulations for various water – methanol 

concentrations.4.1 The authors found that methanol partitions to a higher extent into the 

stationary phase compared to water, with more pronounced enhancement in methanol 

concentration for a binary mixture of low methanol concentration. These data are in 

excellent agreement with previously reported results from experimental measurements of 

excess adsorption isotherms of methanol.4.52 Nevertheless, the results reported by 

Kazakevich et al. implied the existence of a simple two – layer model that consists of 

pure methanol and bulk solvent. In contrast, the results presented by Zhang et al. suggest 

more a gradual change that occurs over the distance of approximately 10 Å. Finally, 

Zhang et al. point out the importance of residual surface silanols that were found to 

provide hydrogen bonding sites that lead to the formation of substrate – bound water and 

methanol clusters.  

Rafferty et al. found that the retention mechanism in RPLC is much more 

complex than previously assumed (e.g., adsorption or partitioning); the extent of each 
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process was found to vary depending on the intrinsic characteristics of the analyte.4.63 The 

model under scrutiny was a RPLC system consisting of dimethyloctadecylsilane 

(monomeric) stationary phase at a coverage of 2.9 µmol/m2 on a silica substrate with 

unprotected (i.e., not end-capped) silanols. The whole ensemble was in contact with 

water – methanol mobile phases of various compositions, and Monte Carlo simulations 

were used. The authors found that both partitioning and adsorption play a key role in the 

separation process. These simulations also revealed that for mixed solvent systems, the 

mole fraction of methanol is enhanced near the interface with the bonded phase and 

decays over an ~10 Å region to the bulk mobile-phase composition.  

In summary, no unified picture of interfacial component of mobile phase has been 

developed at a molecular level despite continuous effort. This is so mainly because none 

of the experimental methods discussed above is capable of providing a comprehensive set 

of information about the interfacial components of the mobile phase at a molecular level. 

The computer simulation approach, while useful, has its own constrains, and eventually 

needs experimental data validation.  

 The research described in this chapter focuses on several goals. The very first one 

is implementation of a new methodology such that investigation of interfacial molecular 

structure using vibrational spectroscopies. This objective is anticipated to be 

accomplished by using forced dewetting to form residual layers water–methanol (mobile 

phase) on OTS modified silica (model stationary phase). The next goal was to evaluate 

stability, composition, and structure of the residual layers created by forced dewetting 
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from binary solvents into a gas phase of different compositions. The intermolecular 

interactions in these residual layers were studied as well.  

Experimental 

 

Spectra of residual solvents layers were acquired using a Nicolet Nexus 670 FT-

IR instrument equipped with two analog-to-digital (A/D) converters for dual channel 

detection and external top optical module (TOM). The linear rotation speed of sample 

was 0.029 cm/sec. Forced dewetting was conducted under solvent-saturated conditions, 

with no gas flowing during experiments. The raw PM-IRRAS spectra were processed 

with Omnic 6.2 with the SST software package by Thermo Electron Corporation. The 

peak fitting procedure of residual layers was executed using GRAMS/32 version 5.21 

(Galactic Industries). Further details of spectral data acquisition and processing can be 

found in Chapter 2 earlier in this dissertation. Spectra of isotropic layers of binary water – 

methanol mixtures at OTS/silica surface were simulated as described in Chapter 2. 

 

Results and Discussion 

 

The overall objective of this chapter is to investigate residual interfacial water-

methanol structure and thickness at the octadecylsilane-modified silica surface as a 

function of bulk solution composition and composition of the gas phase into these 

residual layers are formed via forced dewetting. To accomplish this aim, ultrathin silica 
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films were immobilized on gold supports and modified via self-assembly of 

octadecylsilane (OTS); the complete system was subsequently used as model OTS-

modified silica surface that mimics interior of an RPLC column. Next, such prepared 

substrates were used in forced dewetting experiments in which structure and thickness of 

residual layers were attempted to be investigated by ellipsometry and photoelastic 

modulated infrared spectroscopy in reflection geometry (PM-IRRAS). 

Chemical characteristics of key components of the experimental setup (OTS-

modified ultrathin silica films) are discussed first to prove that these silica layers are 

suitable for formation of residual layers through forced dewetting. Next, bulk methanol 

and water-methanol IR spectral signature in mid IR region is presented that lays 

foundation for simulation of isotropic water layers at the silica substrate, and for 

interpretation of actual spectra from the interfacial water layers. Finally, ellipsometry and 

IR spectroscopy that utilized photoelastic modulation in infrared reflection-absorption 

configuration (PM-IRRAS) are used to evaluate residual water-methanol layers at OTS-

modified silica as a function of gas-phase bulk solution composition into which forced 

dewetting occurs. 

 

OTS-modified Ultrathin Silica Layers on Gold. Bare ultrathin silica layers were 

previously discussed in Chapter 3. For the experimental purposes of this chapter, these 

layers were further modified through octadecyltrichlorosilane self-assembly from toluene 

solution. IR spectrum of OTS-modified silica layer is shown in Figure 4.1. Compared to 

spectrum shown in Figure 3.3, Chapter 3, additional bands are observed in IRRAS  
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Figure 4.1 IRRAS spectrum of ultrathin silica films after modification with OTS. 
Inset - close-up on ν(CH2) modes. 
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spectrum of OTS-modified silica films that is expected to model stationary phase on 

silica surface. These modes are assigned to νs(CH2), at 2855, νs(CH3), at 2880,  νa(CH2), 

at 2925, and νa(CH3) at 2961 [cm-1]. The OTS coverage on the order of a monolayer was 

confirmed using ellipsometry measurements. Specifically, optical constants of complete 

systems (OTS/SiO2/Au) were acquired first followed by removal of OTS using exposure 

to UV, ozone and atomic oxygen in UV/ozone cleaner. After that, optical constants were 

measured for SiO2/Au. Based on these two sets of data, thickness of OTS was back 

calculated to be 2.1 ± 0.62 nm. This value corresponds well with 2.2 nm of fully extended 

length of C18 alkyl chain.4.74, 4.75  

 

FTIR characterization of CD3OD. Research interest in methanol properties is driven by 

intrinsic properties of this chemical specie (basic research) and because of its applications 

in modern industry (applied research). For instance, since both ν(OD) and ν(CD3) modes 

are sensitive to its hydrogen bonding environment, methanol became a molecule of 

choice for studying hydrogen boding dynamics, driving force(s) of hydrophobicity, 

formation of interfacial layers through forced dewetting4.76, 4.77, etc. Further, methanol is 

an amphiphilic molecule as it has both polar (hydroxyl group) and non-polar part (methyl 

group), which allows for its miscibility (makes excellent solvent) for both polar and non-

polar chemical species. This very amphiphilic nature of methanol makes it an ideal co-

solvent in RPLC separations. Other example of practical application of methanol is its 

potential for becoming a (bio)fuel to for both conventional engines as well as in fuel cells 

to name just a few uses. 
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Peak-fitted transmission IR spectrum of deuterated methanol in the 2000-2700 

cm-1 region is shown Figure 4.2, with peak assignments and frequencies shown in Table 

4.1.4.77, 4.78 The spectrum in this region consists of 8 modes, out of which only one 

(νs(CD3) mode) does not overlap with other ones. This complication adds another 

challenge to the spectral analysis of bulk water – methanol mixtures, simulated 1 nm-

thick isotropic water – methanol mixtures at OTS-modified silica, and to experimentally 

obtained residual layers. The difficulties actually go further in case of residual layers 

spectra. Specifically, in case of bulk spectra, there is no surface at which interface is 

formed. Similarly, in case of simulated layers no interactions with substrate are included 

in calculations; the simulated spectra are simply superposition of several-layers system. 

In contrast, in case of experimentally obtained residual spectra there is heterogeneous 

surface (OTS-modified silica) that can provide various types of interactions for methanol; 

namely, methyl terminated OTS and silanol groups exposed to the surface. These 

additional considerations will be discussed in more details in subsequent part of this 

chapter. 

Peak center frequencies in IR spectra of methanol have been previously shown to 

be sensitive for type of hydrogen bonding methanol molecule experiences.4.79-81 In this 

work, however, main focus in on νs(CD3) mode as this is the one that provides most 

unequivocal interpretation of the methanol bonding environment and does not overlap 

significantly with other modes. This latter feature is especially important since in the case 

of residual water-methanol mixtures at OTS-modified silica there are several possible 

scenarios of hydrogen bonding that may occur, and interpretation of already overlapping  
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Figure 4.2 Transmission IR spectrum of bulk CD3OD. Dashed lines – total fit envelopes 
and fit peaks, dotted line – residual. 
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Table 4.1 Peak frequencies and their assignments for bulk CD3OD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results are shown from 3 independent fits of 3 independent spectra. 

 

Assignment Fit 
Center (FWHM), cm-1 

Integrated absorbance 

a.u., cm-1 

1 2601 (92) 8.4 
2 2602 (92) 7.4 
3 2602 (92) 7.4 

ν(OD) dimer 

Average 2602 ± 1 (92 ± 0) 7.8 ± 0.59 

1 2488 (149) 151 
2 2490 (149) 150 
3 2489 (150) 149 

ν(OD) cyclic hexamer 

Average 2489 ± 1 (149 ± 0) 150 ± 1 

1 2385 (202) 30 
2 2390 (202) 33 
3 2382 (198) 32 

ν(OD) acyclic oligomer 

Average 2388 ± 3 (200 ± 2) 31 ± 2 

1 2247 (36) 13 
2 2249 (36) 13 
3 2248 (35) 12 

νa(CD3) 

Average 2248 ± 1 (36 ± 1) 12 ± 0 

1 2214 (37) 14 
2 2215 (37) 15 
3 2215 (38) 15 

νa(CD3) 

Average 2215 ± 1 (37 ± 1) 14 ± 1 

1 2182 (105) 12 
2 2185 (105) 12 
3 2185 (105) 12 

ν(CO) + δ(CD3) 

Average 2184 ± 2 (105 ± 0) 12 ± 0 

1 2135 (30) 3.7 
2 2136 (28) 4.1 
3 2137 (28) 4.0 

2 x δa(CD3) 

Average 2136 ± 1 (29 ± 1) 3.9 ± 0.23 

1 2071 (12) 17 
2 2071 (11) 17 
3 2071 (11) 16 

νs(CD3) 

Average 2071 ± 0 (12 ± 0) 17 ± 0 
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modes is extremely challenging. 

Dixit et al. reported that νs(CD3) mode is sensitive to type of hydrogen bonding 

methanol molecule experiences.4.82 These results are also supported by computational 

studies4.83, 4.84 and other reports.4.80, 4.85 Specifically, the frequency of νs(CD3) increases 

when methanol acts as hydrogen bond donor, which is due to the fact that hydrogen (i.e., 

partial positive charge) is removed from the hydroxyl group that donates this partial 

charge to hydrogen bond acceptor. In consequence, more electron density is located at 

oxygen atom that, in turn, results in less electron density withdrawn from carbon that 

ends up with higher electron density compared to state before formation of hydrogen 

bond. Subsequently, increase in electron density around carbon causes lowering the 

strength of the C-D bond as less electron density in withdrawn from hydrogen atoms 

around carbon. Spectrally, this process manifests itself as decrease in νs(CD3) frequency. 

In reverse case when methanol acts as hydrogen bond acceptor, the frequency of νs(CD3) 

increases because of the fact that electron density in now attracted from oxygen towards 

hydrogen resulting in opposite relocation of electron density around carbon. Yet another 

scenario involves methanol molecule that forms hydrogen bonds via its all 3 sites that are 

available. In this case, since the collective acceptor hydrogen bonding capability 

increases, (two acceptor sites vs. one donor), so does the frequency of νs(CD3). Finally, in 

case when methanol bonds with methyl group, decrease in νs(CD3) frequency is observed 

because of weakening of the C-D bond.  
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Only one, narrow (FWHM of ~12 cm-1) peak is observed for νs(CD3) in neat 

methanol, Figure 4.2. This observation indicates that there is one type of hydrogen 

bonding that most methanol molecules in neat liquid experience. Based on this results 

(FWHM of νs(CD3) mode) and above conclusion, it is assumed that once methanol is 

subjected to any deviation from its prevalent type of hydrogen bonding this is expected to 

be observed by a shift in this mode. Such shift could be to higher frequencies (when 

methanol acts as a hydrogen bond donor), to lower frequencies (when methanol acts as 

hydrogen bond acceptor), or peak broadening (existence of at least two population with 

distinctive hydrogen bonding environments). This assumption is based on the fact that 

other species that provide change in hydrogen bonding (either as donor or acceptor), 

exhibit different extent to which they can act as hydrogen bond acceptor/donor. In 

consequence, shift is observed from center frequency compared to neat methanol because 

of different abilities to withdraw/donate electron density. Further, such shift is anticipated 

to be more pronounced shifts for stronger (compared to methanol) hydrogen bond 

donors/acceptor. 

Possible hydrogen bonding environments are shown in Figure 4.3.4.77 These are 

referred to as homo hydrogen bonds as they are formed between methanol molecules. In 

contrast, hetero hydrogen bonding will be referred to henceforth to a situation when 

methanol forms hydrogen bonds with other species. Specifically, in system investigated 

in this dissertation, these species are water, OTS, and silanols at the surface. These 

scenarios will be discussed in more details later on in section dedicated to interpretation  
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Figure 4.3 Schematic representation of possible hydrogen bonding environments in neat 
methanol. Adapted from Tsuruta-Heier.4.77 
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of experimentally obtained residual water-methanol layers at OTS-modified silica 

surface. 

 

FTIR characterization of H2O–CD3OD mixtures. Water–methanol mixtures are one of 

the most often used binary combinations in RPLC. Therefore, since significant portion of 

this dissertation is devoted to improve understanding of interfacial behavior between 

stationary phase and mobile phase in RPLC at molecular level, it is important to analyze 

bulk behavior of investigated mixture in order to lay foundation for interpretation of 

experimental data from forced dewetting. 

Water–methanol mixtures were subject to numerous studies. These include 

various spectroscopic techniques (IR4.86-92, Raman4.82, 4.86, 4.87, 4.92-95, soft X-ray absorption 

and emission4.96, fluorescence4.97), non-linear spectroscopies (interfacial regions, mainly 

using sum frequency generation, SFG)4.98-103, chromatographic measurements4.53, 4.54, 4.104-

108, temperature-programmed time-of-flight secondary ion mass spectrometry (TP TOF-

SIMS)4.109, 4.110, TOF-SIMS4.111, molecular simulations4.89, 4.112-121, etc. Unfortunately, 

despite decades of effort, no consensus has been reach to date about detailed picture of 

water–methanol mixture(s) at molecular level. In the literature cited above, three main 

species have been identified, i.e., water, methanol, and water–methanol complex(es). The 

fraction of each component in the mixture was found to be dependent on bulk molar ratio, 

however, the results vary significantly.4.87, 4.96, 4.122-127  

Katz et al. investigated water – methanol mixtures from the standpoint of their 

bulk properties such as volume additivity, density, and refractive indices as a function of 
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mixture’s composition. The author found that in mixtures, water associated with itself, 

methanol associated with itself, and water – methanol associates.4.104 Further, the author 

shows that for mixture composed of 50% (v/v) of methanol or less, the mixture contains 

only a small fraction of methanol unassociated with water. In contrast, for mixtures 

containing ≥ 50% (v/v) methanol, there is only a small fraction of water that is not 

associated with methanol. Finally, a mixture that is initially composed of ~60% (v/v) of 

methanol, it was found that it actually contains ~50% of the water-methanol associate.  It 

should be also noted that Katz et al. provides comprehensive list of volumes, densities, 

and refractive indices for water – methanol mixtures across 0% - 100% range of volume 

fractions. Unfortunately, being limited by experimental setup, Katz et al. could not 

provide any molecular-level details about proposed water-methanol complex. 

Holden et al. reported the presence of water, methanol, and two water – methanol 

complexes with 1:1 and 4:1 ratios based on analysis of Raman and IR spectra of water – 

methanol mixtures.4.87 In contrast to previous findings, Zhao et al. found evidence for 

three chemical species (pure water, pure methanol, and 2:1 water – methanol complexes) 

using window factor analysis4.122, while Puxty et al. found the evidence of methanol, 

water, and 1:1, 1:4, and 1:9 water-methanol complexes using evolving factor analysis.4.128  

Venables et al. attempted to fit their IR data for mixtures, but 1) they did that for 

400-1000 cm-1 range, which is a different IR window compared to analysis performed 

here; 2) for asymmetric envelopes, while fitting with symmetric Gaussian peaks, the 

curves were fit to as much of the spectra as appeared symmetric, although the authors 

claim that finally the agreement between the absorption band and the fitted curves over 
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the selected range was good (without further supporting argument(s) provided) ; and 3) 

no actual fitted spectra were shown.4.129  

Yet different results were published by Dixit et al. who applied neutron 

diffraction with isotope substitution to find that for concentrated water – methanol 

mixtures (3:7 molar ratio) most of the water molecules exist as small hydrogen-bonded 

strings and clusters in a fluid of close-packed methyl groups, with water clusters bridging 

neighboring methanol hydroxyl groups through hydrogen bonding.4.124 

Interestingly, above authors do not provide peak-fitted IR spectra of water – 

methanol despite claiming knowledge of composition(s) of the mixture nor discuss in 

more detail structure(s) of the complexes. The only exception is Venables et al., who 

provided variations of the fitted peak position their widths as a function of mixture 

compositions, but these do not appear to be fully reliable as discussed previously.4.129 

Also, Keefe et al. published their IR data, but these authors did not attempt to perform 

peak-fitting of their results.4.86 

Despite numerous reports on water-methanol mixtures a solid understanding of 

molecular-level details about these mixtures is still missing. This, however, is somewhat 

expected as there is no unified molecular-level detail picture about either neat methanol 

or water, where debate continues about structures present and their geometry as discusses 

above and in previous chapter. In fact, the range of published proposed composition(s) 

and structures obtained by various authors using different methods only proves how little 

is known, and that no single method can address these issues. 
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Further, while considering water-methanol complex(es), knowledge of their 

structures and bonding is necessary to fully interpret IR spectral response. For instance, 

complex that is described as (CD3OD)5(H2O)5 (number of molecules in a complex 

provided for exemplary purposes only) can have several possible structures and 

potentially types of bonding involved. In consequence, IR spectra would be affected to 

various degrees by one population over the other. Further, each one is expected to 

provide slightly different IR response, mainly due to different types of hydrogen bond 

formed as discussed above.4.77 In addition, it should be noted that, as shown in Figure 4.2, 

most of the modes observed in IR spectrum of deuterated methanol are products of 

overlap of at least two other modes that may have different susceptibility to express their 

sensitivity for a given hydrogen bonding that methanol molecule experiences. Finally, 

modes present in ν(OD) region as shown in Figure 4.2 represent three main structures 

that are thought to occur in liquid methanol: acyclic oligomer, cyclic hexamer, and a 

dimer.4.77 However, to the best knowledge of the author, the debate still exists over these 

proposed structures as discussed previously. Further, no consensus has been reached over 

how hydrogen bonding occurs at molecular level for each of these structures. It should be 

also noted that the impact of aforesaid potential various types of hydrogen bonding onto 

IR spectral response as a function of v/v fraction of solvent-methanol mixtures remains 

unknown. Above considerations are provided to emphasize complexity of water – 

methanol spectra at molecular level, assumptions that need to be made, and challenges 

associated with peak fitting. 
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Regardless of complexity of water– methanol mixtures (not only in terms of 

species present in solution, but also in terms how their relative amounts change as a 

function of bulk v/v ratio in mixture), hydrogen bonding (homo vs. hetero) can be 

monitored via shift in νs(CD3) mode with a reasonable sensitivity. It should be noted here 

that, unfortunately, no molecular-level details can be extracted based solely on this mode. 

Yet, the presence of unobstructed methanol mode that is simultaneously sensitive to 

methanol hydrogen bonding environment, and which spectral response can be monitored 

creates unparalleled opportunity to investigate interactions both between individual 

components of mobile phase as well as (potentially) between mobile phase and stationary 

phase in RPLC.  

In Figure 4.4a-d, transmission IR spectra of water–deuterated methanol bulk 

mixtures of 90:10, 50:50, and 10:90water–deuterated methanol [v/v], and neat deuterated 

methanol in the region 2000 to 2700 cm-1 are shown. In this Figure, νs(CD3) mode is 

observed at ~2080, ~2076, ~2071 and ~2071 cm-1 for 90:10, 50:50, 10:90, and neat 

methanol, respectively.  

Based on the observed shift in νs(CD3) by ~10 cm-1 to higher frequencies, it can 

be concluded that (as expected) hetero hydrogen bonding dominates in water-rich 

mixture (90:10 water–deuterated methanol, Figure 4.4a), with methanol behaving as 

hydrogen bonding donor. In contrast, for methanol-rich mixture (10:90 water–deuterated 

methanol, Figure 4.4c), the spectral response is virtually identical to those of bulk 

methanol as indicated by essentially no shift in νs(CD3) mode; its observed frequency is 

the same as that of neat methanol. For the 50:50 water–deuterated methanol mixture  
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Figure 4.4 ν(CD) and ν(OD) modes in 2000-2700 cm-1 spectral region as a function of 
bulk mixture composition: a) 90:10, b) 50:50, c) 10:90 water–deuterated 
methanol [v/v] mixtures, and d) neat deuterated methanol. Black drop lines 
are guides to the eye. 
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(Figure 4.4b), shift of ~5 cm-1 is observed that indicates that methanol does form hetero 

hydrogen bonds, albeit not to such extent as in case of 90:10 mixture. Alternatively, the 

structure(s) of 90:10 and 50:50 complex(es) can be different; this also could manifests 

itself as smaller shift in νs(CD3) mode.  

Collectively, above observations for bulk water-methanol mixtures are in good 

agreement with previous reports.4.88, 4.104, 4.128 Thus, based on these data, it is justified that 

the choice of νs(CD3) will allow for evaluation of hydrogen environment type (homo vs. 

hetero) that will be observed in residual water – methanol layers at OTS ultrathin silica 

films on gold support.  

Other modes observed in IR spectrum of deuterated methanol and its mixtures are 

also changing as a function of mixture composition. ν(OD) envelope shifts from ~2490 

(neat methanol) to ~2495 (10:90), to ~2510 (50:50), and back to ~2505 for 90:10 water–

deuterated methanol [v/v]. νa(CD3) changes from ~2215 and ~2245 (neat methanol), to 

~2218 and ~2243 (10:90), merges to one broad peak at ~2238 for 50:50, and begins to 

split into two broad peaks ~2232 and ~2250 for 90:10 water–deuterated methanol [v/v]. 

The δa(CD3), found at ~2135 in neat deuterated methanol, shifts to ~2138 for 10:90, 

followed by ~2140 for 50:50, and ~2142 for 90:10 water–deuterated methanol [v/v]. 

Collectively, the shifts in 2100-2700 cm-1 region are somewhat small for 90:10 and 10:90 

water-methanol mixtures (only few wavenumbers) compared to bulk methanol.  

Given complexity of 2100-2700 cm-1 region and lack of characteristic features in 

spectra that would allow definite determination of peaks parameters and possible shift it 
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is not possible to reliably peak-fit this region. In other words, there are too many 

unknowns to provide justifiable fit to this convoluted envelope.  

Nonetheless, several strategies were attempted to fit these regions. For instance, 

based on the fact that since shifts in ν(OD) are similar in magnitude to that of νs(CD3), it 

was assumed that ν(OD) modes would have similar shifts. However, it was found 

experimentally that it is not possible to fit residual layers (even 10:90 water-methanol) 

with peak parameters from neat methanol by simply keeping frequencies and FWHMs 

fixed and adjusting height of the peaks in order to obtain fit. This outcome was actually 

expected based on the fact that observed spectral response as shown in Figure 4.4 is not a 

straightforward linear shift from center frequencies as a function of bulk mixture 

composition. For instance, νa(CD3) merges into one peak for 50:50 mixture, or center 

frequency of ν(OD) increase, and then decreases as a function of composition.  

The reverse strategy that relied on obtaining best numerical fit based on guessed 

parameters was also explored. Reasonable fits were achieved in some of the attempts as 

observed by R2 parameter approaching 1 and essentially flat residuals. However, these 

fits lack solid, justifiable chemical meaning; they merely represent numbers that yield 

good fit. In addition, there are several radically different possible fit scenarios which 

were developed throughout this attempt that provided comparable quality of resulting fits. 

This sensitivity of final results to initial conditions further proves (as anticipated) limited 

usefulness of this approach. Nevertheless, these were given several chances to obtain 

proof of concept. 
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 Spectra of neat water, and water–deuterated methanol bulk mixtures of 10:90, 

50:50, and 90:10 water–deuterated methanol [v/v] in the region of 3000-3800 cm-1 are 

shown in Figure 4.5a-d. ν(OH) envelope faces similar challenges compared to 2000-2700 

(methanol) region in terms of peak fitting. This region was chosen to avoid ν(OD) 

overlap from deuterated methanol and deuterated water that would result in having many 

modes, e.g., up to 4 from water, up to 3 from methanol, and unknown number of modes 

from water-methanol complex(es) under one, broad ν(OD) envelope. On top of that, the 

interpretation of this region is even more challenging since it is possible that some of the 

water population densities may change significantly modifying overall shape of envelope. 

For instance, certain modes and their respective populations may be more amenable to 

form complex(es) with methanol than other ones, or formation of complex(es) may 

disrupt existing ordering of water molecules. Yet another possibility is that molar 

absorptivity of resulting water-methanol complexes can also change resulting in 

alteration of population peak area under the envelope; combination of these scenarios is 

also possible. Thus, based on these considerations, it is not exactly known how IR 

spectral response from water modes can be affected by presence of water-methanol 

complexes.  

However, 1) assuming that the probability for all water molecules to be involved 

in formation of hydrogen bonding with methanol molecules is comparable (e.g., same 

fraction of each water population are simultaneously involved in hydrogen bonding with 

methanol); and 2) no significant changes in molar absorptivity of individual populations 

(ice-like, liquid-like etc.) occurs, then two major trends can be deduced based on 
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Figure 4.5 ν(OH) spectral region (3000-3800 cm-1) as a function of bulk mixture 
composition: a) neat water, b) 90:10, c) 50:50, d) 10:90 water–deuterated 
methanol [v/v] mixtures. 
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spectra shown in Figure 4.5a-d. The first one is that the presence of methanol induces 

higher ordering of water molecules compared to neat water. This conclusion is supported 

by presence of shoulder on lower frequency side of the ν(OH) envelope, and overall shift 

ν(OH) towards lower frequencies. The second trend is that at low fraction of water in 

mixture (high methanol content), higher ordering is still observed as indicated by peak 

center shifts towards lower frequencies, with simultaneous decrease in monomer and 

weakly hydrogen bonded modes. However, the increase in ordering does not mean that 

more ice-like structures are formed. In fact, it is quite the contrary as it can be observed 

in Figure 4.5c-d in that the ice-like mode appears to decrease, with simultaneous increase 

in liquid-like mode that is second most ordered mode in ν(OH) region.  

Above trends are in good agreement with previously published results where 

formation of complex(es) is reported.4.88, 4.104, 4.128, 4.129 In addition, the decrease in ice-like 

mode and increase in liquid-like mode in mixtures with high content of methanol can be 

explained by the fact that while formed water-methanol complex(es) are expected to 

improve overall molecular level ordering, they do not necessarily have to have 

structure(s) identical or closely resembling those of ice. This is especially true for large 

fractions of methanol present in mixture where, since most of the water forms complexes 

with methanol, significant fractions of water structures are disturbed by the incorporation 

of methanol. This perturbation occurs because of the fact that methanol, while being 

capable of forming ordered structures with water, can not be treated as exact water 

substitute in tetrahedral geometry (characteristic of ice) resulting in distorted structures 
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that spectroscopically is expected to provide similar to that of liquid-like neat water 

(distorted tetrahedral or not fully coordinated).  

Collectively, to the first approximation, it was assumed for the purpose of peak 

fitting of the ν(OH) envelope that probabilities of forming complex(es) with methanol for 

all molecules are comparable, and that no significant departures from molar absorptivities 

for each modes are observed for any water mode since there is only small fraction of 

methanol in solution. Based on these assumptions, ν(OH) were fitted with 4 modes from 

bulk water with fixed center frequencies and FWHM. However, small departures from 

above assumptions were observed as indicated by resulting residuals indicating that 

above postulations do not hold completely. Therefore, additional peak was introduced. 

The need for this extra peak is also evident from the spectrum (see Figure 4.5b), where 

shoulder on lower frequency side is observed suggesting possible presence of 5th species 

in spectral response. Hereafter, it was assumed that despite appearance of new peak in 

ν(OH) envelope, water modes are still comparably susceptible for formation of 

complexes with methanol, their molar absorptivities do not change significantly, and new 

peak reflects only water-methanol complex as indicated in the literature.4.104, 4.128, 4.129  

 The results of the fitting procedure as described above are shown in Figure 4.6, 

with peak assignment and parameters shown in Table 4.2. In that table, the results from 3 

independent fits for bulk water-methanol are shown. 

Katz et al. reports that in 90:10 v/v water-methanol mixture, essentially all the 

methanol forms complexes with water, with only small fraction (≤10% of total amount of 

methanol present as estimated for published results) of methanol in free form4.104;  
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Figure 4.6 Decomposed transmission IR spectrum in ν(OH) region from 90:10 v/v bulk 
water-methanol mixture. Solid line – spectral response, dashed lines – peak 
fits and total fit envelope, dotted line – residual. 
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Table 4.2 Peak assignments and parameters for decomposed transmission IR spectrum in 
ν(OH) region from 90:10 v/v bulk water-methanol mixture as shown in Figure 
4.6. 

 

 

 

 

Bulk water-methanol mixture, 90:10 v/v 

Assignment Spectrum 

Center 

(FWHM) 

cm
-1

 

Integrated 

absorbance 

a.u. 

cm
-1

 

Fractional 

integrated 

absorbance, 

% 
ice-like  3233 (252) 164 32 

liquid-like  3412 (241) 237 46 
weakly H-bonded  3529 (147) 70 14 

monomer  3616 (99) 23 5.0 
     

    
1 3221 (136) 19 3.64 
2 3222 (141) 21 4.13 
3 3222 (136) 19 3.14 

water-methanol 

complex 

Average 3222 (136 ± 5) 19 ± 2 3.6 ± 0.49 

 

 

 

Results are shown from 3 independent fits of bulk spectrum. 
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Puxty et al. reported similar values.4.128 Therefore, the total contribution of additional 

peak in ν(OH) mode from water-methanol is expected to be ≤10% of total spectral 

response from ν(OH) envelope. Indeed, data shown in Table 4.2 confirms validity of 

above consideration as integrated absorbency of newly introduced peak is ~4%, which is 

in reasonable agreement with predicted data based on assumptions stated above.  

Regrettably, no peak fitting procedure could be performed for other (50:50 and 

10:90) mixtures using the same strategy. This limitations stems from several constrains. 

First, at either of these ratios, mixtures in general consist of at least 3 different species.4.87, 

4.88, 4.96, 4.104, 4.122-128 For 90:10 water-methanol, the situation is relatively simple as most of 

the ν(OH) response can be (reasonably) safely assumed to be mostly water unperturbed 

by the presence of methanol due to small fraction of methanol present. However, such 

assumption can not be made for mixtures containing high volume fraction of methanol. In 

particular, it is reported in the literature that at these methanol-rich mixtures, there are at 

least two distinctive populations of water molecules, i.e., free water molecules (not 

forming complex(es) with methanol), and water molecules that form complex(es) with 

methanol.4.88, 4.104, 4.128, 4.129 Therefore, ν(OH) envelope needs to be fitted with at least two 

sets of data, i.e., for water that is not bound with methanol (known fit parameters), and 

water that is bound with methanol (unknown fit parameters). Further, there is no 

consensus about what complex(es) may exist at either v/v mixture. In fact, even if they 

were known, further details are necessary to fully interpret IR response; these details 

include knowledge about its/their structure(s), and what are the implications of these 

particular structures onto IR spectral response further challenging the task of peak fitting. 
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In addition, since the fraction of methanol in solution is large, then it can not be 

safely assumed that molar absorptivities of water modes are not perturbed to significant 

extent (i.e., they retain molar absorptivities of neat water). Further, the existence of free 

(unbound) water assumes that its structures remain the same as bulk in which may not be 

the case since there is only small fraction of water present in solution. This water may be 

perturbed compared to structure of free water due to proximity of, and large density 

number of methanol molecules. Therefore, the strategy that would rely on fitting the 

ν(OH) envelope with neat water peaks, constraining their parameters, and trying to find 

peaks that need to be in this region to obtain numerically reasonable fit is not 

satisfactorily substantiated. Yet, several attempts were made to prove the point that above 

approach is not valid. As expected, while numerically it was possible to obtain sound fit, 

the outcome was far from logic, i.e., the fraction of the ν(OH) remaining after fitting with 

bulk water peaks parameters was on the order of several percent only (<< 10%). This is 

in drastic contrast to previously reported results in which water-methanol mixtures were 

found to consist of significant percentage (e.g., Katz et al reports value of 50%) of total 

population in form of complex(es).4.88, 4.104, 4.128 Therefore, this simplified approach can 

not be considered as a successful strategy to investigate water-methanol structures in 

solutions with high content of methanol. Reports from the literature are not particularly 

helpful in this situation either in that there are significant discrepancies between authors, 

methods and results published. Therefore, given complexity of water–methanol mixtures, 

peak parameters for each free and bound water modes need to be known beforehand to 

perform reasonable and justifiable fit. 
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Collectively, above constrains effectively prohibit more detailed analysis of 

ν(OH) for mixtures containing high fraction of methanol. However, ν(OH) from water is 

not the only region that can be analyzed to evaluate structure of water-methanol mixtures 

at OTS-modified silica surface as the strategy in this dissertation relies on comparing 

isotropic simulated water-methanol layers with spectra from residual layers. Therefore, it 

will be still possible to estimate whether or not residual layers exhibit specific structuring 

or are mostly isotropic, although more detailed analysis will be precluded because of 

ambiguity in terms of spectral data fitting and interpretation. 

  

IR characterization of simulated isotropic H2O – CD3OD mixtures at OTS-modified 

silica layers in the 2000-2700 cm
-1

 region. IRRAS spectra of 1 nm-thick, isotropic, 

homogeneous layers of water–methanol mixtures at OTS modified ultrathin silica 

substrates on gold supports for various [v/v] ratios were simulated to provide the basis for 

analysis of experimental spectra. The assumption made here is that these spectra will be 

evaluated differentially against respective experimental spectra, and conclusion will be 

made regarding structuring (or lack of thereof) of residual layers compared to simulated 

isotropic ones. The results of these calculations in the 2000-2700 cm-1 region are shown 

in Figure 4.7a-c. 

Special attention was paid to νs(CD3) mode in spectra shown in Figure 4.7a-c. In 

particular, the center frequency of this mode changes as a function of mixture 

composition in that its value changes from ~2080, through ~2075 to ~2070 cm-1 for 

90:10, 50:50, and 10:90 water-methanol v/v mixtures, with FWHMs of about 12 cm-1.  
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Figure 4.7 Simulated FTIR spectra of 1 nm thick isotropic interfacial water – methanol 
layers in the region of 2000 to 2700 cm-1 for a) 90:10, b) 50:50, and c) 10:90 
[v/v] of binary mixtures at OTS modified silica substrates. 
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These parameters are the same as those of bulk mixtures proving that hydrogen bonding 

in methanol can be evaluated using IR spectroscopy. 

Other modes in simulated spectrum of 10:90 water-methanol mixture is virtually 

identical to that of bulk mixture. The νa(CD3) and δa(CD3) modes exhibit the same center 

frequency and FWHM as bulk. Center frequency of ν(OD) envelope shifts to 2505 (by 

~10 cm-1), but its FWHM is as before. For 90:10 mixture, νs(CD3) and δa(CD3) are the 

same as in bulk mixture. νa(CD3) exhibit characteristics of two peaks almost completely 

merged which is also similar to νa(CD3) behavior in bulk mixture. Finally, for 50:50 v/v 

mixture, νs(CD3) is also observed to retain the same characteristics as bulk mixture. 

Center frequency of ν(OD) envelope, similarly to other v/v mixtures, shifts slightly to 

higher frequencies by ~10 cm-1. Peak splitting in case of νa(CD3) mode is somewhat less 

pronounced. Finally, center frequency of δa(CD3) and its FWHM is the same as in case of 

bulk mixture. 

Simulated spectra of water-methanol mixtures in the 2000-2700 cm-1 region were 

not fitted for reasons discussed previously. The most information in this region are 

expected to be obtained from νs(CD3) mode since it does not overlap significantly with 

other modes. In addition, this mode is sensitive to type of hydrogen bonding methanol 

experiences; the changes can be monitored with IR through shifts in peak center 

frequency as shown in section about bulk water-methanol mixtures. 

 

 



 196 

IR characterization of simulated isotropic H2O – CD3OD mixtures at OTS-modified 

silica layers in the 3000-3800 cm
-1

 region. IRRAS spectra of 1 nm-thick, isotropic, 

homogeneous layers of water–methanol mixtures at OTS modified ultrathin silica 

substrates on gold supports for various [v/v] ratios were simulated to provide the basis for 

differential analysis of experimental spectra. The results of these calculations in the 3000-

3800 cm-1 region are shown in Figure 4.8. 

Simulated isotropic spectra in the ν(OH) region exhibit similar spectra 

characteristics to their bulk counterparts compared to 2000-2700 cm-1 region. The most 

significant difference is slight decrease in lower frequency shoulder that previously has 

been tentatively assigned to water-methanol complex(es) for 90:10 and (to lower extent), 

for 50:50 mixtures. In case of 10:90 mixture, the spectra are virtually the same. 

As discussed previously, only 90:10 water-methanol mixture can be reliably peak-

fitted. The results of fitting procedure that used the same assumptions as in case of bulk 

mixtures are shown below in Figure 4.9; peak assignment and parameters are shown in 

Table 4.3. In that table, results from 3 independent fits for bulk water-methanol are 

shown.  

Similarly to data shown in Figure 4.6 and Table 4.2, the outcome of peak fitting 

using aforesaid assumption clearly shows need for additional peak in spectrum as 

indicated by presence of distinct shoulder on lower frequency side of the ν(OH) mode. At 

the same time, the fractional integrated absorbance of this peak is still << 10% of total 

ν(OH) envelope absorbance. This observation indicates that stated assumptions are valid 

for this particular water-methanol mixture. 
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Figure 4.8 Simulated FTIR spectra of 1 nm thick isotropic interfacial water – methanol 
layers in the region of 3000 to 3800 cm-1 for a) 90:10, b) 50:50, and c) 10:90 
[v/v] of binary mixtures at OTS modified silica substrates. 
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Figure 4.9 Decomposed simulated IR spectrum in ν(OH) region from 90:10 v/v water-
methanol mixture. Solid line – spectral response, dashed lines – peak fits and 
total fit envelope, dotted line – residual. 
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Table 4.3 Peak assignments and parameters for decomposed simulated IR spectrum in 
ν(OH) region from 90:10 v/v water-methanol mixture as shown in Figure 4.9. 

 

 

 

 

 

Simulated isotropic 1 nm thick water-methanol mixture layer  

at OTS-modified silica surface, 90:10 v/v 

Assignment Spectrum 

Center 

(FWHM) 

cm
-1

 

Integrated 

absorbance 

a.u. 

cm
-1

 

Fractional 

integrated 

absorbance 

% 
ice-like  3232 (252) 0.21 32 

liquid-like  3412 (241) 0.50 46 
weakly H-bonded  3529 (147) 0.16 14 

monomer  3615 (99) 0.05 5.0 
     

    
1 3227 (138) 0.08 8.00 
2 3222 (143) 0.09 8.91 
3 3229 (135) 0.06 6.12 

water-methanol 

complex 

Average 
3226 ± 4  

(139 ± 4) 
0.07 ± 0.02 7.7 ± 1.4 

 

 

 

Results are shown from 3 independent fits of simulated spectrum. 
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The Residual Layer/Gas Phase/Bulk Solvent Equilibria. IR spectral response from 

OTS-modified ultrathin silica film on gold supports as well as from water-methanol 

mixtures has been discussed in paragraph above. Thus, now the experimental setup needs 

to be considered to evaluate its influence onto experimentally obtained PM-IRRAS 

spectra. 

A schematic of the experimental setup used in data acquisition is shown in Figure 

1.3 in Chapter 1. Such setup works well for forced dewetting from a single solvent such 

as discussed in the previous chapter. However, special considerations need to be taken 

into account for the binary solvent system used here. Concerns about this strategy as 

applied to binary solvent systems include: the chemical and physical characteristics of 

each individual component of the bulk mixture, the composition of the saturated vapor  

phase into which the residual layer is removed relative to bulk mixture, the composition 

of the residual layer, the disjoining pressures in residual layer for each individual 

component, the equilibrium between bulk solvent/vapor phase/residual layer system, and 

relative amounts of each component in each of these domains. 

The chemical species that make up the bulk binary mixture have different intrinsic 

physical properties such as molecular weights, gas phase vapor pressures, densities, etc., 

as shown in Table 4.4. The consequence of these dissimilarities is the fact that the molar 

composition of the saturated vapor phase atmosphere above the liquid mixture is different 

from its bulk liquid counterpart. Specifically, based on the data shown in Table 4.4, and 

using Eqn. 4.1 (Raoult’s Law) for a binary mixture, a graph as shown in Figure 4.10 can  
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Table 4.4 Selected properties of H2O and CD3OD. 

 

 

 

 

 

 

 

 

 

Molecular weight  

[g/mol] 

Vapor pressure 

[hPa ] 

Density  

[g/cm3] 

CD3OD 36 129 0.791 

H2O 18 23 0.995 
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be constructed that represents the composition of the vapor phase as a function of bulk 

solution composition after accounting for the properties of individual constituents. 

 

 ptotal = pA*xA + pB*xB Eqn. 4.1.  

 

where ptotal is total pressure above solution of A and B, pA is the vapor pressure of the 

component A, xA is the molar fraction of the component A, pB is the vapor pressure of the 

component B, and xB is the molar fraction of the component B. 

From graph presented in Figure 4.10, it is evident that the composition of gas 

phase is enriched in methanol. This enrichment is solely because of differences in water 

and methanol intrinsic physical properties (molecular weights, gas phase vapor pressures, 

densities of liquid, etc.). 

The consequences of different compositions in the vapor phase versus the bulk 

liquid phase are profound. The situation is simple for forced dewetting from a single 

solvent from the viewpoint of residual layer formation and stability (composition, 

structure) of these layers in the experimental setup. In this case, the chemical species in 

residual are exactly the same as their counterparts in gas phase or bulk liquid.  Moreover, 

when forced dewetting is performed into a saturated vapor phase, the disjoining pressure, 

and hence the evaporation rate,4.130-134 go to zero resulting in residual layer that is stable 

for an indefinite period of time. However, in the case of forced dewetting from a binary 

solvent, the situation becomes considerably more complicated. More precisely, equilibria 

between bulk solvents’ mixture on the bottom of the cell, gas-phase, and residual layer 
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Figure 4.10 CD3OD molar fraction in gas phase vs. CD3OD molar fraction in water – 
methanol binary mixture. ◊ represents 90:10, 50:50, and 10:90 [v/v] bulk 
mixtures. 



 204 

must be considered in light of different properties of individual components of bulk 

mixture (see Table 4.4). The interdependencies between each of the element of the forced 

dewetting system and resulting residual layer are schematically shown in Figure 4.11. 

 The relative amounts of number of molecules in residual layer and in gas phase 

are also of critical importance for the experiment. These numbers signify whether gas 

phase or residual layer is a major source of molecules in the investigated system, and 

whether the composition of the gas phase will affect the composition of the residual layer 

or vice versa.  

For estimation of number of molecules in each of these domains, it was assumed 

that the total volume of gas phase inside the cell used in formation of residual layers 

through forced dewetting is 30 cm3, and that the volume of residual layer is 1.3 nL. The 

bulk characteristics of each component of the mixture were taken from Table 4.4 to 

calculate number of moles of each compound in both gas phase and in residual layer. 

Based on above assumptions and data, relative numbers of moles in each phases were 

calculated. 

The results of these calculations are shown in Table 4.5. The data clearly shows 

that there are significantly more molecules of either component in the gas phase 

compared to residual layer. The difference is observed regardless of gas phase 

composition; the disparity is at least three orders of magnitude. Therefore, it is concluded 

that since interfacial layer is different from bulk (by definition), its structure and/or 

composition in forced dewetting setup must be affected by gas phase composition, which 

in turn is determined by bulk solvent mixture composition. This conclusion complicates  
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Figure 4.11 Interdependencies in forced dewetting setup: a) schematics of actual 
instrumental setup; b) clarification of interdependent components at 
equilibrium. 
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Table 4.5 Relative amounts of H2O:CD3OD in bulk liquid mixtures and in a saturated 
vapor phase atmosphere above these binary liquids. 

 

 

 

Fraction H2O:CD3OD [v/v] 0 10:90 50:50 90:10 100 

Fraction CD3OD:H2O [v/v] 100 90:10 50:50 10:90 0 

 

H2O, ratio of moles  

 

mixture liquidbulk in  moles of#
phasein vapor  moles of#

 

 

0 2.1 x 104 2.1 x 104 2.1 x 104 2.1 x 104 

 

CD3OD, ratio of moles 

 

mixture liquidbulk in  moles of#
phasein vapor  moles of#

 

 

5.5 x 103 4.8 x 103 3.1 x 103 2.3 x 103 0 
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data interpretation in that the observed spectral response from the system will not be of 

the preserved interfacial layer. Instead, the composition and, most likely structure, will be 

perturbed by the residual layer – gas phase equilibrium. 

Above considerations describe the presence and operation of disjoining pressure 

in system under study. Disjoining pressure describes forces acting within and upon a thin 

(≤ 100 nm) fluid films between two phases, e.g., a thin fluid layer between two solid 

substrates, or between a gas phase directly above thin liquid layer and a solid substrate. 

These forces dictate behavior of thin fluid layer, e.g., depending on disjoining pressure 

and system characteristics, the residual thin layer may be stable resulting in uniformly 

distributed fluid film over the surface, or droplet formation may be observed resulting in 

non-uniform coverage. 

Disjoining pressure can be also related to vapor pressure of chemical species in 

gas phase over the liquid, Eqn. 4.24.133, 4.134 

 

  







−=Π

satm p

p

v

RT
h ln)(  Eqn. 4.2  

 

where R is the gas constant, T is the temperature [°K], vm is the molar volume of the 

liquid, p is the pressure of the chemical species in gas phase, and psat is saturated pressure 

of chemical species in gas phase. Therefore, the larger the difference between actual 

pressure and saturated pressure, the higher the disjoining pressure is, and the less stable 

thin layer is. 
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Overall, the directions and rates of molecular transport between the thin residual 

layer and the vapor phase will be primarily dependent on how disturbed the equilibrium 

between residual layer and gas phase is. In addition, the directions and rates of molecular 

transport will be subject to fundamental characteristics of the individual components of 

the binary mixture (their MWs, vapor pressures, etc.), and on their disjoining pressures.  

In case of water–methanol mixtures, Sefiane et al. reported independent 

evaporation rates for water–methanol mixtures from polydimethylsiloxane–coated silicon 

wafer, with methanol (high vapor pressure) evaporating first, and water (lower vapor 

pressure) evaporating much slower, with time scale on the order of tens of seconds for 

methanol and minutes for water.4.135 Therefore, given rotation speed in forced dewetting 

experiments and the substrate size, it takes about 30 sec to make a half turn. Such half 

turn is necessary to move substrate from the point where it was in contact with drop 

extruded from capillary to a sampling spot as shown in Figure 1.3, Chapter 1. Hence, 

based on experimental conditions and the data provided by Sefiane et al., there appears to 

be sufficient time for both methanol and water to evaporate from residual layer. Indeed, 

empirical results from experiments using ‘dry-forced dewetting’ setup (gas phase not 

saturated with solvent) provides thin film thickness values much smaller (if any),4.76, 4.136, 

4.137 compared to forced dewetting into solvent saturated atmosphere 

Other important factors that determine fate and stability of these thin films can be 

observed as macroscopic properties of bulk (viscosity and surface tension of liquid), 

static contact angle, and dewetting velocity that has to be below certain value 

(characteristic for a given system) to preserve surface – liquid and liquid – liquid 
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interactions at molecular level. It also should be noted that for thin films (< 10 nm thick) 

evaporation rate is proportional to equilibrium vapor pressure Pv(eq) just above the 

interface.4.138 In case of binary mixtures, characteristics of individual components play 

important role in evaporation and thinning of a film (e.g., MW, vapor pressure, formation 

of heteromolecular complexes). 

In case when liquids that macroscopically completely wet surface (i.e., θequil → 0) 

are forcibly dewet into solvent–saturated atmosphere, the resulting thin films remain 

conformal to underlying substrate and stable. This is because in such case the disjoining 

pressure of film is effectively zero, so no evaporation occurs that could affect thin film. 

However, as presented in Table 4.6, none of the bulk mixtures exhibits such low contact 

angles on investigated substrates. 

The regime of partially wetting liquids (15° ≤ θ ≤ 90°) is more appropriate for 

description for the contact angles observed in investigated system. In this case, film 

stability is dependent to significant extent on surface roughness features and θ. 

Specifically, nanomorphology of a surface can cause fluid trapping in between roughness 

features, while large θ results in unstable films that quickly rupture and form 

nanodroplets. In case of substrates investigated in this dissertation, their surfaces are 

expected to be close to atomically smooth as indicated by results from atomic force 

measurements.4.74, 4.75, 4.139  

The fate and stability of these films prior to and during spectroscopic sampling in 

forced dewetting depends also on other factors including the strength of the fluid-solid 

interaction and fluid properties (e.g., macroscopically observed  surface tension,  
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Table 4.6 Static contact angles [º] for neat water, neat methanol, and water–methanol 
mixtures on OTS-modified ultrathin silica films on gold support. 

 

 

 

 

 

 

Water – methanol mixture [v/v] 
 Water Methanol 

90:10 50:50 10:90 

Ave 108 22.0 81.9 58.9 40.9 

Std dev 3.6 3.9 11 4.0 3.9 

 

 

 

Results are shown from 3 independent measurements for at least 3 independent samples. 

 

 

 

 

 

 

 



 211 

viscosity, volatility, and fluid vapor pressure around the film).4.140Therefore, since water 

is a polar chemical species, it wets very poorly the underlying hydrophobic OTS/SiO2/Au 

substrates as indicated by very large static contact angles.4.76, 4.141, 4.142 In contrast, 

amphiphilic CD3OD wets OTS to a significantly higher extent as indicated by low static 

contact angles.4.77 

Overall, it is important to recognize that the system under study is subject to 

numerous considerations that affect final spectral response from residual layer. The 

variations in composition and structure of the solid – liquid interface in given 

experimental setup are due to intrinsic properties of individual constituents of binary 

mixture, and are not necessarily related to actual chemistry at the interface that the 

system mimics. Therefore, the absolute quantities and fractions of each mixture 

components might be misrepresented compared to the real mobile phase – stationary 

phase interface. Regardless of these limitations, it is expected that the investigation will 

provide new insights into the water – methanol interactions in the vicinity of hydrophobic 

substrate, mostly about hydrogen bonding environment experienced by methanol 

molecules and about usefulness (and limitations) of the new methodology to investigate 

complex solid – liquid interface.  

 

Experimental IR Spectra of Water–Methanol Layers at OTS Modified Silica 

Substrates. Based on the considerations discussed above, effects of gas phase onto 

composition of residual binary solvent layers on OTS-modified silica formed through 

forced dewetting were subject to investigation. The experiments utilized formation of 
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residual solvent layer from the binary mixture that has the same composition throughout 

the set of experiments into the vapor phase which composition was systematically varied. 

Next, hydrogen bonding environment in residual layers was evaluated, and correlated to 

composition of the gas phase. Only this parameter was investigated in details as results 

from experiments described later in this section clearly show that composition of residual 

layer is strongly dependent on gas – phase composition. Thus, it it anticipated that the 

reported PM-IRRAS spectra and ellipsometry data do not truly represent interfacial layer. 

Rather, they provide excellent proof for operation of disjoining pressure in investigated 

system; thus, such system (binary mixture of dissimilar components) may become an 

exceptional tool for studies of other interfacial phenomena. 

The condition under which PM-IRRAS spectra of water–methanol on OTS 

modified silica were acquired are schematically shown in Figure 4.12a-c. The 

composition of the drop extruded from the capillary was kept constant, i.e., 90:10 water – 

methanol [v/v]. The composition of the bulk mixture drop on the bottom of the cell 

(controls composition of gas phase) was varied between samples. For the first data set, it 

was also 90:10 water–methanol [v/v]. Next, for another set of measurements, the cell was 

emptied, dried, and the composition of the bulk mixture drop on the bottom of the cell 

was changed to 50:50 water–methanol [v/v].  

For the last set of measurements, cell was emptied, dried, and the composition of 

the bulk mixture drop on the bottom of the cell was changed to 10:90 water–methanol 

[v/v]. These modification in gas phase composition as described above allowed for 

investigation the role of the gas phase composition onto the residual layer in that the  
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Figure 4.12 Schematic representation of conditions under which PM-IRRAS spectra of 
water – methanol at OTS/SiO2/Au substrate were acquired. 
Ratios are given as [v/v]. 
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environment was changed from water – rich to methanol – rich surroundings.  

The composition of the drop extruded from the capillary was chosen on the basis 

of the fact that νs(CD3) is sensitive to hydrogen bonding environment, hence starting from 

extremely water–rich gas phase and moving towards extremely methanol–rich gas phase 

should allow for observation of most dramatic changes in νs(CD3) frequencies. In 

addition, methanol has significantly higher vapor pressure compared to water; hence, 

potential effects due to evaporation from residual layer or condensation into residual 

layer were expected to be easier to observe as they were anticipated to occur considerably 

faster compared to evaporation or condensation of water which has significantly lower 

vapor pressure.4.135 

 

Spectral response from νs(CD3) in 2050-2100 cm
-1

 region. The experimental PM-

IRRAS spectra of residual water–methanol layers on OTS modified silica formed by 

forced dewetting from 90:10 water–methanol mixture as a function of gas phase as 

determined by the composition of the bulk drop in 2050–2100  cm-1 range are shown in 

Figure 4.13a-c. This region was chosen as first for investigation as it contains only one 

mode (νs(CD3)) that does not overlap significantly with other methanol modes. Thus, the 

interpretation of spectral response is expected to be most straightforward compared to 

other regions. 

The very first observation in the spectra shown in Figure 4.13a-c is that the center 

frequencies of the νs(CD3) are different in each of the spectra. The shape of the νs(CD3) 

mode is also changing as a function of the gas phase composition in that shoulders appear  
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Figure 4.13 PM-IRRAS spectra in the region of 2050 – 21000 cm-1 of residual water – 
methanol layers on OTS modified silica formed by forced dewetting from 
90:10 water – methanol mixture as a function of bulk drop composition: a) 
90:10, b) 50:50, and c) 10:90 water – methanol mixture, [v/v]. Black drop line 
is guide to eye. 
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on low frequency side (water-rich gas phase), peak broadens (gas phase from 50:50 bulk 

drop), and weakly pronounced shoulder appears on high frequency side (methanol–rich 

gas phase).  

Under conditions of water–rich gas phase, Figure 4.13a, νs(CD3) center frequency 

shifts by 10 cm-1 to higher frequencies with respect to bulk methanol, and distinctive 

shoulder is present at lower frequency side. The shift in the spectral response from 

simulated 1 nm isotropic 90:10 water–methanol layer at OTS on silica is essentially 

identical; however, no low frequency shoulder is observed in simulated spectrum. These 

observations indicate that, on average, the hydrogen bonding environment in the residual 

water–methanol layer at OTS on silica is similar to that of isotropic layer of given [v/v] 

ratio, albeit the presence of the shoulder indicates the existence of at least two distinctive 

environments that are not observed in isotropic spectrum. Simultaneously, the FWHM in 

experimental spectrum increases by ~5 cm-1 compared to simulated spectrum further 

strengthening argument about presence of multiple hydrogen bonding environments. 

For bulk drop composition of 50:50 (Figure 4.13b) that controls gas phase 

composition, the center frequency of νs(CD3) mode shifts by ~5 cm-1 to higher 

frequencies with respect to bulk methanol. Very similar shift is also observed in 

simulated isotropic spectrum. Nevertheless, upon closer inspection, the peak shape is 

slightly different in that the experimental spectrum exhibits peak broadening (indication 

of two distinctive environments) which is not observed in simulated spectra. Similarly to 

water–rich environment discussed above, the FWHM in experimental spectrum also 
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increases by ~5 cm-1 compared to simulated spectrum that is interpreted as indication for 

presence of multiple hydrogen bonding environments. 

Finally, no change in νs(CD3) maximum peak frequency is observed in residual 

layer formed into gas phase formed from bulk drop of 10:90 water–methanol 

composition. This spectral response is similar to that of simulated spectrum suggesting 

that the hydrogen bonding in the residual layer of water–methanol mixture at OTS on 

silica is close to being isotropic. Still, careful examination of the peak reveals presence of 

weakly pronounced high frequency shoulder that is not present in simulated isotropic 

spectrum. Further, despite essentially the same frequency as neat methanol, the FWHM 

in experimental spectrum increases by ~5 cm-1 compared to simulated spectrum 

indicating presence of multiple hydrogen bonding environments. 

The spectral responses from residual layers as a function of various gas phases’ 

compositions were decomposed into two modes that correspond to hetero and homo 

hydrogen bonding to provide more detailed insight into molecular–level details about the 

hydrogen bonding in residual layers. The decomposition procedure started from 

assumption that there are two peaks present in observed spectral response. Next, modes’ 

frequencies and widths were assumed to be the same as center frequencies and widths of 

νs(CD3) in simulated isotropic water–methanol layers at OTS modified silica for 90:10 

and 10:90 water–methanol mixtures. These environments were assumed to be 

representative of hetero and homo hydrogen bonding that methanol experience in water-

methanol mixture(s). Specifically, in former case, mixture is water-rich; hence, it is 

assumed that most methanol experience hetero hydrogen bonding as indicated by peak 
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center frequency shift towards higher frequencies.4.88, 4.104, 4.128, 4.129 In latter case, the 

mixture is methanol-rich; hence it is assumed that most methanol experience hetero 

hydrogen bonding as indicated by peak center frequency shift towards neat methanol 

frequency.4.88, 4.104, 4.128, 4.129 The results of these operations using aforesaid assumptions 

are shown in Figure 4.14a-c and in Table 4.7.  

The peaks’ areas in Figure 4.14a-c that correspond to hetero and homo hydrogen 

bonding correlate well with the gas phase composition under which spectral response 

from residual layer was acquired. For the most water–rich gas phase, hetero hydrogen 

bonding dominates spectral response; for methanol–rich gas phase, homo hydrogen 

bonding dominates. 

This observation indicates that, most likely, there is very little (if any) transfer of 

methanol from gas phase into the residual layer in case when gas phase composition is 

controlled by 90:10 water–methanol bulk drop. The fractional integrated absorbance of 

hetero hydrogen bonded methanol compared to homo hydrogen bonded methanol is ~2.5 

indicating that, in interfacial layer, there is more methanol that is not bound with water 

compared to bulk mixtures. This apparent inconsistency can be readily explained by two 

facts.  

First rationale is that there is a methyl terminated surface at which residual layers 

are formed. This, in concurrence with previous reports that state at-surface preferential 

segregation of methanol4.8, 4.21, 4.24, 4.26, 4.52, 4.63, 4.143, and/or presence of the existence of 

methanol clusters as predicted by molecular simulations4.1, provides reasonable  

explanation why there is less methanol not bound to water compared to bulk mixtures.  



 219 

2100 2050 

a)

2100 2050 

b)

Wavenumber [cm-1]

2100 2050 

c)

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e 0.01 a.u

0.001 a.u

0.001 a.u

 

Figure 4.14 Decomposition of νs(CD3) mode in residual water–methanol layers on OTS 
modified silica formed by forced dewetting from 90:10 water–methanol 
mixture as a function of bulk drop composition that dictates gas phase 
composition: a) 90:10, b) 50:50, and c) 10:90 water–methanol mixture, [v/v]. 
Solid lines – experimental spectra, dashed lines peak fit and total fit 
envelopes, dotted lines – residuals. 
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Table 4.7 Peak assignments and parameters for decomposed residual PM-IRRAS 
spectrum in νs(CD3) region formed from 90:10 v/v water-methanol mixture as 
shown in Figure 4.14a-c. 

 

Sample Assignment Center FWHM 
Integrated 

absorbance 

Fractional 

integrated 

absorbance 

Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.022 ± 0.003 0.65 ± 0.07 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.012 ± 0.003 0.35 ± 0.07 

     

Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.019 ± 0.006 0.70 ± 0.10 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.008 ± 0.004 0.30 ± 0.12 

     
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.030 ± 0.006 0.75 ± 0.09 

90:10 atmosphere 

Homo hydrogen bonding 2072 ± 0 12 ± 0 0.01 ± 0.004 0.25 ± 0.07 
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.024 ± 0.004 0.70 ± 0.08 

Summary 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.01 ± 0.003 0.30 ± 0.07 

      
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.027 ± 0.001 0.70 ± 0.1 
Water-methanol complex 2076 ± 2 7 ± 3 0.006 ± 0.003 0.16 ± 0.05 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.005 ± 0.003 0.14 ± 0.05 

     
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.034 ± 0.003 0.63 ± 0.06 
Water-methanol complex 2074 ± 4 5 ± 4 0.011 ± 0.004 0.20 ± 0.09 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.009 ± 0.003 0.17 ± 0.05 

     
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.017 ± 0.002 0.57 ± 0.08 
Water-methanol complex 2075 ± 3 8 ± 4 0.006 ± 0.003 0.20 ± 0.05 

 

Homo hydrogen bonding 2072 ± 0 12 ± 0 0.007 ± 0.003 0.23 ± 0.05 
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.026 ± 0.009 0.63 ± 0.07 
Water-methanol complex 2075 ± 1 7 ± 2 0.008 ±0.003 0.19 ± 0.06 Summary 

Homo hydrogen bonding 2072 ± 0 12 ± 0 0.007 ± 0.003 0.18 ± 0.05 
      

Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.017 ± 0.009 0.065 ± 0.03 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.24 ± 0.01 0.94 ± 0.03 

     
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.01 ± 0.009 0.045 ± 0.07 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.21 ± 0.01 0.95 ± 0.03 

     
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.022 ± 0.004 0.075 ± 0.05 

10:90 atmosphere 

Homo hydrogen bonding 2072 ± 0 12 ± 0 0.27 ± 0.06 0.93 ± 0.07 
Hetero hydrogen bonding 2080 ± 0 12 ± 0 0.016 ± 0.007 0.065 ± 0.05 

Summary 
Homo hydrogen bonding 2072 ± 0 12 ± 0 0.24 ± 0.006 0.94 ± 0.03 

 

Results are shown from 3 independent fits of residual spectra. 
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The second possible reason are constrains imposed during peak fitting process, i.e., 

assumption that νs(CD3) can be decomposed only into two peaks that are further 

described by parameters (peak center frequency, FWHM) characteristics of the bulk. 

These assumptions, while numerically provide reasonable fit, do not necessarily have to 

hold completely in interfacial layer giving raise to observed differences. 

Collectively, spectral data as provided in Figure 4.14a and in Table 4.7 clearly 

support notion that there are two types of hydrogen bonding in interfacial layer methanol 

molecules experience. These can be described reasonably well via two models as 

described previously. These were constructed based on bulk spectral characteristics of 

water-methanol mixtures. Therefore, conclusion can be drawn that for binary mixtures 

with high water content: 1) the hetero hydrogen bonding and homo hydrogen bonding 

correspond to those in bulk solution, and 2) assuming that the real RPLC interface is 

reliably represented in these measurements, increase in methanol content (that does not 

form complex(es) with water) is observed that is in good agreement with previously 

reported literature results.4.88, 4.104, 4.128 

For methanol–rich gas phase (Figure 4.14c), the spectral response is overwhelmed 

with homo hydrogen bonding peak as ~95% of integrated total peak absorbance is from 

this mode. This observation indicates that, most likely, there is significant transfer of 

methanol from gas phase into the residual layer. Therefore, it can be concluded that the 

equilibrium between residual layer and the gas phase is considerably disturbed 

(composition of residual layer drastically different from that of gas phase), and requires 

transporting of substantial amounts of methanol from gas phase into the residual layer. 



 222 

This observation indicates enormous effect of gas phase composition onto the 

composition of the residual layer through the operation of disjoining pressure. In 

consequence, while it is possible to obtain PM-IRRAS spectra from interface of interest, 

it must be noted that in given experimental conditions, it is not possible to adequately 

reproduce solid-liquid interface that reliably mimics RPLC interface. Therefore, based on 

results presented here, no conclusion regarding real water-methanol at OTS/silica 

interface can be drawn. 

Similarly to previously discussed results, hydrogen bonding for methanol in 

residual layers formed into gas phase controlled by 10:90 water-methanol is adequately 

described using hetero and homo hydrogen bonding concepts. Further, the data shows 

that spectral response in almost exclusively from neat-like methanol. This is in contrast to 

90:10 water–methanol case, where most of the response is observed from hetero 

hydrogen bonding. This observation clearly manifests operation of disjoining pressure 

that causes condensation of methanol into residual layer, and evaporation of water into 

gas phase to maintain respective equilibria. 

The spectra from water-methanol residual layers at the OTS/silica substrate 

formed in gas phase atmosphere controlled by 50:50 bulk drop solution are distinctive 

from previously discussed two cases. Additional peak (tentatively assigned as ‘water-

methanol complex‘) had to be introduced to obtain reasonable peak fit quality. The 

presence of this peak, signifying yet another hydrogen bonding environment for 

methanol, can be justified by literature reports in which significant fraction of 50:50 v/v 

water-methanol bulk mixture consists of water-methanol complex(es), although there is 
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no agreement what those exactly are.4.86, 4.88, 4.104, 4.128, 4.129 Thus, regardless of what are 

the compositions and/or structures of these water-methanol complexes, it can be 

concluded that these are preserved at the interface yielding complex spectral response.  

Using data sets available here, it is not possible to distinguish whether observed 

response is from water-methanol complex(es), or if it is manifestation of disjoining 

pressure operating in given system. Most likely, convoluted responses both of these main 

scenarios are observed to certain degree, but resolving these is not possible using data 

reported in this dissertation nor data available in the literature.  

The fraction of hetero hydrogen bonded in total νs(CD3) envelope as shown in 

Figure 4.15, provide further insights into the diversity of hydrogen bonding of residual 

layers. In this figure, it is evident that the fraction of hetero hydrogen bonded methanol 

changes as a function of composition of gas phase as determined by the composition of 

bulk droplet. Specifically, the fraction of hetero hydrogen bound methanol decreases as 

the fraction of methanol in gas phase increases. 

This observation supports the notion that methanol condenses onto sample 

surface, water evaporates into the gas phase, or both. Therefore, since these changes are 

observed, it can be concluded that the composition of the residual layer is adversely 

affected by the gas phase (especially in methanol–rich case), pointing towards instability 

of the residual layer in that it composition changes under externally imposed conditions.  

It should be noted the decrease in fraction of integrated peak areas of hetero 

hydrogen bonding in residual layer can not be interpreted as interactions between methyl 

groups from methanol and OTS. This statement is justified because, if that was the case,  
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Figure 4.15 ♦ – fraction of hetero hydrogen bonding in νs(CD3) envelope, □ – methanol 
fraction in gas phase. 
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then no changes in νs(CD3) should be observed as a function of the gas phase 

composition since the number of the OTS methyl groups is assumed to remain constant 

throughout experiments. 

Above conclusion indicates only minimal interactions between methanol from 

residual layer (corresponds to mobile phase) and stationary phase. This observation is 

consistent with previously stated possibility for methanol intercalation of into the 

stationary phase to only a small degree, previous studies indicate only a monolayer (or 

equivalent) that penetrates through their methyl groups into the OTS alkyl chains4.21, 4.24, 

4.26, 4.143.  

 

Other methanol modes in 2000–2700 cm
-1

 region. Other modes present in methanol IR 

spectral signature in 2000–2700 cm-1 region are 2 x δa(CD3), found in bulk methanol at 

2135, ν(CO) + δa(CD3) at 2182, νa(CD3) localized in bulk at 2214 and 2247 cm-1, and 

broad ν(OD) envelope that is centered in bulk methanol around 2490 cm-1. The 

frequencies of these modes in residual water–methanol layers as a function of bulk drop 

composition that is used to control the composition of gas phase are shown in Figure 

4.16a-c. In this figure, simulated isotropic water-methanol layer at OTS/silica surface are 

also shown for comparative purposes. 

The frequencies all of the modes vary as a function of gas–phase composition; the 

compiled data is presented in Table 4.8. It is difficult to unambiguously determine the 

frequencies of individual modes under each of these peaks without peak fitting given lack 

of fundamental knowledge at molecular level about water–methanol mixtures as  
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Figure 4.16 PM-IRRAS spectra in the region of 2000–2700 cm-1 of residual water–
methanol layers on OTS/silica formed by forced dewetting from 90:10 water–
methanol mixture as a function of bulk drop composition: a) 90:10, b) 50:50, 
and c) 10:90 water–methanol mixture, [v/v]. Solid lines – experimental 
spectra, dashed lines – simulated spectra. Drop lines are guides to eye. 
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Table 4.8 Frequencies of deuterated methanol modes in the region of 2000–2700 cm-1 of 
residual water–methanol layers on OTS/silica formed by forced dewetting 
from 90:10 water–methanol mixture as a function of bulk drop composition. 

 

 

 

 

 

 Bulk droplet  composition [v/v] 

Mode 90:10 50:50 10:10 

δa(CD3) 2122 2138 2136 

νa(CD3) 2218 

νa(CD3) 
2242* 2248* 

2244 

ν(OD) 2484 2515 2500 

 

 

Results are shown from 3 independent spectra. 

 

 

 

 

 

* - merged into one peak, can not be explicitly assigned without peak fitting. 
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discussed previously. To complicate this task more, it needs to be taken into account that 

these experimental spectra were acquired for residual layers at OTS modified silica. This 

means that there are silanol groups exposed through defects in OTS which can be reached 

by water, methanol or both species 4.1, 4.54, 4.144 further obscuring analysis.  

Such contact of mobile phase with surface silanol groups has been shown to cause 

peak tailing4.145-147 which is indicative of strong interactions these unprotected silanols 

are capable of.4.144, 4.148-151 In addition, one computational study reports formation of 

methanol clusters if these were allowed to contact unprotected silanols4.1. Therefore, it is 

necessary to consider these option while possibly attempting peak fitting and subsequent 

detailed analysis of IR spectral response.  

Several general conclusions about investigated solid-liquid interface can be drawn 

despite its complexity based on results shown in Figure 4.16a-c. First, residual spectra are 

in reasonably good qualitative agreement with isotropic simulated ones that are used here 

as reference point in assessing degree of anisotropy of interfacial layers. This 

approximation is especially true for 10:90 water-methanol spectra (Figure 4.16c), where 

spectra are essentially identical. However, before conclusion is made that this observation 

indicates that residual layer is virtually the same as isotropic layer, it needs to be taken 

into account that this results were acquired in methanol-rich gas phase. Thus, excellent 

agreement may very well be due to condensation of methanol from gas phase, and not 

necessarily from intrinsic structure of residual layer. Unfortunately, with the set of data 

available here, it is not possible to unambiguously determine the degree to which spectral 

response is indeed from residual layer vs. condensed methanol layer. 
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Experimental and simulated spectra obtained for residual layers in gas phase 

controlled by 50:50 bulk drop composition are most dissimilar compared to the other v/v 

mixtures (Figure 4.16b). This is consistent with the case with region 2050-2100 cm-1 

region where νs(CD3) mode was analyzed. Specifically, most striking difference is 

observed in νs(CD3) mode found in neat methanol at ~2247 cm-1 that increases 

considerably (~2.5) times, and also changes its center frequency to higher values (~5 cm-1 

shift). There is also small decrease in high frequency shoulder in ν(OD) region; 

specifically, the absorbance of dimer mode, found in bulk methanol at about 2600 cm-1 is 

slightly reduced. These differences in spectral response can be explained by composition 

of the interfacial layer that may different from that of a bulk mixture. This statement is 

partially supported by reports found in the literate that claim existence of significant 

fraction of water-methanol complex(es) at this v/v ratio in addition to free (unbound) 

methanol.4.21, 4.24, 4.26, 4.143 Thus, these complex(es), especially at the interface, can have 

different structure that would manifest itself as change in observed PM-IRRAS spectra. 

This possibility is further corroborated by results of peak fitting in the 2050-2100 region 

where additional peak (‘water-methanol complex’) needed to be introduced to obtain 

reasonable fit.  

Based on other reports in the literature4.21, 4.24, 4.26, 4.143, it is also anticipated that 

fraction of methanol that form monolayer at the OTS/silica surface and penetrates 

through their methyl groups into the OTS alkyl chains will exhibit slightly different IR 

response compared to water-methanol complex(es) in water. Finally, as discussed above, 

unprotected surface silanols are exposed through OTS on silica; these are known to be 
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available for water and/or methanol providing strong interaction with mobile phase 

and/or solute4.1, 4.144, 4.148-151 that can lead to peak tailing (interactions of analyte(s) with 

silanols) of cluster formation (interaction of mobile phase components). These clusters 

will constitute new species present at the interface, possibly giving rise to additional peak 

in PM-IRRAS spectrum. 

Experimental and simulated spectra for 90:10 v/v water-methanol mixtures are 

also similar. The most significant difference is red shift (to lower frequencies) of ν(OD) 

that has been previously shown to be indicative of methanol bound to water through both 

lone pairs.4.80, 4.82, 4.85, 4.152 Other than these changes, the other modes are very similar to 

that of simulated isotropic spectrum. The lack of changes in ν(CD3) modes compared to 

changes in ν(OD) envelope is readily explained by lower sensitivity of ν(CD3) modes as 

measured by IR spectroscopy compared to ν(OD).4.77 

It should be noted that despite the fact experimental spectra were acquired for 

residual layers formed from 90:10 v/v water-methanol bulk mixtures into gas phase 

controlled by bulk drop of exactly the same composition it does not necessarily mean that 

they are truly representative of interfacial mobile phase. Specifically, the composition 

and structure of interfacial layer (by definition) is expected to be different from bulk. 

However, in experimental setup as used here, the operation of disjoining pressure 

resulting from different composition of gas phase compared to residual layers has already 

been shown to have immense effects onto composition and most likely structure of 

residual layers as shown in Eqn. 4.2 where disjoining pressure is dependent on 
0

ln
p

p . 

Therefore, if the composition of residual layer is different from that of bulk drop that 
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controls gas phase composition as it may be the case even for residual films formed from 

90:10 v/v mixture into gas phase controlled by bulk drop of exactly the same 

composition, then condensation and/or evaporation is expected to bring the system to 

equilibrium. The manifestation of disjoining pressure operation is observed extremely 

well in case when residual layers are formed from 90:10 v/v mixture into gas phase 

composition controlled by 10:90 v/v mixture; the composition and structure of residual 

layer changes drastically in that there is significant excess of methanol that condensed 

from gas phase. As a consequence, utmost care needs to be exercised when interpreting 

spectral data, and no straightforward conclusions can be drawn about real RPLC interface 

based on data presented here. 

 

Spectral response from ν(OH) in 3000–3800 cm
-1

 region. The experimental PM-

IRRAS spectra of residual water–methanol layers on OTS/silica surface that were formed 

by forced dewetting from 90:10 water–methanol mixture as a function of gas phase as 

determined by the composition of the bulk drop in 3000–3800 cm-1 range are shown in 

Figure 4.17a-c.  

 The experimental and simulated spectra in 3000-3800 cm-1 region are very similar 

to their simulated counterparts. This observation is consistent with previously discussed 

2000-2700 cm-1 region and indicates overall close–to isotropic orientation of water 

molecules at the OTS on silica substrate. 
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Figure 4.17 PM-IRRAS spectra in the region of 3000–3800 cm-1 of residual water–
methanol layers on OTS/silica surface formed by forced dewetting from 90:10 
water–methanol mixture as a function of bulk drop composition: a) 90:10, b) 
50:50, and c) 10:90 water–methanol mixture, [v/v]. Solid lines – experimental 
spectra, dashed lines – simulated spectra. 
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The center frequency of the ν(OH) envelope frequencies all of the modes vary as 

a function of gas–phase composition, from 3450 (90:10), through 3415 (50:50), to 3380 

(10:90) cm-1. It is difficult to unambiguously determine the frequencies of individual 

mode under each of these peaks without peak fitting; however, this task is practically 

impossible because of lack of fundamental knowledge at molecular level about water–

methanol mixtures (e.g., composition and type of hydrogen bonding of complexes in 

respective mixtures, fraction of each component etc.).  

To complicate this challenge more, it needs to be taken into account that these 

experimental spectra were acquired for residual layers at OTS/silica surface which are 

known to form imperfect monolayers such that silanol groups are exposed to surface.4.144, 

4.148-151 This means that there are silanol groups exposed through defects in OTS SAM 

which can be reached by water, methanol or both 4.1, 4.54, 4.144 further obscuring analysis. 

Therefore, it is necessary to include these possibilities in detailed analysis of IR spectral 

response. 

 Previous reports indicate that water at very hydrophobic surfaces tends to form 

nanodroplets that exhibit structure close resembling that of ice.4.76, 4.77, 4.141, 4.142 Indeed, 

small shoulder on lower frequency side of ν(OH) envelope is observed for water – rich 

mixture (90:10 v/v water-methanol) that may be indicative of such structuring. However, 

this shoulder, as shown by peak fitting, belongs rather to water-methanol complex(es). 

Further, the presence of methanol affects whole system as indicated by drastic change in 

contact angle as shown in Table 4.6 This observation is considered as an excellent 

macroscopic manifestation of methanol presence onto water-methanol behavior at the 
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hydrophobic surface in that the presence of amphiphilic molecules significantly change 

observed static contact angle. 

Despite potential challenges while peak fitting ν(OH) region, attempt was made to 

do so. It should be noted that assumption was made that none of above discussed issues 

will significantly affect spectral response. It was also assumed that, similarly to bulk and 

simulated layer, most of the spectral response is from water that is not bound with 

methanol; this assumption allows to use simulated water peak parameters as a starting 

point instead of trying to find best fit that is based solely on numerical solution. 

Therefore, this assumption is also a limitation for peak fitting procedure in that it is only 

applicable to water-rich mixture. The results from peak fitting of residual layer forcibly 

dewet from 90:10 v/v bulk mixture into gas phase that is controlled by bulk droplet of 

exactly the same composition is shown in Figure 4.18 and in Table 4.9.  

 The resulting fit reproduces experimentally obtained spectrum well. However, the 

fraction of water-methanol complex(es) mode, being only ~2% of total ν(OH) envelope, 

constitutes smallest fraction compared to data obtained for bulk mixtures (~4 %, see 

Table 4.2) as well as compared to simulated spectrum (~8%, see Table 4.3). These data 

indicate that there is less water-methanol complex(es) at the interface. Alternatively, it is 

also possible that the assumptions that were made for fitting procedure do not hold 

completely. For instance, some of the spectral response that has been assigned to one (or 

more) water modes may in fact belong to water-methanol mixtures. Unfortunately, given 

complexity of the interface (lack of molecular-level details about water-methanol 

mixture, presence of hydrophobic surface, defects in this surface exposing hydrophilic  
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Figure 4.18 Decomposed PM-IRRAS spectrum of ν(OH) region from residual layer of 
90:10 v/v water-methanol mixture at OTS/silica interface in gas phase 
controlled by 90:10 bulk droplet. Solid line – spectral response, dashed lines – 
peak fits and total fit envelope, dotted line – residual. 
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Table 4.9 Peak assignments and parameters for decomposed PM-IRRAS spectrum from 
residual layer forcibly dewetted into gas phase controlled by 90:10 v/v water-
methanol bulk mixture as shown in Figure 4.18. 

 

 

 

 

Assignment Spectrum 

Center 

(FWHM) 

cm
-1

 

Integrated 

absorbance 

a.u. 

cm
-1

 

Fractional 

integrated 

absorbance 

ice-like  3230 (252) 2.06 31 
liquid-like  3413 (239) 2.83 42 

weakly H-bonded  3527 (149) 1.41 21 
monomer  3614 (97) 0.31 5.0 

     
    

1 3330 (143) 0.15 2.2 
2 3328 (143) 0.13 2.0 
3 3326 (139) 0.12 1.8 

water-methanol 

complex 

Average 
3328 ± 3  

(141 ± 3) 
0.14 ± 0.02 2.0 ± 0.23 

 

 

 

Results are shown from 3 independent fits of 3 residual spectra. 
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silanols, operation of disjoining pressure, etc.), these assumptions are the best that can be 

done with results that were obtained using PM-IRRAS. In other words, it is not possible 

to explicitly peak fit and assign all the modes. However, despite these limitations, the 

outcome is still in reasonable agreement with anticipated ones. Specifically, reports in 

literature state that at this particular bulk mixture composition4.86, 4.88, 4.104, 4.128, 4.129, there 

should be ≤10% of overall response from water-methanol concoction. In this work, it has 

been found that regardless of spectrum analyzed, the fraction was always < 10%. Above 

findings are considered as a strong argument that further ascertains validity of above 

stated assumptions and peak fitting outcome. 

 

Estimation of Water–Methanol Residual Layers Thicknesses Using PM-IRRAS. The 

thicknesses of residual water–methanol layers were estimated based on PM-IRRAS 

results, i.e., absorbencies of νs(CD3) from methanol and ν(OH) from water. Specifically, 

thicknesses of residual layers were approximated based on 
Simulated
Residual

 ratios for 

respective gas phase compositions. This mode and envelope were chosen because they 

are independent (do not convolute with other modes); hence, it was assumed that they 

will adequately represent changes in thickness of residual layers. Next, it was assumed 

that absorbencies of these modes obey Beers–Lambert law, the molar absorptivities of 

modes across investigated range do not change significantly, and that the volume 

additivity for water–methanol mixtures is essentially linear (within ~3%)4.104, 4.153, 4.154. 

Therefore, based on these assumptions, the total thickness of the residual layer is 

expected to be sum of individual thicknesses. 
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Compositions of binary mixture that dictates composition of gas phase were also 

taken into consideration. Specifically, it was assumed that the composition of residual 

layer in experimental conditions as described in this chapter are similar to composition of 

bulk drop solution that determines composition of gas phase. This assumption is based on 

changes in spectral response as a function of gas phase composition (constitutes 

manifestation of operation of disjoining pressure), and overall similarities between 

simulated isotropic spectra and residual ones.  

The comparison of absorbencies for respective sets of spectra reveals significantly 

higher absorbencies for residual layers compared to simulates spectra, indicating that the 

thickness of the water–methanol residual layer is significantly higher compared to 

simulated 1 nm thick spectra in the 2000-2700 region as shown in Figure 4.16a-c . 

Specifically, for 90:10 v/v water–methanol mixture, the 
Simulated
Residual

 ratio is 50, for 50:50 

ratio is 5, and for 10:90 the ratio is 25, indicating that there is that many times more 

methanol in residual layers compared to simulated spectra. After correcting these spectral 

responses of by the enhancement factor (assumed to be ~3x, as discussed in Chapter 3), 

the adjusted amounts of methanol in residual layers are ~16, 1.8, and 8 times more 

methanol for respective mixtures.   

The use of 3x enhancement factor in quantifying spectral response from residual 

layers is justified based on following facts. One is that the relative intensities of νs(CD3) 

and ν(OD) modes in simulated and residual spectra (as shown in Figure 4.16a-c) are 

essentially the same. Thus, based on similar spectral response from νs(CD3) and ν(OD), 

and assuming that ν(OH) and ν(OD) have comparable susceptibility for SEIRA 
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enhancement, it is further assumed that the enhancement factor is virtually identical for 

these two modes under investigated conditions. 

The other argument for 3x enhancement factor is that the resulting separation 

distance from underlying gold is ≥ 8 nm nm since the thickness of silica layer is 6 nm, 

and the thickness of OTS is ~2 nm. Thus, the total thickness of complete system (water–

methanol on OTS–modified silica on gold substrate) is estimated to be several nm 

beyond aforesaid 8 nm. At this separation distance, the estimated enhancement factor is 

about 3x as discussed in Chapter 3 in this dissertation. 

The comparison of respective set of spectra in the ν(OH) region as shown in 

Figure 4.17a-c also reveals significantly higher absorbencies of experimental spectra in 

90:10 and 10:90 cases indicating that the thicknesses of the water–methanol residual 

layer are larger compared to simulated 1 nm thick spectra. Specifically, for 90:10 water–

methanol mixture, the 
Simulated
Residual

 ratio is 5, for 50:50 ratio is 1, and for 10:90 the ratio is 

20. However, correcting these values by the 3x enhancement factor, the adjusted amounts 

of water in residual layers indicate presence of 1.7, 0.3, and 7 times more water in 

residual layers compared to simulated 1 nm thick layer. 

Collectively, the observed increase by factor ~16, 1.8, and 8 for νs(CD3) from 

methanol as well as 1.7, 0.3, and 7 for ν(OH) from water reflect raise in fraction of given 

chemical species in total mixture thickness. Based on these data and assumption that the 

composition of residual layers is similar to that of simulated isotropic layers, contribution 

from each component was calculated. These data, once added, represent total thickness of 
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residual water-methanol layers at OTS/silica surface as estimated by PM-IRRAS. The 

summary of these calculations are shown in Table 4.10 and in Figure 4.19. 

The thicknesses are somewhat expected for extremely low and high (i.e., fraction 

of methanol present) gas phase compositions. In particular, it can be anticipated that there 

will be significant amounts of methanol in case of 90:10 water–methanol mixture, and 

small amounts of water in this case. These expectations are justified by the nature of 

underlying hydrophobic substrate (methyl–terminated substrate) on which water forms 

only very thin residual layers, amphiphilic nature of methanol (this allows for interactions 

with substrate through methyl groups), and hydrophilic nature of water (strong repulsion 

from hydrophobic substrate)4.76. These conditions suggest preferential segregation of 

methanol at the surface which was previously observed experimentally and predicted in 

computational studies4.1, 4.52, 4.58, 4.135, although the data presented in this chapter does not 

allow unambiguous support or refusal of this hypothesis. 

The large amounts of methanol present in residual layers formed by forced 

dewetting into methanol–rich gas phase are also somewhat anticipated. Specifically, these 

results are interpreted as operational manifestation of disjoining pressure in residual 

layers. On one hand, disjoining pressure is expected to force methanol to condense from 

methanol–rich gas phase into methanol–depleted residual layer, effectively increasing 

amount of methanol in residual layer. Conversely, water is forced to evaporate from 

water–rich residual layer into water–depleted (his depletion is relative to residual layer) 

gas phase, which causes decrease of water in residual layer. Collectively, these two 

processes are expected to increase thickness of residual layer,  



 241 

Table 4.10 Thicknesses of residual water–methanol layers at OTS–modified silica on 
gold substrates. 

 

 

Water - methanol mixture 
[v/v]  

90:10 50:50 10:90 

Observed spectral response  
(compared to simulated 1 nm thick layer) by factor of 

CD3OD 16 1.8 8 

H2O 1.7 0.3 7 

Volume fraction in mixture 

CD3OD 0.1 0.5 0.9 

H2O 0.9 0.5 0.1 

Thicknesses of individual components in residual layers  
including increase factor 

CD3OD 1.6 0.9 7.2 

H2O 1.5 0.2 0.7 

 

Total thickness of residual layer [nm] 3.1 1.1 7.9 
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Figure 4.19 Thicknesses of residual water-methanol layers at OTS/silica surface as 
estimated by: □ – ellipsometry (left y-axis), and ♦ - PM-IRRAS (right y-axis). 
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mostly through condensation of methanol into residual layer. 

In contrast, the thicknesses of residual layers formed from 90:10 water–methanol 

mixtures into gas phase which composition is controlled by bulk drop with 50:50 water–

methanol composition is somewhat unpredicted. First, it is lower compared to the others 

(3 to 7 times compared to the other ones); yet, the structure of the residual (on average) 

layer seems to be similar to simulated isotropic layers. The only significant difference 

appear to be the relative intensity of νa(CD3) mode that is approximately 3 to 4 times 

higher compared to other modes and slightly shifted to higher frequencies by about 10 

cm-1. Such behavior indicates preferential orientation of methanol at the surface, or at 

least within residual layer. This preferred orientation most likely stems from unique 

structural properties of water-methanol mixtures at 50:50 v/v mixture. Specifically, 

significant fraction of total mixture volume has been previously reported to belong to 

water-methanol complex(es).4.88, 4.104, 4.128, 4.129 Unfortunately, there is no consensus as to 

what is the exact composition or structure of these complex(es) at molecular level as 

reported by different authors, although some agreement has been reached in terms of bulk 

mixture properties.4.104, 4.154, 4.155  

 

Estimation of Water–Methanol Residual Layers Thicknesses by Ellipsometry. The 

thicknesses of residual water–methanol layers were also estimated based on ellipsometry 

measurement. The raw data were acquired as described in Chapter 2. Optical constants, 

based on the fact that residual layers spectra closely resemble those of simulated isotropic 

layers, were assumed to be identical to bulk values. Specifically, these were n = 1.3348, 
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k = 0; n = 1.3428, k = 0; and n = 1.3385, k = 0 for 90:10, 50:50, and 10:90 water-

methanol v/v mixtures for corresponding v/v water-methanol mixtures.4.104, 4.155 The 

results were obtained assuming two-layer model, with water-methanol mixture being top 

layer, and OTS/SiO2/Au being substrate (optical constants determined experimentally for 

each sample). Results from ellipsometric measurements as well as from PM-IRRAS data 

are shown in Figure 4.19.  

The two sets of data shown in Figure 4.19 are in good agreement with each other. 

For residual layer forcibly dewet into gas phase which composition is controlled by 90:10 

bulk drop (exactly the same as bulk drop from which residual layers are formed), the 

thicknesses from both method are in excellent agreement. In case of gas phase controlled 

by 50:50, the thicknesses as measured by PM-IRRAS and ellipsometry are in good 

agreement. The biggest differences are observed in case of gas phase controlled by 10:90 

v/v bulk mixture. Under these conditions (i.e., residual layers formed from water – rich 

mixture into methanol – rich gas phase), the thicknesses do not agree very well in that 

PM-IRRAS are significantly (~50%) higher compared to those as measure by 

ellipsometry. This discrepancy can be explained by the fact that, for solvent(s) with high 

vapor pressure, spectral saturation (higher absorbance than detection limit) at the detector 

can occur.4.156 Therefore, the observed spectral response will be artificially heightened, 

yielding increase in apparent thickness of residual layer. 
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Prediction of Water–Methanol Residual Layers Thickness at OTS/Modified Silica 

Surfaces Using Lifshitz Theory. The thickness of residual water-methanol layers at 

OTS SAM were also estimated using Lifshitz theory using three-layer system as 

described in chapter 3. Although the complete system consists of gas-phase/solvent/OTS 

SAM/silica/Au layers, only gas-phase/solvent/OTS SAM are considered as the thickness 

of OTS SAM (determined to be 2.1± 0.62 nm4.74, 4.75) exceeds 1.6 nm. Such thickness, 

according to Miller4.157, is a critical thickness of SAM beyond which VDW interactions 

originating from underlying substrate do not significantly affect thickness of solvent layer 

located at the opposite side of SAM. Thus, the neglect of underlying silica and gold is 

justified.  

The thickness of binary solvent layer was estimated using Eqn. 3.10, with 

Hamaker constants for OTS SAM 8.5 x 10-20 J4.156, 4.157, 3 x 10-20 J for water4.158, 3 x 10-20 

J for methanol4.158, and partial pressure of 99.9%. Molecular volumes of binary water-

methanol mixture were assumed by determining number of moles of each constituent per 

particular v/v ratio, and then dividing volume unit (1L) by total number of moles from 

both solvents. Using above data, the thicknesses of residual water-methanol layers at 

OTS SAM on silica were determined to be 0.9, 1.0, and 1.2 nm for 90:10, 50:50, and 

10:90 v/v mixtures, respectively. These results qualitatively partially correlate with the 

thicknesses measured by PM-IRRAS and ellipsometry in that the observed trend is 

similar, i.e., lowest thickness for water-rich mixture, and higher thickness for methanol-

rich mixture. However, quantitatively, the results show different trends in that the 

thickness of residual layers as calculated by Lifshitz theory increases as the amount of 
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methanol in mixture increases. In contrast, experimental data show ‘dip’ (lowest 

thickness) for 50:50 mixture, which is consistent with previously reported results 

showing highest fraction of water-methanol complexes at or around this v/v composition. 

The discrepancy in measured vs. predicted thicknesses in case of residual layers 

formed into gas phase controlled by bulk drop of 90:10, 50:50, and 10:90 v/v mixtures 

can be ascribed to several reasons. First, for Lifshitz theory calculations, it is assumed 

that there are no interactions between water and methanol. However, in case of water-

methanol mixtures formation of complexes has been reported previously4.87, 4.96, 4.122-127 as 

well as surface segregation due to partitioning and selective adsorption4.1, 4.63. Formation 

of these complexes or preferential increase in concentration of one of the solvents at the 

methyl-terminated OTS SAM can significantly alter the composition of the interface. 

Thus, the overall totality of the chemical interactions between solution components and 

OTS SAM modified silica surface chemical characteristics is also expected to change.   

OTS SAM modified silica surface is assumed to be perfectly homogeneous for the 

purpose of Lifshitz calculations. In reality, this may not be the case and defects may be 

present. Indeed, ‘anchoring’ of water-methanol in OTS SAM defects was reported 

previously that results in formation of clusters and possibly in thickness increase of 

residual layers4.1, 4.54, 4.144-151. 

Finally, Lifshitz theory assumes continuum theory and bulk characteristics of 

phases involved, which also might not be truly the case for residual layer that is only 

several monolayers thick. For instance, solid-like properties of first several monolayers of 
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fluid immediately at the solid surface were reported.4.159-163 All of these factors can 

contribute to increased thickness as measured both by PM-IRRAS and ellipsometry.  
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Conclusions 

 

The understanding of interfacial chemistry relevant to chromatographic separation 

at molecular level is vague despite decades of research. In particular, this lack of 

knowledge applies to structure and composition of interfacial component of mobile phase 

since it is composed from exactly the same chemical species as bulk. Hence, most 

conventional techniques can not be used in investigation of this constituent of the 

interface as the signal from the interface is lost in overwhelming background signal. Yet, 

it is the very interfacial layer between stationary phase and mobile phase that is of critical 

importance for the separation as the process itself is based on interactions between 

analytes in mobile phase, and analytes interactions with stationary phase. Specifically, the 

analytes present in mobile phase must approach, interact with stationary phase, go back 

to the mobile phase, and repeat this sequence many times before being eluted. Therefore, 

it is of key importance to comprehend how retention process occurs, and what is the 

structure and composition of the stationary phase–mobile phase interfacial layer for better 

understanding how and to what degree analytes are retained. In addition, these 

information will provide foundation for better understanding of the whole system that 

eventually will lead to improved quality of the separation, and more effective a priori 

prediction of conditions for efficient separations of unknown compounds, or further 

optimization of existing separation methods and procedures. 
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The research described in this chapter focused on several key issues of 

investigation of interfacial component of mobile phase at the model stationary phase. 

These are implementation of new methodology to investigate structure and composition 

of interfacial solvent layers at solid substrate through physical separation of the interface 

from bulk by using formation of residual solvent layers through forced dewetting and 

subsequent investigation using vibrational spectroscopies. Stability of so formed residual 

layers was also investigated as a function of the gas phase composition. Finally,  

methanol hydrogen bonding environment as well as interaction of methanol with model 

of stationary phase in RPLC was also studied. 

The implementation of PM-IRRAS of residual layers formed by forced dewetting 

was shown to satisfactorily probe the model complex chromatographic mobile phase – 

stationary phase interface represented by water – methanol layers at OTS/silica surface. 

Unfortunately, exhaustive investigation of such complicated system is limited by the 

sensitivity of residual solvents layers to gas phase composition, i.e., intrinsic 

physicochemical characteristics of the system. On the other hand, however, the PM-

IRRAS of residual layers formed by forced dewetting once again proved to be successful 

in terms of probing solid – liquid interface, even if the usefulness of such acquired 

chemical information is somewhat limited. 

The results show that the structure of the residual layers at the OTS/silica 

interface is similar to isotropic. No significant ordering or well-pronounced preferential 

segregation at the interface was found in investigated conditions.  
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Hydrogen bonding in residual layers of water – methanol mixtures at OTS/silica 

surfaces was investigated using PM-IRRAS of residual solvent layers formed by forced 

dewetting. However, the residual layers were found to be sensitive to composition of the 

gas phase. Specifically, the experimental spectral responses proved that changes in gas 

phase composition resulted in either deposition of one of the binary mixture component 

into residual layers, or evaporation of the other component into gas phase from residual 

layer, or possibly both processes. The direction of transfer was found to be dictated by 

the excess of given component in either of the phases followed by relocation of extra 

molecules to the other phase.  

νs(CD3) mode was chosen as a primary indicator for investigation of methanol  

Hydrogen bonding environments due to its sensitivity to type of hydrogen bonding 

formed by methanol molecule’s, its small FWHM, and lack of overlaps from other 

modes. The hydrogen bonding environment was also studied as function of gas phase 

composition.  

The results show that, since the residual layer is sensitive to composition of the 

gas phase, methanol molecules experience significant changes in hydrogen bonding 

environment in residual layers as a function of gas phase makeup. For water–rich gas 

phase, the hetero hydrogen bonding dominates spectral response, while for methanol–rich 

gas phase homo hydrogen bonding was mostly observed. In general, this observation 

indicate that the composition and chemical environment of the residual solvent layers 

made of at least two different chemical species can be modified by changing the 

composition of the gas phase. These changes can be controlled by preparing gas phase 
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such that either deposition of molecules from gas phase into the residual layer, or by 

evaporation of the other component into the gas phase would occur. 

Finally, the thicknesses of residual layers were estimated based in PM-IRRAS 

results. These thicknesses are estimated to be 3.1 ± 1.10, 1.1 ± 0.94, and 7.9 ± 1.55 nm 

for gas phase composition controlled by 90:10, 50:50, and 10:90 water–methanol bulk 

droplet, respectively. Ellipsometry results show similar thicknesses that are 3.3 ± 0.78, 

2.35 ± 0.94, and 4.8 ± 0.89 nm, respectively. These results indicate enormous effects of 

gas phase onto the structure and composition of residual layers upon changes in gas phase 

composition for forced dewetting from binary mixtures. 
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CHAPTER 5 

 

 CONCLUSIONS AND FUTURE DIRECTIONS  

 

Overview of the Challenge 

 The chromatographic interfaces are of critical importance for the efficiency of 

separation process. Unfortunately, despite decades of effort, the composition and 

structure of the interfacial layer between stationary phase and mobile phase remains 

vague, especially at molecular level. This is mainly so because these interfaces are 

inherently difficult to study, and the need to evaluate molecular structural attributes of 

both the stationary phase and the mobile phase at the molecular level. 

Chromatographic interfaces pose analytical challenges common to general issues 

encountered when investigating solid – liquid interfaces. The main difficulties are the 

need to differentiate the analytical signal from the interface against high background 

response from bulk (either solid, liquid, or both), and need for qualitative and quantitative 

information about the interfacial components of the stationary and mobile phases at 

aforementioned molecular level. 
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Strategy Taken in this Dissertation. An innovative strategy for investigation of solvent 

interfacial structure at bare and organically modified silica surface at molecular level is 

described in this dissertation. The novelty of this approach is threefold and relies on: 

creating of appropriate chemical model of the interface, physical separation of the 

interface from bulk solvent, and the use of vibrational spectroscopies to investigate 

structure and composition of the residual layer. 

First, a new chemical model of the investigated interfaces that minimizes response 

from bulk solid was designed and successfully fabricated. Proposed model utilizes 

stratified structure of ultrathin (≤ 10 nm thick) silica films on gold using gold oxide as 

adhesive layer and wetting control agent. Such design provides chemical environment of 

bulk silica surface, does not introduce significant spectral background from either silica 

layer or linker between silica and underlying gold substrate, is suitable for reflection-

based vibrational spectroscopies, and can be easily modified to mimic wide range of 

silica – solvent interfaces.  

Second, forced dewetting is utilized to separate interfacial layer from bulk mobile 

phase; yet, the structure and thickness of interfacial layer is preserved. In consequence, 

the spectral response only from the interfacial layer can be measured allowing for 

convenient and detailed analysis without interferences from bulk mobile phase.  

Third, vibrational spectroscopies are applied to investigation of structure and 

thickness of interfacial layers. These techniques were chosen as they are adequately 

sensitive to probe submonolayer coverages, and are capable of providing direct 

qualitative and quantitative information about investigates system. In addition, these 
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techniques allow for non-destructive measurements in wide range of conditions, 

including ambient conditions. 

 

Specific Goals of this Research. The main avenues of this research are: 

1. Fabrication, characterization and modification of the ultrathin silica layers on gold 

supports to mimic interfaces relevant to chromatographic separations.  

Appropriate system are expected to: minimize background spectral response via 

use of ultrathin silica films; exhibit surface chemistry identical to that of bulk 

silica; be easily modified to mimic wide range of conditions, and demonstrate 

high quality and stability of resulting layers. 

2. Investigation of the thickness and structure of the interfacial water layers at silica 

surface as a function of bulk solution pH that was varied between 1 and 9. 

Thickness of residual layers was evaluated using ellipsometry and infrared 

spectroscopy; the structure of residual water layers was evaluated using infrared 

spectroscopy. 

3. Investigation of the effects of composition of binary mixture gas phase onto the 

composition of the residual layer formed by forced dewetting using model 

water:methanol mixture at organically – modified silica surface. 

The composition of resulting residual layers was evaluated using infrared 

spectroscopy. 

4. Investigation of the hydrogen – bonding environment in binary mixture mobile 

phase in model RPLC system. 
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The hydrogen bonding in resulting residual layers was evaluated using infrared 

spectroscopy. 

 

Research Summary 

Characterization of Investigated Systems. The fabrication procedure of ultrathin silica 

layers on gold supports was developed and optimized. The method utilizes spin-coating 

of diluted sol-gel precursor solutions onto gold substrates that were cleaned and oxidized 

using UV photo-oxidation in an ozone atmosphere. The gold oxide layer resulting from 

this process acts as a wetting control and adhesive agent for the ultrathin silica layer. 

Control of silica layer thickness between ~6 and 60 nm through modification of precursor 

solution composition or by repetitive deposition of thin silica layers was also 

demonstrated.  

Silica films were found to be stable in aqueous solutions ranging in pH from 2 to 

10 for at least 30 min. Ultrathin silica films were modified with self-assembled 

monolayers of octadecylsilane. Such modification demonstrates that the surface 

chemistry of ultrathin silica layers is essentially identical to that of bulk silica. Therefore, 

the use of ultrathin silica layers on gold as as system that represents interior of RPLC 

column is rationalized. 

 The forced dewetting approach has been successfully applied to separate 

interfacial layer of solvents from its bulk counterparts. The procedure was found to work 

very well in case of formation of residual layers from a single solvent (aqueous solutions 
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of various pH at bare silica surfaces). The procedure was also found to work well for 

binary mixtures. However, in this latter case, the resulting residual layers were found to 

be unstable in that their compositions and hydrogen bonding environments were found to 

be strongly dependent on the composition of the gas phase. Regardless, it should be noted 

that this observed dependency of composition and properties of residual layers as a 

function of gas phase composition is a limitation of forced dewetting method in this 

particular set of experimental conditions, and not failure of the method per se. 

 The use of vibrational spectroscopies, namely IR in PM-IRRAS configuration as 

described in previous chapters, also provided excellent results. Structural and thickness 

information were extracted from spectra for aqueous layers at bare silica. In addition, a 

small enhancement was observed in investigated system that further improved quality of 

resulting PM-IRRAS spectra. Only hydrogen bonding environment of methanol was 

investigated in case of the water – methanol layers at organically modified silica 

substrates because of the tremendous sensitivity of composition of the residual layers to 

gas phase composition. Again, it should be noted that this limitation is a particular for a 

given set of experimental conditions (i.e., intrinsic properties of the chemicals used), and 

not a method failure per se.  

Thicknesses of residual water layers at bare silica were also determined using 

ellipsometry in forced dewetting experimental geometry to independently verify  

PM-IRRAS data. The results from both methods were found to be in good agreement 

with each other. The thickness of water – methanol layers at organically modified silica 

was not determined because of aforementioned instability of residual layers and lack of 
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knowledge of their exact compositions and properties (e.g., optical constants, necessary 

for determination of water – methanol layer thickness, change as a function of v/v ratio of 

the bulk mixture for these chemical species). 

 

Residual Water Layers at Silica Surfaces. The structures of aqueous water layers of 

various pHs at bare silica were found to be strongly different from simulated isotropic 

layers in that residual layers exhibited considerably higher ordering as indicated by 

increase in ice–like modes and decrease in liquid–like modes. The strength of hydrogen 

bonding in residual layers as a function of pH was also evaluated. For extreme pHs (1 

and 9), the strength of hydrogen bonding was found to increase compared to isotropic 

layers as indicated by decrease in ν(OH) frequencies; in contrast, it was found to slightly 

decrease at pH = 5.6 as indicated by increase in ν(OH) frequencies. 

The thickness of water layers at bare silica surfaces as measured by ellipsometry 

was also found to vary with pH. The thickness was observed to remain essentially 

constant within the range of bulk solution pH of 1 to 5 at about 6 nm thick. As the pH 

was increased to 5.6, the thickness increased to about 9 nm, and remained at this value up 

to pH of 8. Finally, at pH 9, the average thickness of water layers decreased slightly to 

about 7.5 nm. These data are in good agreement with thickness of water layers as 

evaluated by PM-IRRAS in that the thicknesses of water layers at silica surface at bulk 

solution pH 1, 5.6, and 9 were found to be 5.5, 8.7, and 9.9 nm, respectively. 

An enhancement in IR absorption was also observed in utilized experimental 

setup. This enhancement factor, of ~3.5x, was shown to be sufficient to provide increase 
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in signal–to–noise ratio and creates a promising avenue for further research using 

ultrathin silica layers on gold support platform. 

The main scientific impact from investigation of residual water layers at silica 

substrate is that the thickness and the average structure of these layers were determined. 

Previously, no study provided these information simultaneously. 

 

Hydrogen Bonding Environment in Residual Water–Methanol Layers at 

Octadecysilane–Modified Silica Surfaces. The PM-IRRAS was shown to be capable of 

probing the complex model of chromatographic mobile phase–stationary phase interface 

represented by residual water–methanol mixture layers at OTS SAM on silica surface 

formed by forced dewetting. Unfortunately, exhaustive investigation of such complicated 

system is constrained because of the sensitivity of residual solvents layers composition to 

gas phase composition, i.e., intrinsic physicochemical characteristics of the system, 

which somewhat limits the usefulness of this technique. 

Hydrogen bonding in residual layers of water–methanol mixtures at OTS SAM 

modified silica surfaces was investigated using PM-IRRAS of residual solvent layers 

formed by forced dewetting. The residual layers were found to be sensitive to 

composition of the gas phase. Specifically, the observed experimental spectral responses 

proved that changes in gas phase composition resulted in mass transfer between residual 

layers and gas phase that evidently altered the composition, structure, and chemical 

environments in residual layers. 
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The hydrogen bonding environment that methanol molecules experience in 

residual layers was shown to change significantly as a function of gas phase composition.  

The hydrogen bonding environment was investigated for fixed composition of bulk 

water–methanol mixture from which residual layer is formed through forced dewetting, 

while the composition of the gas phase was varied. In case of water–rich gas phase, the 

hetero hydrogen bonding dominated spectral response, while for methanol–rich gas phase 

homo hydrogen bonding is mostly observed. These observations further indicate that the 

composition and chemical environment of the residual solvent layers made of at least two 

different chemical species with considerable vapor pressures can be modified by 

changing the composition of the gas phase. These changes can be accomplished by 

preparing gas phase such that either condensation of molecules from gas phase into the 

residual layer will occur, or by evaporation of the other component into the gas phase. 

 

Future directions 

 The results from the experiments described in this dissertation indicate several 

avenues of research that would further advance current knowledge of the interfacial water 

layers properties at the silica substrate at molecular level as well as possible uses for 

ultrathin silica films on gold substrates. Some of the directions are provided below. 

 

Investigation of Stratification of Residual Water Layers at Silica Surface. The data 

presented in this dissertation indicates that interfacial aqueous layers at silica interfaces 
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can be relatively thick, e.g., up to ~10 nm. However, the data acquired so far represent 

averaged spectral response throughout the residual layer. On the other hand, numerous 

reports indicate complex structure of interfacial water layers at the silica as manifested 

by, e.g., existence of hydration layers, or changes from ice – like to liquid – like ordering 

as a function of condensed water thickness as discussed in Chapter 4 in this dissertation. 

At the same time, previous reports from Pemberton lab show that it is possible to obtain a 

structural ‘cross – section’ of residual solvent layers through varying experimental 

conditions. 

 Therefore, it is imperative to perform experiments on water layers at silica surface 

such that only a fraction of the total residual film thickness will be investigated at the 

given instance. These studies can provide direct evidence for structural differences within 

residual layers, e.g., they can prove existence of distinctive ice – like structured hydration 

layers at the silica – water interface, less ordered interfacial layers located further away 

from surface, and how the possible transition from well – ordered to less – ordered 

structure may occur, if any. Such obtained information will aid in better understanding of 

the structure and thickness of interfacial layers that are relevant for nanofluidic devices 

(especially ones that have channels approaching in diameter the thickness of interfacial 

layers), stability of biologically – pertinent membranes, hydration of proteins, formation 

of micelles, mobility of contaminants in soil, weathering of minerals, etc.  

 

The Effects of Ions in Residual Water Layers at Silica Surface. The data presented in 

this dissertation was acquired for solutions of constant ionic strengths and for only one 
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type of cation – anion pairs. However, in real life systems (e.g., CE separations), the 

solvent has usually more complex composition (e.g., presence of buffers), and its ionic 

strength may be considerably higher. 

 Therefore, experiments are proposed to provide insights as how to the structure 

and thickness of residual water layers change as a function bulk solution of strength, type 

of electrolyte used, and how these variables may affect water residual layers in various 

pH regimes. Specifically, PM-IRRAS is proposed for these studies to evaluate structure 

and thickness of residual layers, and ellipsometry, being independent method, is proposed 

for verification of thickness values obtained using PM-IRRAS. 

 Ion mobility within residual water layers at silica is another avenue of future 

research; four point probe measurements are proposed to achieve this goal. Actually, 

these measurements were attempted on ~ 6 nm thick silica layers on gold substrates. 

Unfortunately, such experimental setup turned out to not be suitable for these 

measurements for two main reasons. The first issue is that ~ 6 nm thick silica layer has 

defects that provide electrical contact between interfacial aqueous solution layer and 

underlying gold substrate. The second challenge is that the silica layer itself is 

mechanically too fragile to support contact of four sharp metal tips.  

Several solutions can be proposed to address above challenges. For instance, 

thickness of the silica layer can be increased to 100 nm or more to ensure its quality, i.e., 

lack of defects that penetrate through film and provide electrical contact with underlying 

gold. An additional benefit from thicker silica films is that its robustness would increase 

such that it could withstand pressure of metal tips. The other proposed solution is to use 
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quartz glass instead of silica layers on gold to perform four point probe measurements; 

such approach will eliminate issues with defects in silica layer (either existing or caused 

by metal tips). However, it should be noticed that quartz substrate will not allow for 

simultaneous PM-IRRAS data acquisition due to low reflectivity of quartz.  

 The experiments described above will allow for investigation of average mobility 

of ions in residual layers. However, the postulated presence of stratification in interfacial 

(e.g., presence of ice-like hydration layers) suggests that ions may have different mobility 

in different strata of the residual layer. To investigate this hypothesis, a set of 

experiments that would provide insight into ion mobility in various layers of interface is 

proposed. These experiments rely on formation of residual layer via slow emersion of 

silica plate from nanopure water (no ions present) into gas phase that would provide 

means of controlled removal of part of residual layer (vide investigation of the 

stratification of the residual layer by PM-IRRAS). Next, with silica plate still in contact 

with bulk solution, a drop of concentrated salt solution will be added to bulk solution. 

Addition of concentrated salt solution will provide ions that eventually could diffuse into 

residual water layer on silica. Subsequently, these ions could be measured by using four 

point probe. Such performed experiments would allow to measure ion mobilities in 

various strata of water– silica interfacial region. Ultimately, once the thickness of the 

water – silica interface is reduced to hydration layer (~1 nm), the mobility of ions in this 

layer (if any) could be also measured.  

Finally, four point probe measurements can be performed in several geometries. 

For instance, only one set of probes, placed horizontally (parallel to bulk solution as 
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described in experiments above) can be used to measure movement of ions. Building on 

this approach, two or more sets of probes would allow for better vertical resolution in 

terms of ion mobility or even two dimensional mapping of ions mobilities can be created. 

This information would be of particular interest when performing ion diffusion and 

mobility experiments in various sections of residual layer, including hydration layer. 

 

Silica Layers on Gold Supports as Surface Enhanced Infrared Absorption (SEIRA) 

Substrates. Ultrathin silica layers on gold substrates were shown to provide small 

SEIRA enhancement. This phenomenon was observed for systems that were not 

optimized for SEIRA. Such prospect of having smooth silica surfaces that provide 

SEIRA enhancement appears very appealing as it will lead to increased method 

sensitivity. One of the proposed optimization routes relies on gold substrate roughening 

via extended exposure (> 2 min) to oxidizing UV and ozone atmosphere in UV/ozone 

cleaner. The main advantage of this approach is that it would leave the gold substrate dry, 

a conditions that proved to be critical for formation of high quality of silica layers. 

 However, oxidizing gold substrate in UV and ozone atmosphere in UV/ozone 

cleaner may not be sufficient to obtain adequate roughness features on gold surface. 

Therefore, electrochemical oxidation – reduction cycles can be used as an alternative 

method. This approach would provide means for formation of much higher roughness 

features; now, the thickness and quality of resulting silica layer will become major 

limiting factors for resulting system. The thickness of the silica layer appears to be easier 

parameter to control as it can be done via either composition of precursor solution, or via 
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multiple deposition steps. In contrast, the control of the resulting silica layer quality 

appears to be more challenging in that it is a two – level issue. One of the conditions is to 

ensure appropriate cleanliness and dryness of the gold substrate – as discussed earlier, 

this parameter has enormous effect on quality of silica layer. This subject may be 

relatively easy to address by drying in oven, although the cleanliness of resulting rough 

gold substrates may call for final cleaning using UV and ozone atmosphere approach. 

The other consideration is optimization of roughness features of the gold substrate such 

that they can still support thick, high quality silica layers, and yet provide enhancement of 

IR absorbance.  

 Finally, smooth silica substrates that provide enhancement can be fabricated by 

embedding nanoparticles into the silica layer. Such procedure would call for development 

of a strategy for deposition of nanoparticles that will need to be made of appropriate 

material, with correct geometry of nanoparticles themselves, and suitable orientation on 

the surface. Once this step is accomplished, nanoparticles could be covered with silica 

layer via either spin – coating, dip – coating, or other technique that would let 

nanoparticles remain in desired geometry, and yet allow for coverage by silica film. 
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