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ABSTRACT 

 

The distinct structure and dynamics of interfacial water are due to a break in the 

extended hydrogen bonding network present in bulk water.  At solid-aqueous interfaces, 

the presence of surface charge, which induces a static electric field, and electrolytes, 

which are present in most naturally relevant systems, can additionally perturb the 

hydrogen bonding environment due to polarization.  The interplay between the surface-

charge-induced electric field and the ions in changing the structure of interfacial water 

has important consequences in the chemistry of processes ranging from protein-water 

interactions to mineral-water reactivity in oil recovery.  

Accessing information about the first few layers of water at buried interfaces is 

challenging.  Vibrational sum-frequency generation (vSFG) spectroscopy is a powerful 

technique to study exclusively the interfacial region and is used here to investigate the 

role of interfacial solvent structure on surface reactivity.   It is known that the rate of 

quartz dissolution increases on addition of salt at neat water pH.  The reason for this 

enhancement was hypothesized to be a consequence of perturbations in interfacial water 

structure.  The vSFG spectra, which is a measure of ordering in the interfacial water 

structure, shows an enhanced effect of salt (NaCl) at neat pH 6~8.  The trend in the effect 

of salt on vSFG spectra versus the bulk pH is remarkably consistent with the 

enhancement of rate of quartz dissolution, providing the first experimental correlation 

between interfacial water structure and silica dissolution.   

If salt alters the structure of interfacial water, it must affect the vibrational energy 

transfer pathways of water, which is extremely fast in bulk water (~130 fs).  Thus far, the 



iv 

role of ions on the vibrational dynamics of water at charged surfaces has been limited to 

the screening effects and reduction in the depth of the region that contributes to vSFG.  

Here, we measure the ultrafast vibrational relaxation of the O-H stretch of water at silica 

at different bulk pH, using time-resolved (TR-vSFG).  The fast vibrational dynamics of 

water (~200 fs) observed at charged silica surfaces (pH 6 and pH 12), slows down (~600 

fs) on addition of NaCl only at pH 6 and not at pH 12.  On the other hand at pH 2 (neutral 

surface), the vibrational relaxation shows an acceleration at high ionic strengths (0.5 M 

NaCl).  The TR-vSFG results suggest that there is a surface-charge dependence on the 

sensitivity of the interfacial dynamics to ions and that reduction in the probe depth of 

vSFG alone cannot explain the changes in the vibrational lifetime of interfacial O-H.  

This is further supported by the cation specific effects observed in the TR-vSFG of the 

silica/water interface.  While the vibrational relaxation of O-H stretch slows on addition 

of all salts (LiCl, NaCl, RbCl, and CsCl), the degree of slowing down is sensitive to the 

cation identity.  The vibrational lifetime of O-H stretch in the presence of different 

cations follows the order:  Li+ < Na+ < Rb+, consistent with previous Hofmeister effect 

reported in vSFG spectroscopy as well as AFM measurements at silica/water interface. 

To provide molecular insight on the effect of surface charge density and ionic 

strength on the changes in interfacial water structure, Molecular Dynamics (MD) 

simulations were performed on water at different types of surfaces.  It was shown that the 

properties of water near the interface, e.g., a net orientation and the depth to which this 

persists, depend on the degree of specific adsorption of the counter ions.  Our vSFG 

results, along with the insights from MD simulations, highlight the importance of 
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considering the role of ions on the solvent structure within the electric double layer 

region, beyond the screening effects predicted by classical electrochemical models.  
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CHAPTER 1 

INTRODUCTION 

1.1 Importance of water at charged interfaces  

The term ‘aqueous interfaces’ combines two ubiquitous ideas:  water, which makes 

up the majority of everything, and interfaces, the boundary between any two media.  

Understanding the properties of interfacial water is important.  The structure and chemical 

reactivity at aqueous interfaces has a direct consequence on a wide variety of phenomena, 

such as corrosion,[1-2] sedimentation,[3] biofilm formation,[4-5] and protein interactions 

in cell.[6].   

It is well accepted that the properties and behavior of interfacial water are different 

from bulk liquid water.[7-8]  The best example for the unique interfacial behavior of water 

is its high surface tension. Although there appear to be competing explanations for the high 

surface tension of water, it has been generally attributed to the smaller number of hydrogen 

bonding partners for the surface water molecules, and the stronger intermolecular attraction 

between them, as compared to the bulk phase.[9-10]  However, developing a microscopic 

understanding of interfacial water has been challenging mainly because of the difficulty in 

getting information concerning the first few layers of water in the presence of much larger 

quantities of bulk.  Nonetheless, recent surface-sensitive experimental and computational 

efforts have helped elucidate some aspects of the structure of water/air interface.[8, 11-16]  

For example, simulations have shown that, as opposed to traditional view of an ion-free 

interface, there is actually a an accumulation of anions at the water/air interface.[17]      
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While the air/water interface represents the simplest system of interfacial water, 

most biologically and geochemically relevant aqueous systems involve water in contact 

with a solid surface, more specifically a charged surface.  Examples include, mineral/water 

interfaces, electrochemical interfaces, protein/water interfaces, and membrane/water 

interfaces.  In this thesis, the discussions particularly focus on an important mineral/water 

system, the silica/water interface.  Silica (SiO2) is the natural oxide of silicon and is the 

most abundant mineral on earth.  Geochemical environments consist of many silicate based 

materials; that carry a surface charge in natural pH ranges.  This is because the oxide 

surface is generally covered with hydroxyl groups, which may carry a positive charge as 

M-OH2
+ or a negative charge as M-O-.[18]  The protonation state of the silica surface is 

largely pH dependent (Figure 1-1).[18]  For silica, the pH at which there is zero surface 

charge (point of zero charge) is pH ~ 2 and for all larger pHs the surface is negatively 

charged, as shown in Figure 1-1.[18]  The structure and orientation of water at the 

silica/water interface influences the acid-base equilibrium at the surface which controls 

processes such as mineral dissolution,[19-20] efficiency of oil recovery,[21] ground-water 

contamination by heavy metals,[22] protein adsorption on artificial surfaces,[23-24] etc.   

Compared to the water/air interface, the structure and dynamics of water at charged 

surfaces is quite complex.  Water, having a non-zero static dipole, is influenced by the 

charge on a mineral surface that can potentially change the arrangement of molecules in 

the vicinity of the surface.[25]  Moreover, water typically contains ions, introducing 

another complexity in the structure of water near the charged surface.  Therefore, one needs 

to develop an in-depth understanding of the distribution of ions in the aqueous solutions in 
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the presence of charged surfaces, and its overall influence on the solvent (water) structure.  

An investigation of the interfacial region between water and a charged surface is not 

complete without a discussion of the classical picture of the electrode/electrolyte interface. 

 

Figure 1-1: Cartoon depicting acid-base equilibria at a silica surface as a function of bulk 

pH.  Point of zero charge of silica surface is pH ~ 2, above which the number of 

deprotonated silanol groups increases with pH.   

 

1.2 Electrical Double Layer Region  

1.2.1 Evolution of electrical double layer models 

The detailed theoretical study of liquids adjacent to charged surfaces began with 

the work by German physicist Hermann von Helmholtz in the mid-19th century,[26] who 

suggested that when a solution containing ions is in contact with a charged surface, the 

interfacial region can be modelled as an ‘electrical double layer (EDL).’  The EDL has 

since been extensively debated, modified and revised, continuing to be a topic of 
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investigation.[27]  Helmholtz postulated that aqueous solutions at charged metal surfaces 

are governed mainly by electrostatic forces and ionic interactions.[28]  He put forward the 

first model of the EDL in 1879, wherein charge on the electrode lies on the surface, causing 

the oppositely charged counter-ions in the solution to adsorb at the surface in a compact 

layer.[28]  These two oppositely charged layers (sheets) at the interface form the so-called 

EDL.  The surface charge potential drops linearly over the distance between the surface 

and the adsorbed layer.[28]  Of course, this model of rigid charge sheets is unable to 

satisfactorily describe real ionic solutions.   

 

Figure 1-2: Schematic representations of EDL structures according to the Helmholtz 

model (a), the Gouy–Chapman model (b), and the Gouy–Chapman–Stern model (c). H is 

the double layer distance described by the Helmholtz model. ψs is the surface electric 

potential. Taken from ref [29] 

 

As a first attempt to overcome the limitations of the Helmholtz EDL, a new model 

was proposed independently by Gouy and Chapman.  In this modification, they described 

a diffuse layer of accumulated ions, which due to the Boltzmann distribution, extends to 
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some distance from the solid surface.[28]  The greatest concentration of ions is adjacent to 

an oppositely charged surface, where the electrostatic attraction between the ions and the 

surface is greater than diffusion driven distribution, and the ion concentration progressively 

decreases concentration away from the surface as the electrostatic interactions become 

weaker.  The number concentration of the adsorbed ions of species i on the surface is 

governed by Boltzmann statistics by the following expression: 

exp	                                      (1.1) 

where Φ is the electrostatic potential,   is the bulk number concentration, and k is the 

Boltzmann constant and T the temperature.[28]  An equation of this form assumes that 

activity of the ions is the same as molar concentration, which may not be true near the 

surface. Since it a diffuse double layer, rather than a rigid one layer, we must consider the 

volume charge density, ρ(x), that is given as: 

	∑                                                     (1.2) 

Form electrostatics, ρ(x) is related to potential ɸ at distance x by: 

	                                                             (1.3)          

Combining equations 1.2 and 1.3 gives the Poisson-Bolztmanns equation: 

	∑ exp	 	d                                       (1.4) 

As a result, the electric potential decreases exponentially away from the surface.[28] 

The main limitation of the Gouy-Chapman model is that the ions are considered as 

point charges in the solution phase that can approach the surface arbitrarily close.  

Therefore at very high surface potentials, the effective separation between the charged 
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surface and the accumulated ions can approach zero.  This is not realistic as ions have a 

finite size and cannot approach the surface closer than the ionic radius.  Thus, Stern 

proposed a modification to the Gouy-Chapman model in 1924, which combined the 

Helmholtz and the Gouy-Chapman models.[28]  Stern theorized that there is in fact a 

compact layer of specifically adsorbed ions, called the Stern layer, followed by a diffuse 

layer of counter-ions that extends into the bulk solution phase.[28]  The closest distance of 

approach for the ions that adsorb onto the surface without their solvation shell, called 

specifically adsorbed, is determined by their ionic radius and is referred to as the inner 

Helmholtz plane (IHP) (Figure 1-2c).  This is followed by the accumulation of the non-

specifically adsorbed ions that form a layer at the outer Helmholtz plane (OHP), which is 

the plane of closest approach for solvated ions.  Both these planes constitute the compact 

‘Stern Layer,’ and the potential profile in the compact layer is linear.[28]  Beyond the Stern 

layer, there is the diffuse layer that consists of nonspecifically adsorbed ions distributed 

from the OHP into the bulk.  This model is known as the Gouy-Chapman-Stern (GCS) 

model (Figure 1-2c).[28]  The potential profile in the diffuse layer is derived from based 

on the Poisson-Boltzmann equation (1.4) and given as: 

tanh tanh                 (1.5) 

where  is the potential at x2, which the distance where the OHP lies,  is defined as the 

inverse of the Debye length as is explained in the following paragraph.  Although there 

have continued to be several refinements to this model as well,[30] it is the most common 

EDL model used to describe behaviors of solid/liquid interfaces.[31-33]   
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Figure 1-3: Potential profile from a charged surface to the diffuse layer in the GCS 

model.  The potential profile in the diffuse layer is calculated for 10-2 M 1:1 electrolyte  

in water at 25°C, using equation 1.5, taken from ref [28] The potential profile in the 

compact layer is linear, similar to the Helmholtz EDL. 

 

1.2.2 Thickness of the double layer  

The thickness of the diffuse layer in the GCS model can be regarded as the distance 

over which the electrostatic potential gradient reaches 1/e of its value at the surface.  This 

distance is given by the Debye length and can be expressed as: 

/
…………………(1.6) 

where C0 is the bulk concentration of a 1:1 electrolyte, ε is the relative dielectric 

permittivity of the solvent, ε0 is the permittivity of the vacuum, z is the ion charge and e is 

the charge on an electron.   
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The Debye length is an important concept that we will encounter in our discussions 

throughout this thesis.  For a 1:1 electrolyte, e.g., NaCl, z=1, the approximate κ–1 values 

calculated using equation 1.6 for electrolyte concentrations are presented in Table 1.1.  It 

is quite clear that the thickness of the diffuse layer is very thin, and at an ionic concentration 

of 10-2 M, the diffuse layer makes up a thickness of only ~10 layers of water.  An interesting 

question is: what is the relation between this Debye length and the distance over which the 

surface potential orients and/or polarizes the water molecules?  This question will be 

addressed in further detail in Chapter 2, as the answer can have important implications in 

the discussion on the role of ions and interfacial structure. 

 

Electrolyte concentration(C0) (M) Debye Length (1/ ) 

(nm) 

1 0.3 

10-1 0.96 

10-2 3.04 

10-4 30.4 

10-6 300 

Table 1-1: Characteristic thickness of the diffuse later at different electrolyte 

concentrations calculated using equation 1.6 at room temperature for a 1:1 electrolyte. 

 

1.2.3 Limitations of EDL models 
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While the GCS model accounts for the gross features of real systems, there are 

still discrepancies.[27-28, 34]  It does not take into account some important aspects: the 

structure of the dielectric in the compact layer, the high polarization of the dielectric in 

the strong interfacial field, and the differences in the distance of the OHP based on the 

anion and cation.  More importantly, this model neglects ion- pairing (ion-ion correlation) 

in the double layer.  This deficiency has been illustrated in many examples; one study 

showed that the experimentally determined surface charges at a metal /electrolyte surface 

did not match the GCS predicted values, but were resolved when using a more advanced 

model that included ion correlation and ion condensation effects.[35]  Recent molecular 

dynamics simulations showed that while the GCS model satisfactorily predicted the 

cation distribution in the region close to a negatively charged surface, it highly 

underestimates the concentration of anions in the double layer region.[36]  Another 

failing of the theory is that, for concentrated solutions, GCS predicts impossibly large 

concentrations of the counter-ion close to interface, which would suggest that ions could 

saturate the interfacial region at high concentration.  This ’saturation effect’,  however, is 

not observed in the ionic liquids, which is an example of a highly concentrated electrolyte 

solution.[32]  Thus, the EDL models may not be sufficient to describe all the details of 

the structure of water and distribution of ions at a surface. 

1.3 Purpose of this study  

As described in the preceding sections, a thorough description of the structure of 

water and the distribution of ions in the interfacial region, using the classical EDL models 
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alone is not sufficient.[36]  Moreover, the chemical makeup of a charged mineral surface 

deviates significantly from a metal surface, where the charge is considered to be 

homogeneously restricted on the surface, as in the case of the EDL.  The structure of solvent 

molecules (for example, water) is also generally ignored in the EDL structure.[30]  Thus, 

in order to elucidate the water organization and ion distribution in situ at a mineral surface, 

we need experimental techniques that can report on the structural details of first few layers 

of water without interference from the bulk response.   

For many years surface species were detected using electron based surface-specific 

techniques such as low energy electron diffraction (LEED) and X-ray photoemission 

spectroscopy (XPS).[37]  However, the surface specificity in these methods comes from 

the fact that the mean free energy path of electrons is limited from a few angstroms to a 

few nanometers.[37]  Such techniques are not particularly useful to access information 

about buried interfaces, as the electrons are unable to reach interfaces through bulk media 

without undergoing multiple scattering events.[38]  The need for ultrahigh vacuum 

condition is another drawback of electron based spectroscopic techniques.[37] 

Vibrational spectroscopy, based on optical methods, in general is a great tool to 

gain direct information about the structure, orientation, and chemical identity of the 

molecules of interest, but lacks surface-specificity.  The ideal optical technique has to be 

interface specific or selective in its selection rule.  Second order non-linear optical 

processes such as second-harmonic generation (SHG)[39] and sum-frequency generation 

(SFG) are symmetry sensitive and are allowed at only regions with a break in 

centrosymmetry, in the dipole approximation.[8]  As a result, vibrational SFG (vSFG) 
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spectroscopy has become an important spectroscopic method of studying buried interfaces 

including, mineral/water interfaces[8] and hydrophobic membrane/water interfaces.  In this 

thesis I have used vSFG to study the silica/water interface under conditions of different 

bulk pH and ionic strengths.  The vSFG studies are sensitive to the changes in the hydrogen 

bonding structure of water as a function of chemical changes in the aqueous phase.[40]  

We also use a time-resolved vSFG technique to access the vibrational lifetime of the OH 

stretch of interfacial water and probe the role of ions in the ultrafast vibrational dynamics 

of water at an interface.  While vSFG spectroscopy is a useful method for surface-specific 

analysis its interpretation to extract details about sub-nanometer region is not trivial due to 

possible contributions from more than the interfacial layer.  In thesis, we perform molecular 

dynamics (MD) simulations on water in contact with a solid charged surface to get a 

molecular understanding on the structure of water within 1-2 nm from the surface.   

1.4 Thesis Outline  

Chapter 2 begins with a description of the basic theory necessary for the application 

of the sum-frequency generation vSFG spectroscopy as tool for interfacial structure 

investigation.  A brief explanation of the origin of vSFG is followed by a discussion on the 

current consensus on the contribution of bulk water to the SFG response.  This will help 

elucidate the relation between the SFG probe depth and the Debye length, which is critical 

in the discussion of the studies in this thesis.  

 Chapter 3 first describes instrumentation of both frequency-domain and time-

domain vSFG experiments.  This includes optical set up, generation of visible and mid-IR 
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pulses in each case, which was achieved for two different laser systems.  Second, Chapter 

3 will describe the concepts and computational details of the Molecular Dynamics 

simulations performed in this study to determine water structure at charged surfaces. 

Chapter 4 reports on the results of a study where vSFG spectroscopy was used to 

provide an experimental correlation between the interfacial water structure at silica and 

silica dissolution.[40]  The effect of salt (NaCl) was investigated on the vSFG of 

silica/water interface as a function of bulk pH.  There was remarkable agreement between 

pH dependent change in water structure induced by salt and the enhancement in the silica 

dissolution rate on addition of salt.  The results also highlights the higher sensitivity of the 

structure of water at a silica surface to cations near pH 6~8. 

In Chapter 5, the results of the MD simulations on water at solid charged surfaces 

are discussed.  The role of the charge distribution and ionic strength on the net orientation 

of water within 1-2 nm from the surface is investigated.  The results show a very different 

orientation of water at a surface that has a homogeneously spread charge versus a surface 

with localized charge.  We also investigate the structure of the interfacial region at an 

amorphous silica surface in the presence of NaCl in the electrolyte as predicted by MD 

simulations and compared to the results obtained for CsCl.  There is a high dependence of 

the nature of the interfacial region on the cation identity, which prompted the experimental 

investigation on the effect of ions on the hydrogen bonding structure of interfacial water. 

We investigated the effects of ions on the interfacial water structure at different 

surface charge conditions by measuring the vibrational lifetime of O-H stretch of interfacial 

water at silica surface, using time-resolved vSFG spectroscopy (TR-vSFG). The results of 
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this study are described in Chapter 6.  The TR-vSFG results show a strong surface-charge 

dependence of the effect of salt (ions) on the vibrational lifetime of the O-H stretch of 

water.  While the presence of salt slows down the vibrational dynamics of interfacial water 

dramatically at pH 6, there is no effect of added salt at pH 12.  The role of ions in addition 

to the well-accepted “screening effect” is discussed.  The importance of cation identity in 

altering the water structure is further evidenced by the experiments described in Chapter 6, 

where the TR-vSFG of the silica/water interface was performed in the presence of different 

alkali chloride salts.  The identity of the cation appeared to have a significant role on the 

vibrational lifetime of interfacial water and followed the order: Li+ ~ Cs+ < Na+ < Rb+, 

consistent with previous vSFG spectroscopy results of silica/water interface. 
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CHAPTER 2 

SUM FREQUENCY GENERATION SPECTROSCOPY AS A PROBE OF 

WATER AT CHARGED INTERFACES 

2.1 Introduction 

The aim of this thesis is to focus attention on the perturbations induced by a solid 

charged surface and ions on the interfacial aqueous phase.  For this, we rely on the 

surface-specificity of sum-frequency generation (SFG) spectroscopy to study the 

vibrational signature of water.  It is therefore important to understand the theory behind 

the optical process that gives rise to SFG exclusively from the near-surface region.  With 

regard to the water interface, vibrational SFG spectroscopy has become a very useful tool 

and method of choice to study molecular surface structural changes.[1-4]  In the 

following sections, I will briefly discuss the background of non-linear process with a 

focus on the theoretical origin of SFG, and its break-down in to surface and bulk media 

contribution.  Since the focus of the thesis is the role of ions on vSFG spectroscopic 

response, a brief review of the current opinion on the effect of salt on the SFG response 

of the charged silica/water interface is warranted.  

2.2 Concepts in Nonlinear Polarization 

The basis of any interaction between light and matter lies in the polarization that 

is induced in the matter by the external electromagnetic field.  Most commonly 

encountered optical processes, such as absorption, reflection, florescence etc, are linear 
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optical processes.  This means that the response, a consequence of the polarization 

induced by the incident light, is linearly proportional to the applied optical field.[5]  

However, under strong electromagnetic radiation, like that of a laser pulse, non-linear 

optical processes can occur and even dominate.  When light is incident on a material,   

the molecular dipole, µ,  induced can be given as: 

⋯	                                  (2.1) 

where  is the permanent electric dipole of the material, and are the molecular 

polarizability, and E is the incident electric field (light).  While µ gives the molecular 

response to the incident field E, the macroscopic material response to the applied electric 

field is given by the induced polarization, P(n).[5-6]  Polarization is defined as: 〈 〉  

where 〈 〉 refers to the orientational average of the induced dipole over all molecules.  It 

can also be expressed as: 

	 ⋯                  (2.2) 

where P0 is the permanent polarization,  is the permittivity of vacuum, and , , 

, are the first-, second-, and third-order susceptibilities, respectively.  Optical 

processes that arise from (2) and χ(3) are known as second-order and third-order non-

linear effects, respectively.  The induced time-dependent polarization  P(t) acts as a 

source term for generating new fields.[7]   

	 ⋯               (2.3) 

Note that, from here on, P0 from equation 2.2 is neglected as very few materials have a 

static polarization.[5] 
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 The susceptibility χ(n) depends on the number of molecules per unit volume (N), as well 

as the hyperpolarizibility  of the molecules.  It can be defined as: 

	
〈 〉

                                                         (2.4) 

for applied field strengths E comparable to the atomic field strength Ea, he higher order 

susceptibility terms have lower magnitudes than the first order susceptibility at unit field 

strength.[8-9]  In condensed phase media, the relative amplitude of : :  is 

1:10-8:10-15.[8-9]  An important result of the higher-order terms in equation. (2.2) or non-

linear optics is that the refractive index and absorption coefficient become dependent on 

the intensity of the light.[5]  Another consequence is that the frequency of the light can 

change.[5, 10]  This result of the generation of photons of a new frequency forms an 

important aspect of SFG spectroscopy, which will be considered in detail next. 

2.3 Theory of Sum-frequency Generation 

Sum frequency generation (SFG) and second harmonic generation (SHG) are the 

simplest non-linear optical processes where the second-order polarization P(2) in equation 

(2.3) is the source of the frequency mixing.[11]  From equations 2.2 and 2.3, the generic 

second-order polarization term can be expressed as: 

	                                       (2.5) 

If only one external field is present E1 = E2 and the result of P(2) is SHG process.  SFG is 

a special case of SHG which involves the interaction of two different electric fields, 

E1(1) and E2(ω2), such that : 
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	 cos                 (2.6) 

	 cos                  (2.7) 

to generate a third field E3(3). (Figure 2-1)  Now, equation 2.5 becomes:  

	 cos cos                                (2.8) 

On expanding equation 2.8, we get: 

	 cos 2 cos 2 2 cos 2 cos                         

                                                                                                                                      (2.9) 

In equation 2.10, the first two terms represent frequency-independent static optical 

rectification, the next two represent SHG processes, i.e. the generation of optical 

frequencies 2ω1 and 2ω2, the next one is the SFG process at the frequency ω3= (ω1 + ω2) 

frequency and the last term is difference frequency generation (DFG) at (ω1 + ω2) 

frequency.[11] 
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Figure 2-1: (A) Schematic of the vibrational SFG (vSFG) experiment at an interface. 

(B) The energy level diagram depicting the vSFG process, where the IR frequency is 

resonant with the ν= 0 ν= 1 transition, as a result, the generated SFG photons are 

resonantly enhanced. 

 

2.3.1 Vibrational SFG 

In vibrational SFG (vSFG), one of the incident laser beams has a frequency in the IR 

region, while the other is typically a visible laser beam.  When the two beams overlap 

spatially and temporally at a surface, as shown in Figure 2-1, and the SFG is detected in 

reflection, then to satisfy conservation of momentum, which is: 

	 	                                             (2.10) 

 

 the following equation must be fulfilled:[8] 

                       sin 	 sin sin 	                                 (2.11) 
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where is the frequency and is the angle with respect to the surface normal, and the 

indices 1, 2, and 3 refer to the incident beams and SFG beam, respectively. 

The conservation of energy for the SFG process requires: 

                                         	                                         (2.12) 

The sum-frequency intensity in the reflected direction is given by:[12] 

I I                    (2.13) 

where n1(ω) is the refractive index of medium 1 at the corresponding frequencies, and 

3=SF, I1 and I2 are the intensities of the visible and IR incident pulses, respectively, SF 

is the angle of  reflection of the SFG beam (Figure 2-1).  Here, the  refers to the 

effective nonlinear susceptibility, and depends on the geometry of the incident electric 

fields, and the refractive indexes of the media through linear and nonlinear Fresnel 

equations as[12]: 

	 ̂ ∙ ⋅ : ∙ ̂ ∙ ̂                    (2.14) 

with ̂ being the unit polarization vector at the given frequency and L(ω) the 

Fresnel factor at frequency ω and  is the macroscopic second order non-linear 

susceptibility, a third-rank tensor, where the i, j, and k indices represent the Cartesian co-

ordinates of the laboratory frame, leading to 27 possible susceptibility tensor 

elements.[13]  At an interface between two non-centrosymnmetric media only the 

following 7 components of the tensor are non-zero: 
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	 , and 

                                                          (2.15) 

This means that there are four possible polarization combinations that will yield non-zero 

SFG: SSP, SPS, PSS, and PPP (where, S and P refer to s-polarized and p-polarized for 

the SFG, visible and IR beams respectively).  The effective non-linear susceptibility 

tensors for these polarization configurations are: 

, sin                               (2.16) 

, sin                   (2.17) 

, sin                         (2.18) 

, cos cos sin

cos sin cos

sin cos cos

sin sin sin                                             (2.19) 

Here, 	are the incidence angles for the corresponding beams (i=SF, vis, or IR), while 

the parameters 	are the diagonal components of the Fresnel factors for each of the 

interacting beams.[12]  If the interface corresponds to the xy plane with z-axis as the 

surface normal then the diagonal components of L(ω) are expressed as: 

	
	

                                 (2.20) 

	
	

                                  (2.21) 

	
	

                                 (2.22) 
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Where the frequency dependent n1, n2 and n’ are the refractive index of medium 1, 

medium 2 and the interfacial layer, respectively. θ is the reflection angle and γ is the 

refraction angle from the interface.  

 All the SFG experiments performed in this thesis are carried out in the total-

internal reflection geometry (TIR).  This means two things: light travels from a higher 

refractive index medium into a lower refractive index medium; and the angle of 

incidences are higher than the critical angle for the interface, as determined by the Snell’s 

law, using: 

	                                             (2.23) 

In the case of TIR, the PPP polarization yields higher signal intensity as compared to SSP 

or SPS etc.  However, typically SSP or SPS polarization is preferred, because the 

effective nonlinear susceptibility in these cases depends on only a single component of 

the non-linear tensor χ(2), as shown in equations 2.16, 2.17, and 2.18.  On the other hand, 

the ,  depends on four tensors and it would be very complicated to separate them 

from each other when analyzing the experimental result.   However, there are certain 

conditions where the ,  can be simplified.  If the incidence angles for the visible 

and IR beams are kept close to the critical angles, γvis ~ γIR ~ 0.  Thus cos γvis
~ cos γIR = 0.  

As a result,  component in equation 2.20 becomes zero, and equation 2.19 now 

becomes: 

, ~	 sin sin sin 	              (2.24) 
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Therefore, in almost all of the SFG experiments discussed in this thesis, the spectra are 

acquired mainly in the PPP polarization combination at the silica/water interface. 

The more appropriate description of the second-order nonlinear polarization in the 

Cartesian co-ordinates of the lab frame, can be given by:[11] 

, 	 , ,                                                (2.25) 

where i, j and k are indices that correspond to the Cartesian co-ordinates x, y, and z 

(corresponding to the axes shown in Figure 2-1).   ,  denotes the induced polarization 

in the ith direction due to the jth and kth components of the applied fields, ,  and , , 

respectively.  In the next section, I demonstrate how the  term serves as the source of 

surface-specificity of the second order processes. 

2.3.2 Surface-specificity of SFG 

 is related to the molecular second-order hyper-polarizability  (defined 

in the molecular frame), through: 

∑ 〈 ̂ ∙ ̂ ∙ ∙ 〉                           (2.26) 

where Ns is the number density of surface molecules, ( ̂, ̂, ) are the unit vectors in the 

laboratory frame and the (  ) are the unit vectors in the molecular frame.[14]  The 

angular brackets indicate averaging over the molecular orientational distribution. Thus, 

 is an orientationally and number averaged quantity of the molecular 

hyperpolarizability  which is a product of the IR and the Raman transition 

moments of the molecule.[14-15]  Both and  are third-rank tensors and 
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therefore have the property that they change sign upon an inversion operation, such that 

̂ → ̂, ̂ → ̂, → .  Therefore,  

	                                            (2.27) 

For materials or systems possessing inversion symmetry remain unchanged upon 

inversion operation. Therefore:  

	                                            (2.28) 

Both the equations 1.21 and 1.22 can be satisfied only if 0.[13] 

This condition defines the selection rule that SFG is forbidden in any medium/material 

that possesses inversion symmetry, such that = 0 under the electric dipole 

approximation.[6-7]  The bulk media of most liquids and solids has molecules and 

associated dipoles randomly arranged, making it macroscopically centrosymmetric, i.e. 

possessing inversion symmetry.  Thus, SFG and SHG are not possible in such bulk 

media. However at surfaces and interfaces, the centrosymmetry is broken, making the 

interfacial region SFG-active. 

2.3.3 Resonant vSFG spectroscopy 

The discussions so far would apply for any sum-frequency generation process, 

irrespective of the frequencies of the two input fields.  However, in order to obtain a 

vibrational spectrum of the interfacial species of interest, the frequency of the visible 

field is kept constant at some convenient value, and the IR frequency is chosen to be 

resonant with a vibrational mode.[16]  This is called resonant vibrational SFG.  The 

or  is composed of a non-resonant and resonant term, be expressed as: 
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	                                                         (2.29) 

	 ∑                                            (2.30) 

where  is the non-resonant second order polarizability, and , Γ , Aq are the 

resonant frequency, the linewidth, and the amplitude of the qth mode of the surface 

species.[3, 17]  As seen from equation 2.29, when the frequency of the IR pulses is tuned 

over a region where vibrational modes of interest lie, there is a resonant enhancement 

when  in .   

In the theory of SFG-VS, the tensor elements of Aq are related to the IR and 

Raman properties of the vibrational mode[14]: 

	 	
∈

	 	                                            (2.31) 

which 		and  are partial derivatives of the Raman polarizability tensor and dipole 

moment with respect to, the normal coordinate (Qq)of the the qth vibrational mode.[15] 

Thus, the SFG response is in essence a product of IR and Raman processes, and for a 

vibrational mode to be SFG active it has to be both IR and Raman active.  Since the 

intensity of the SFG signal ∝ 	 , the intensity of the SFG is resonantly 

enhanced when the IR frequency matches the vibrational mode frequency of a surface 

species.  Typically, the non-resonant component is significantly lower than the resonant 

component, except in the case of metals,[18-19] or where the resonant term is very low 

due to lower absorption cross-section, such as in the for example in overtone or 

combination modes.[2]   
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2.4 Theory of time-resolved SFG 

While vibrational SFG can provide the vibrational spectrum of interfaces in a 

surface-specific, label-free and bulk-background-free manner, it cannot directly measure 

the dynamical properties such as vibrational lifetime and intra-/intermolecular vibrational 

coupling, which evolve at ultrafast time scales.  With the development of femtosecond IR 

sources, we have the ability to follow the vibrational processes in real-time.  Moreover, 

direct investigation of the time-evolution of the excited vibrational modes can offer some 

important information about the coupling between molecules and hence, molecular 

structure.  In order to directly measure the time decay of an excited vibrational modes of 

surface species, a type of time-resolved vSFG, called IR-pump vSFG probe, is used.   
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Figure 2-2: (A) Schematic of the TR-vSFG technique in external reflection (B) The 

energy level diagram in the presence of a pump pulse which excites a fraction of 

molecules to the first vibrationally excited state.  The pair of probe pulses generating 

the SFG beam is scanned in time (τ) with respect to the IR pump pulse. (C) 

Representative Tr-vSFG trace monitoring the modulation in the SFG signal as a 

function of (τ).   

 

The basic principle of the one-color IR pump-SFG probe TR-vSFG technique 

with the energy level diagram is shown in Figure 2-2.  First, the pump IR pulse, which is 

chosen to be resonant with a vibrational mode of interest, coherently excites some 

molecules from the vibrational ground state ν = 0 to the first excited state ν = 1.  It is also 

possible that pump pulse cause a ν = 1 2 transition for the population that already exists 
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in ν =1.  However, if the anharmonicity of the vibration is larger than our experimental 

IR probe frequency window (~200 cm-1), the excited state SFG signal (ν = 1  2) will 

not be observed.  In the case of O-H stretch of water, the anharmonicity for the 3200 cm-

1 component is ~ 350 cm-1.[20]  Moreover, it can be presumed that this ν = 1  2 signal 

will be very small, given the fact that the SFG intensity depends on the square of the 

surface population density and the square of a small quantity can be neglected. 

The pump-induced population transfer from ν = 1  2, causes a reduction in the 

effective χ(2) and hence ISFG , since χ(2)  α N, where N is the population difference 

between ν = 0 (N0) and ν = 1 (N1) states.  Thus, when the pump pulse excites the sample, 

there is an simultaneous reduction in the SFG probe signal or 'bleach' in the signal.  The 

excited molecules will relax back to the vibrational ground state, thus recovering to the 

equilibrium population distribution and the SFG signal recovers to an equilibrium value.  

This recovery of the SFG intensity can be monitored a function of the delay time between 

the IR pump pulse and SFG probe pulse pair.  If the instrument response function is less 

than the fastest vibrational relaxation process, then the vibrational time can be extracted 

from TR-VSFG.  In this approach, TR-vSFG is analogous to the more commonly applied 

transient IR absorption spectroscopy, except for the fact that the latter involves detection 

of a third-order coherence (two interactions with the pump IR field and one with the 

probe IR field), while the former involves the up-conversion of the third-order coherence 

created by the pump and probe IR fields, to a fourth-order coherence by the visible 

pulse.[11]  Hence the TR-SFG technique can be considered as a χ(4) optical interaction 

while static SFG spectroscopy is a χ(2) process.   
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The time dependence of the fourth-order response is contained in the population 

densities of the ground (N0) and the excited state (N1), such that N0 +N1 =1, then: 

	 ∝ 	 	 1 2 1 4 4         (2.32) 

If the pump intensity is sufficiently small, such that only a small population of N0 gets 

transferred to N1, then one can assume  to be negligible.  As a result, 	 ∝ 	1

4 .  To illustrate the quantitative relation between N1 and % bleach, let us consider 

the case where the pump pulse excited 10% of ground state population to ν = 0. Then 

using equation 2.32, we get, 	 0.9 0.1 0.64.  This means, the SFG intensity 

shows a 36% bleach, which is slightly higher than typical bleach values observed in our 

data (~25%).  Thus, it is can be safely assumed that there is a linear relationship between 

SFG intensity and N1.  This also suggests that that time constant of vSFG recovery in TR-

vSFG corresponds to T1. 

2.5 Effect of surface charge on SFG: the χ(3) contribution  

Since the role of surface charge and ions on interfacial water is investigated using 

vSFG spectroscopy, it is important to understand how these two parameters affect the 

vSFG response of an interface like the silica/water interface studied in this thesis.  It is 

also worth discussing how the changes in vSFG response are interpreted with respect to 

structural perturbations in the SFG community.   

Since the emergence of vSFG spectroscopy as a surface analysis tool and the 

interest in mineral/water interfaces, the silica/water interface has become a model 

interface to study water at a charged surface.[1, 21-24]  For silica and other similar 
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minerals, the surface charge density can be changed by changing the pH of the aqueous 

solution it is in contact with.  Since the point of zero charge for silica is pH 2, at neat 

water pH ~6 the silica surface has a net negative surface charge, which induces a static 

electric field in the solution adjacent to it.[25]   

As described above, the SHG and SFG responses from surfaces results from the 

second-order susceptibility χ(2).  The discussions so far have been limited to interfaces 

where there is no source of charge, i.e., neutral surfaces.  However, early SHG 

experiments on semiconductor surface showed that the non-linear signal can be enhanced 

by applying a DC electric field.[26-27]  This increased signal has been attributed to the 

contribution of the third-order susceptibility,  χ(3),  via a process termed as electric field 

induced second harmonic (EFISH) generation.[26-27]  Since the χ(3) contribution in 

EFISH is result of the product of a static field E0 (no frequency dependence) with the 

input laser fields, the χ(2) and  χ(3) signals can be detected at the same frequency 

simultaneously.  In such a case, the SHG (or SHG) signal intensity in such a case can be 

given as: 

∝ 	                                        (2.33) 

 

The field generated at a charged silica/water interface has also been well-studied 

and understood to promote ordering of water molecules at the interface.[3, 21-22, 28-32]  

In fact, the field present that the charged silica/water interface was also shown to give rise 

to this EFISH generation in the SHG studies by Ong et al. where an increase in SH signal 

was observed with increasing the solution pH above pH 2 (Figure 2-3A).[31]  Since then 
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it has been well established that the interfacial electric field, E0 , present at a solid/water 

interface enhances the non-linear response of the surface species, and in fact SHG 

spectroscopy came to be used as a method of even determining the surface charge at 

solid/liquid interfaces.[33-35]   

Du et al. used vibrational SFG spectroscopy to show that changing the solution 

pH, and hence the magnitude of the static electric field, can strongly affect the molecular 

ordering at the quartz/water interface.[25]  Under constant ionic strength, the ISFG of the 

O-H stretch region for the both quartz/water and silica/water interfaces increases as the 

bulk pH is varied from 1.5 to 11.[36]  The increase is has been attributed to increased 

ordering because of the E-field and increased χ(3) contribution to the ISFG.  Eftekhari-

Bafrooei and Borguet compared the OH vibrational lifetime at a neutral and a charged 

silica surface.[28]  A shorter lifetime at the charged surface was attributed to the response 

from more fully hydrated water molecules, since they have more pathways available for 

energy dissipation similar to bulk-like species.[28]    
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Figure 2-3: Effect of surface charge (bulk pH) on (A) the SHG response of silica/water 

interface, taken from ref.[31]  and (B) the vibrational SFG of the quartz/water interface, 

taken from ref [25] 

Jena and et al., have made a noteworthy attempt to elucidate the relationship 

between χ(2)  and χ(3), as illustrated in Figure 2-4.  According to their explanation, the χ(2)  

signal originates from those molecules that are asymmetrically oriented at the 

interface.[37]  The χ(3) signal can have contributions from isotropic bulk water molecules 

(χ(3)
iso ) and from molecules oriented by the static electric field.[17, 31, 37]  Under the 

electric dipole approximation, as illustrated in Figure 2-4a , in centrosymmetric 

environments, 〈 〉 0.  In contrast, 〈 〉 	 	 0, where 

 is the third-order molecular polarizability.  Here N(2)  is the number of molecules 

with a net polar (non-centrosymmetric) orientation, and N(3) can be all molecules 

experiencing the surface-originating field, E0, and are polarized, even if the field is not 

strong enough to “align” the molecules.  While the second-order susceptibility requires a 

net polar orientation of water molecules, the third-order susceptibility can also increase in 
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a case where all molecules are isotropically oriented (Figure 2-4b).  In the case of a high 

degree of orientational order, (Figure 2-4c), but  = 0 in the absence of polarity since 

there is a centrosymmetric environment. 

 

 

Figure 2-4: An illustration of the relationship between  χ(2)  and  χ(3)  in (a) isotropic, (b) 

polar ordered, and (c) non-polar ordered environments. Arrows indicate the direction of 

the water dipoles. Taken from Ref. [37] 

 

In summary, the presence of E0 at a charged surface results in a greater ISFG of 

interfacial water.  This increase in non-linear response can be due to the following 

reasons: (i) increased depth over which water molecules are aligned, (ii) increased 

orientation of interfacial water (within first few layers) due to E0, and (iii) χ(3) 

contribution to the signal.  However, the relative contribution of χ(2)  and χ(3)  to the 

observed spectra is still unclear and difficult to determine.  As a result, it not always 

obvious if the changes in SFG response are due to changes in the interfacial region or in 

the probing depth of SFG. 



39 
 

2.6 Probe depth of SFG versus Debye length 

  Now that we have seen that one of the consequences of a static E0 field at 

charged interface is to increase the depth over which waters are oriented or polarized, 

which can enhance the χ(3) term in equation 2.32, the following question arises: how 

many layers of water can in principle contribute to the total ISFG through the χ(3) term?  

One approach to separate the surface (χ(2)) and “bulk-like” (χ(3)) contributions is the study 

the ISFG under varying ionic strengths.[37-39]  As discussed in section 1.2.2 of Chapter 1, 

the ionic strength determines the depth over which the surface electric potential will 

penetrate into the bulk solution, also known as the Debye length.  However, while Debye 

length can be quantitatively determined, it may not match the depth over which the water 

molecules can contribute to the SFG process.  Firstly, it should be noted that the upper 

limit to the number of molecules that can in principle contribute to SFG is defined by the 

coherence length lc, defined as[15]: 

	                                              (2.33) 

where k(ω) is the wavevector in the refracted medium (water).  For the silica/water 

interface and IR centered at ~3000 cm-1, the lc= 27 nm.[15]  Therefore, when the Debye 

length is ~300 nm (10-6 M) not all polarized water molecules can contribute the SFG 

signal. 

At a fixed pH, where the silica surface still has a non-zero surface charge, 

increasing the ionic strength has been shown to decrease the ISFG signal from the 

silica/water interface.[32, 37-38]  In two parallel studies by Jena et al,[37] and Eftekhari-

Bafrooie and Borguet,[38] the silica/water interface was investigated over a wide range 
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of ionic strengths, to reveal the possible depths over which molecules respond to salt 

addition and its comparison with Debye length.  In this section, I will summarize the 

effect of ionic strength on the silica/water interface, as understanding this relationship 

between Debye length and SFG probe depth is important in the context of my study. 

Although the results reported by Jena et al.,[37] were based on vibrational SFG 

spectroscopy, and those by Eftekhari-Bafrooie and Borguet were on vibrational lifetime 

measurements,[38] there are many parallels between the results obtained from the two 

studies.  In both the studies, while varying the NaCl concentration from very low (~10-4 

M) to high (0.5–1 M), three or four distinct regions of ionic strength effects were 

identified.  In the first region, up to an ionic strength of 10-3 M, addition of salt seemed to 

result in no change in response to either the ISFG intensity or of the vibrational lifetime of 

water (T1).  It was suggested that at very low ionic strengths, the χ(3) contribution is 

comparable to χ(2) contribution; adding salt has no effect in overall ISFG because of the 

balance between an increase in χ(2)and a reduction in χ(3) contribution, due to a small 

decrease in the number of water layers capable of contributing to the SFG process.[37-

38] 
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The next region II (B) (10-3–10-1 M) showed a significant change in the ISFG as 

well as T1.[37-38]  For the spectroscopy result, it was explained that this region is where 

the reduction in the χ(3) contribution dominates, with a more or less constant χ(2) term, 

leading to an overall decrease in ISFG.  Similarly, the lifetime measurements, the reduction 

in the Debye length to ~ 2 nm meant a drastic decrease in the completely solvated or 

“bulk-like” water molecules than those in the region I. Thus, by a concentration of 0.01 

M (Debye length ~ 2 nm), only the molecules that are in non-centrosymmetric 

environment contribute to the SFG process.  While the measured lifetime T1 showed no 

effect of salt from 0.01 through 0.1 M, the intensity of SFG continued to decreases till 0.1 

M concentration, suggesting that at this concentration the SFG signal is primarily from 

χ(2).   

Figure 2-5: Effect of salt concentration on the vSFG spectroscopy (left) and the 

vibrational dynamics (left) of the silica/water interface. The plot (A) on left is taken 

from ref.[37] and plot (B) on right is taken from ref. [38]  
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At concentrations of 0.1 M and higher, the results start to show some 

discrepancies between spectroscopy and dynamics measurements.  The vibrational 

lifetime measurements showed an acceleration  in the dynamics from 0.1 – 0.5 M.  This 

was attributed to the possible increase in electric field due to cation adsorption, which 

results in more ordered structure and faster vibrational relaxation.[38]  In contrast, ISFG 

initially plateaued with salt up to 1 M, then showing a decrease with higher 

concentration.  Jena et al suggested that increasing salt concentration to 1 M leads to a 

“less-ordered” structure and hence a decrease in the ISFG.      

In summary, despite some discrepancies in results at very high ionic strengths, the 

decrease in ISFG was consistent with a slowing down of the vibrational lifetime measured 

by TR-vSFG, on addition of ionic strength.  In both these cases, the main source for the 

observed effects was attributed to the screening of the electric field by the ions, or 

reduction Debye length, to reduce the contribution from the χ(3)  term, i.e., contribution 

from waters in  fully solvated bulk-like environment.  However, another important role of 

ions was not fully considered: the electronegativity of the ions and their affinity to be in 

their hydration shell can also break the hydrogen bonding arrangement of interfacial 

water.  It is also possible that accumulation of ions at the interface can induce some 

orientational changes in the water structure.  For this, investigating the effect of salt at 

different surface charge conditions will be a useful experiment.  
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2.7 Conclusion 

We have seen that vibrational SFG spectroscopy depends on the second-order 

non-linear susceptibility, which is the source of surface-specificity of this process under 

the electric dipole approximation.  We can take advantage of the surface-sensitivity and 

the ultrafast time resolution of the lasers used in SFG spectroscopy to directly probe the 

changes in the vibrational relaxation of interfacial water caused by structural 

perturbations induced in the electrical double layer region.  In the study of water at 

charged interfaces, like the silica/water interface at pH > 2, the total SFG intensity can 

have contributions from χ(2)  and χ(3)  terms, and the separation of these two contributions 

in not trivial.  Increasing the ionic strength at a fixed pH, leads to a decrease in the ISFG 

response of the silica/water interface.  The well accepted and most commonly used 

explanation for this decrease is screening effect of ions on the static electric field to 

reduce the χ(3) contribution.  In this thesis, we shall explore the possibility of the ion 

perturbing the interfacial water arrangement to a different extent, depending on the 

surface charge density and the cation identity.   
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CHAPTER 3 

METHODS 

3.1 Overview 

The spectroscopy methods used in this thesis can be broken down into two 

categories: (A) frequency-domain vSFG spectroscopy of the O-H stretch region of water 

and (B) time-resolved vSFG to measure the vibrational lifetime of the O-H stretch.  The 

laser system used to carry out the experiments described in Chapter 4 using method (A) 

was different from the laser system that was used to carry out experiments described in 

Chapters 6 and 7 using method (B).  As a result, the experimental set up for the two cases 

has some differences and both these systems are described below.  I have also discussed 

the principle and theoretical details of the Molecular Dynamics (MD) simulations 

performed to investigate the structure and orientation of water molecules near a charged 

solid surface and the effect of ions.       

3.2 Frequency Domain vSFG Spectroscopy 

3.2.1 Generation of IR and visible pulses 

In this section, the optical set up that was used to perform the frequency-domain 

vSFG measurements discussed in Chapter 4 is described.  A solid state diode pump laser 

(Verdi 5 W, Coherent) provides a CW beam at 532 nm with an average energy of 5W. 

The Verdi is used to pump an ultrashort Ti:sapphire oscillator (Mira-seed, Coherent) to 

generate mode-locked pulses with sub 100 fs duration and an average power of 500 mW 

at a repetition rate of 76 MHz.  The oscillator output is used to seed a regenerative 
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Ti:sapphire amplifier (Integra-E, Quantronix) which is pumped with a Falcon series, 

intra-cavity frequency-doubled Q-switched Nd:YLF laser (527 nm).  The seed pulses are 

first stretched to a length of several hundreds of picoseconds using multiple passes on a 

single grating.  Then the stretched oscillator pulse is first pre-amplified in a Ti:sapphire 

crystal in the amplifier laser that is pumped with approximately 4.3 W of frequency 

doubled Nd:YLF laser.  A Pockels cell controls the oscillator pulse injection into the 

amplifier crystal, which is synchronized with the Q-switch of the Nd:YLF laser, ensuring 

that pump and seed pulses reach the Ti:sapphire crystal at an optimum, fixed time delay 

with respect to each other.  The pre-amplification of seed in the regen results in the 

generation of pulses with an average power of 800 mW at the repetition rate of 1 kHz.  

This output is further amplified by two passes in a second Ti:sapphire crystal pumped 

with ~18 W of the green Nd:YLF pump laser.  The typical pulse energy after the multi-

pass stage is 4.8 mJ, which is recompressed by multiple passes on a grating to give pulses 

of 3.5 mJ and ~100 fs duration at a repetition rate of 1 kHz.  The intensity spectrum and 

autocorrelation trace of the amplified pulses are shown in Figure 3-1. 

Approximately 10% of the output of the Integra-E was used as the visible pulse 

for the SFG measurements.  The energy of the visible pulse at the sample was attenuated 

to below the self-phase modulation threshold for the sample prism.  For broadband 

vibrational SFG (VSFG) spectroscopy, the bandwidth of the visible pulse needed to be 

narrowed.  This was achieved by passing the visible through a narrowband pass filter; 

The initial bandwidth of the Integra-E (~13 nm), as measured by BWTek USB 
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spectrometer, was reduced to ~2 nm after passing through the narrow band pass filter 

(CVI). 

Figure 3-1: Spectrum (left) and autocorrelation (right) of the output of Integra-E.  

Spectrum taken from ref. [1] 

 

 The remaining ~3 mJ of the output of the Integra-E was used to pump the 

commercial Traveling-wave Optical Parametric Amplifier of Superfluorescence 

“TOPAS” (Light Conversion) to generate near IR pulses tunable from 1 to 2.6 m.  

Optical parametric amplification (OPA) is a nonlinear interaction in which two photons at 

frequencies 1 and 2 are amplified in a medium which is irradiated with an intense 

pump wave of frequency 3 (Figure 3-2).  The amplified photon with the higher 

frequency is called the Signal and the one with the lower frequency is called the Idler. 
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Figure 3-2: Schematic representation, and the associated energy diagram, for Optical 

Parametric Amplification (OPA), top panel, and Difference Frequency Generation 

(DFG), bottom panel. 

 

 The generation and amplification of superfluorescence take place in the 5 mm -

Barium Borate (BBO) crystal.  The frequency of the signal and idler photons is 

determined by the phase-matching angle of the crystal.  The phase-matching condition in 

TOPAS is type II, meaning the polarization of the signal (perpendicular to the axis of the 

crystal) and that of the Idler (parallel to axis of crystal) are orthogonal to each other.  The 

conversion efficiency of the TOPAS, after optimizing the pulse width, contrast ratio and 

the beam profile of the regenerative amplifier beam from Integra-E is ~25-30%.  The 

tuning curve of the TOPAS, where the total energy of Signal and Idler is plotted as a 

function of wavelength, is shown in the Figure 3-3A. 

At wavelengths longer than 2.6 µm (Idler photons) the BBO crystal starts to 

absorb, resulting in much lower conversion efficiency.  Thus, the TOPAS cannot be used 
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directly to generate the mid-IR pulses of wavelengths > 2.6 µm.  To get tunable IR pulses 

in the 2.7-10 µm region, difference frequency generation (DFG) by mixing of the Signal 

and the Idler is used.  The DFG set up consists of  an AgGaS2 crystal, 1 mm thick, and 

operated with type I phase matching (cut angle at 39°), through which the signal and Idler 

beams from the BBO crystal are collinearly passed.  A tunable mid-IR pulse up to 10 m 

is then obtained by tuning the Signal and Idler to so that their photon energy equals the 

desired mid-IR photon energy and rotating the crystal angle to optimize phase-matching 

and the conversion efficiency of the DFG process.  To separate the signal and Idler 

photons from the DFG photons, a long pass filter is used.  The tuning curve of DFG, 

which shows the energy of DFG (after filtering the Signal and Idler) as a function of 

signal wavelength, is shown in Figure 3-3A. 

Figure: 3-3: Tuning curve of TOPAS, showing total power of Signal and 

Idler as a function of signal wavelength (A), and that of DFG (B) at the time of 

installation. 
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The spectral bandwidth and temporal pulse width of the mid-IR pulses were 

characterized by SFG in a sample that does not have any resonant feature in the IR region 

(e.g., GaAs). 

3.2.2 Optical Set up 

The schematic of the laser system and the experimental set up are shown in Figure 

3-4.  

 

Figure 3-4: Schematic of the laser system and the experimental set up for frequency  

SFG measurements with the Integra-E laser system. /2 and P are a half wave plate and 

prism polarizer, respectively, which are used to control the polarization of the visible 

pulse. F are optical filters. 
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 The energy and polarization of the visible beam were adjusted by a combination 

of a half-wave plate (λ/2) and a prism polarizer (P).  The visible beam was passed 

through a narrow band pass filters (F) to reduce the bandwidth of the pulse, making it a 

few picoseconds in duration.  The mid-IR energy after the DFG crystal, was typically ~10 

µJ in energy and was made to follow a movable delay line, that was used to adjust the 

temporal overall between the IR and the visible pulse to obtain SFG.  There was an 

additional delay line for the visible beam for ease of finding temporal overlap.   

All the three beams were made to travel in the same horizontal plane, parallel to 

optical table at the same height that was matched to the height of the water/sample 

interface and the height of the CCD detector.  The angle between the IR and visible 

pulses was kept fixed at 4 degrees, with IR incident at the interface (sample) at a greater 

angle than the visible.  The sample stage was designed in such a way that the sample 

holder could be rotated and fixed at a particular position to be able to select different 

incidence angles of the visible and IR beams with the interface.  For the silica/water 

interface, the SFG was carried out under total internal reflection geometry (TIR) meaning 

the angle of incidence of both the beams was greater than the critical angle for the 

silica/water interface.  The incidence angles of the IR and visible beam were fixed at 68o 

and 72 o, respectively.  The IR beam was focused at the sample using a 150 mm CaF2 lens 

and the visible beam was focused using a 600 mm BK7 lens, to give spot sizes of ~150-

200 µm at the interface, as estimated from the relation:  

2 	                                      (3.1) 



56 
 

where 2w0 is the beam diameter at focal point, D is the diameter of collimated beam, F is 

the focal length of lens.  The energies of the visible and IR pulses were ~11 mJ and 8~10 

µJ, respectively 

The SFG signal was collected by a 10 cm collimating lens and directed to the 

spectrometer entrance slit by two mirrors.  The SFG signal was separated from the 

reflected visible light by short pass filters (Melles Griot) and was detected by a CCD 

detector (Princeton Instruments) coupled with a spectrograph (300i, Acton Research 

Corp.).  The CCD has 256x1024 pixels.  For the SFG spectroscopy measurements, the 

full vertical binning, where the charge from each column of pixels (each column being 

chip height) is combined on the chip to give a single value per column, was used.  A 

prism polarizer was used to select the detected polarization component of the SFG signal.  

 
3.2.3 Spectra Acquisition: Scanning SFG 

In this thesis we are mainly concerned with the broad O-H stretch region of water, 

i.e., 3100-3800 cm-1.  The bandwidth of the IR pulse from DFG, however, is limited to ~ 

200-250 cm-1.  As a result, it was not possible to obtain the SFG spectrum of the entire O-

H vibrational mode region (~700 cm-1), in a single setting of the OPA/DFG.  In order to 

acquire the SFG spectrum of broad vibrational modes, a hybrid tuning-scanning broad-

band SFG approach was applied to access the entire spectral region of the vibrational 

modes of interest.[2]  In this method, broad band SFG spectra are obtained by tuning the 

DFG output to different IR wavelengths.  Then the spectra are “stitched” together to get 

the spectrum of the broad vibrational mode.  vSFG spectra of the silica/water interface 

were obtained by tuning the DFG output to four different IR wavelengths centered at 
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~3100, ~3250, ~3400, and 3600 cm-1, respectively, to cover the 3000-3700 cm-1 range.  

At each DFG wavelength, a reference SFG was first recorded, using an Au coated IR-

grade fused silica (IRFS) prism, followed by recording the sample SFG response using 

uncoated IRFS prism in contact with the aqueous phase.  The sum of the SFG responses 

from the silica/water interface obtained at each IR wavelength was normalized with the 

sum of the SFG from the IRFS/Au sample obtained, at the same IR wavelengths and 

experimental conditions, to obtain the normalized resonant vSFG spectra of interfacial 

water.   

3.3 Time-resolved vSFG Spectroscopy (TR-vSFG) 

3.3.1 Generation of IR and visible and pulses 

The TR-vSFG experiments were carried after the installation of a new laser system 

different from the one discussed in preceding section.  The source of the visible pulses, 

and the pump used to generate IR pulses, in the new system was a Ti:Sapphire 

regenerative amplifier called Libra-HE (Coherent). In this, the output of a turn-key 

Ti:Sipphire oscillator (Vitesse) was used a seed pulses for the amplifier.  The seed pulses 

were centered at 800 nm, with a bandwidth of ~12 nm and pulse width of 90-100 fs, and 

had a repetition rate of 80 MHz.  Approximately 130 mW of the seed output was fed into 

the regenerative amplifier cavity (regen cavity) of Libra-HE system after being optically 

stretched in time by a single-grating pulse stretcher.  In the regen cavity the seed pulse is 

amplified in a single Ti:Sapphire amplifier crystal rod, which has been optically excited 

by a pulse from the Nd:YLF pump laser.  The pump laser in Libra-HE is an Evolution-45 

(Coherent.) which gives an output of high energy nanosecond pulses at 527 nm and Q-
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switced at 1 kHz.  About 20 W of this pump laser power is used to optically excite the 

Regen amplifier crystal.  There are two Pockels cells in the regen cavity, which 

separately control the injection of the seed pulse synchronously with a pulse from the 

pump laser, and the dumping of the amplified seed pulse, to give an amplified pulse 

output of ~ 6.2 mJ.  This is then compressed to ~100 fs in a single-grating compressor to 

give final output of 5.1 mJ of ~100 fs pulses centered at 801 nm with a repetition rate of 1 

kHz.  

Figure 3-5: Spectrum (left) and autocorrelation (right) of the output of the Libra-HE. 

 

 Out of the ~5 mJ of the regenerative amplifier, 4.5 mJ was used to pump a 

commercial OPA (Coherent, TOPAS-prime HE) to generate 1.3 mJ tunable IR Signal and 

Idler pulses that cover 1.1 – 2.8 µm region.  To get photons further in the mid-infrared, 

the Signal & Idler beams are collinearly overlapped to undergo difference frequency 

mixing in AgGaS2 crystal.  We typical get a DFG output of 20 µJ @ 3 µm (~200-250 cm-

1 FWHM).  
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Figure 3-6: Tuning curve of TOPAS-Prime, showing total power of Signal and 

Idler as a function of signal wavelength (A), and that of DFG (B), when pumped with 

4.5 W of 801 nm pulses. 

 

The mid-IR energy was divided, using a silicon wedge, to produce pump and 

probe IR pulses with the ratio of 3:1.  Approximately 400 µJ of the remaining 801 nm 

output is used as the visible pulse in SFG after passing through a narrowband pass filter, 

to reduce the bandwidth from 12.6 nm to ~2 nm.   

 

 



60 
 

 

Figure 3-7: Representative IR profile of the DFG output. The IR spectrum is recorded 

as an SFG spectrum up converted with 809 nm (after narrow band pass filter) visible 

pulse with the Signal set at 1260 nm 

 

3.3.2 Optical Set up 

The schematic of the experimental set up used for TR-vSFG designed around the new 

laser systems, is shown in Figure 3-8. 

In principle, it is very similar to the optical set up described in section 3.2.2, with the 

addition of another IR beam that provided the lower intensity IR probe.  Analogous to the 

previous set up, the visible, IR pump and IR probe beams all had individual delay lines to 

control the temporal overlap of all the three pulses.  However, only the IR pump delay 

line was motorized to computer control the time delay between the pump and probe 

pulses.  While recording the TR-vSFG data, the time delay between the IR probe and 

visible pulse is kept constant at 0, and only the IR pump delay is moved. 
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Figure 3-8: Schematic of the laser system and the experimental set up for frequency  

SFG measurements with the Libra-HE laser system, used to perform one-color TR-

vSFG measurements 

   

 For the silica/water interface, the IR pump (8 μJ/pulse) , IR probe (3 μJ/pulse), 

and visible (5 μJ/pulse) beams incident at the surface with angles of 68°, 72°, and 76°. 

The three beams were focused at the interface to beam waists of ~75, ~75, and ~200 μm, 

using two 5 cm CaF2 lenses for the IR beams and a 20 cm BK7 lens for the visible.  The 

beams waists were not measured directly but estimated using equation 3.1.  First, an 

approximate spatial and temporal overlap of the three beams was found using a fused 

using a polycrystalline ZnSe sample that has a high non-linear response.  Then, to 

achieve spatial and temporal overlap in total internal reflection geometry conditions 

similar to those of our sample (silica/water interface), we use a fused silica triangular 

prism of similar dimensions as the sample coated with ZnO on the reflection face.   The 
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instrument response function and the position of the zero time delay was determined by 

recording the third-order cross-correlation between IR pump, IR probe and visible.   

 

3.3.3 Signal acquisition details 

The time delay between the IR probe and the visible was fixed, and the IR pump beam 

was scanned with respect to the IR probe and visible for acquiring the cross-correlation 

between the three pulses (χ(3)) and time-resolved SFG measurements. The SFG was 

recorded in 33 fs time steps using a custom program written with LABVIEW software.  

In order to account for the laser drift during typical scan time (15 minutes ~ 1 hour), an 

external shutter was placed in the pump IR path and, at each delay, pumped (shutter 

open) and un-pumped (shutter closed) dynamics data were recorded. The pumped data 

was divided by un-pumped data to acquire normalized dynamics data.  The normalization 

step accounts for the frequency dependent IR profile, and any other changes in its 

intensity, such as absorption in other optics, before it reaches the sample. 

  The region of interest on the CCD chip was specified in the Labview program 

before running a TR-vSFG scan by selecting the appropriate x-axes and y-axes pixels 

from the CCD image of the spectrum.  The program then computes the integrated signal 

under the ROI for both the pump ON and pump OFF case at each delay position of the 

scan, and gives the final normalized, differential SFG signal, as the ratio between the 

signals with the pump ON and OFF.   
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3.4 Molecular Dynamics Simulations   

3.4.1 Principles of classical molecular dynamics (MD) simulations 

MD is a powerful method for exploring the structure of solids, liquids and gases, 

and helps reveal details about properties that can be often lost in spectroscopic 

interpretation.[2-3]  In this thesis, we performed molecular dynamics (MD) simulations 

to get a molecular picture of the structural details of water within 1-5 nm of a charged 

solid surface in the presence of ions, described in Chapter 5.[4]  [2-3]  MD simulations 

compute the motion of an ensemble of particles and predict how the positions, velocities, 

and orientations etc. evolve with time.  For a system of N particles in a volume V, a set of 

initial conditions (initial positions & velocities of all particles in the system) has to be 

specified and interaction potential for deriving the forces among all the particles has to be 

defined.  Then, the motion of particles in time can be followed by solving a set of 

classical equations of motion for all particles in the system.  In classical MD simulations, 

the motion of particles is described by Newton’s second law or the equation of motion, F 

= ma, where F is the force exerted on a particle, m is its mass, and a is its acceleration.  If 

the force acting on each particle (atom or molecule) is known, it is possible to determine 

the motion or acceleration of each atom in the system.  For a system of total Nat, number 

of atoms, the force acting on the ith atom at a given time can be obtained from the 

interatomic potential V(r1, r2, r3, …, rNat) that, is a function of the positions of all the 

atoms, as[5]: 

, , … .                                                  (3.2) 
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Once the initial conditions and the interaction potential, as in equation 3.2, are 

defined, the equations of motion can be solved numerically to yield the positions and 

velocities of all the atoms as a function of time: 	(t), 	(t) to form a trajectory. [6] 

After the system is allowed to evolve for a given time interval, it is possible to 

deduce the bulk properties of the material from the trajectories using statistical 

mechanics.  Therefore, the average values of the bulk parameters can be determined.  MD 

simulation is a deterministic technique, meaning that initial positions and velocities, the 

evolution of the system in time is completely determined.  MD can also be used as a 

statistical mechanics method to generate a set of configurations that are distributed 

according to statistical distribution functions.  In addition molecular dynamics can be 

used to investigate the detailed atomistic mechanisms underlying these properties and 

compare them with theory.  MD simulations offer a valuable bridge between experiment 

and theory. 

3.4.2 Simulation Details 

 3.4.2.1 Force fields 

The calculation of the force acting on every particle is the most critical and time 

consuming part of a molecular dynamics simulation.  Current generation force fields (or 

potential energy functions) provide a reasonably good compromise between accuracy and 

computational efficiency.  Among the most commonly used potential energy functions 

are the AMBER, CHARMM, GROMOS and OPLS/AMBER force fields.[5, 7-8]  In this 

thesis, simulations were performed using the CHARMM27 force field,[9] and the 
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electrostatic potential was evaluated using the particle-mesh Ewald method with a mesh 

size of 0.5 Å.[10]   

The potential energy, V, is a function of the atomic positions, r, of all the atoms in 

the system, as expressed in term of Cartesian coordinates.  The value of the energy is 

calculated as a sum of internal, or bonded, terms Ubonded, which describe the bonds, 

angles and bond rotations in a molecule, and a sum of external or nonbonded terms, Unon-

bonded.  The non-bonded interactions in the CHARMM potential function have two 

components, the Van der Waals interaction energy and the electrostatic interaction 

energy.  The van der Waals interaction is modelled using the Lennard-Jones (LJ) 6-12 

potential which expresses the interaction energy between a pair of atoms. The LJ 

potential function is given as: 

4                           (3.3) 

rij is the distance between the center of the interacting atoms, ε governs the strength of the 

interaction and σij defines a length scale related to the equilibrium separation of a pair of 

atoms.[6, 11]  The electrostatic interaction between a pair of atoms is represented by 

Coulomb potential; D is the effective dielectric function for the medium and r is the 

distance between two atoms having charges qi and qk, given as: 

∑                                           (3.4) 

For water, the simple rigid 3-site point charge (TIP3P) model was used.[12]  In 

this model, water is represented as a sphere with an oxygen atom located in its center, and 

the hydrogen atoms 0.9572 Å away, with an H-O-H angle of 104.52°.[12]  The charge on 
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the oxygen site is  −0.834e and 0.417e on each of the hydrogen sites.[12]  The 

electrostatic interaction is modeled using Coulomb's law while the dispersion and 

repulsion forces between atoms are represented using the Lennard-Jones (L-J) potential.   

 3.4.2.1 Building the system 

The idealized surface was modeled as a single layer of particles arranged in a two-

dimensional lattice, with a lattice spacing of 0.5 Å, interacting with waters and ions 

through Lennard-Jones and electrostatic interactions.  Specifically, each particle was 

treated as a carbon atom using, for the C12 and C6 coefficients (in equation 3.3), the 

CHARMM-36 force-field parameters.  The initial configuration and parameters for the 

amorphous silica system were taken from Cruz-Chu et al.[13]  The idealized 

surface/water systems (both localized and homogeneously distributed charge) were built 

by adding 19515 water molecules, and the amorphous silica/water system had 25204 

water molecules, making a water slab of approximately 250 Å.  Ionic strengths of 0.1, 

0.35, and 0.5 M were considered by adding the appropriate ion pairs.  All the systems 

studied have an overall charge neutral state. The negative surface charge is compensated 

by adding extra counterions (Na+ or Cs+). 

3.4.3 Post Simulation Data Analysis 

Analysis was performed using the computational tools g_density and g_order 

from the GROMACS package.  The g_density  was used to compute the mass density of 

all the different atoms in the solution as a function of distance from the surface.  To 

quantify orientational ordering of water molecules, the quantity ‹cos(θ)›, i.e., the average 

cosine of the angle θ between the permanent dipole moment of each water molecule and 
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the surface normal, is plotted as a function of distance from surface.  For bulk water, 

there is no preferential orientation and the ‹cos(θ)› = 0.  This analysis was used to 

compute the depth where the ‹cos(θ)› value reached 1/e of its value at the surface, which 

was estimated as the “depth of the interface”.  The order parameter, which in this case 

was defined as the average orientation, of the water molecules were obtained using the 

g_order. 
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CHAPTER 4 

CORRELATION BETWEEN VSFG OF WATER/SILICA AND DISSOLUTION 

OF SILICA 

 

4.1 Introduction 

Understanding the structure and dynamics of aqueous interfaces and what makes 

them unique from bulk media is an area of fundamental importance.[1-3]  In particular, 

ions at aqueous interfaces play critical roles in biology,[4-5] physics,[6] and geology,[7] 

with many known commercial applications.[8]  Since chemical interactions in bulk liquids 

are sensitive to the local molecular arrangement of the solvent,[9] it is reasonable to expect 

that interfacial solvent structure could also influence liquid/solid interface reactivity.  

While some reports suggest that the reactivity of the aqueous/solid interface, for example, 

depends on the orientation of interfacial water molecules,[10-11] the exact role of ions and 

their effect on interfacial water structure and surface reactivity remains elusive.  In this 

study, we present experimental evidence for the influence of interfacial water structure 

induced by salt on interfacial silica reactivity, which has geochemical,[12-13] 

biological,[10] and industrial implications.[14-15]  The interplay of salt and pH strongly 

affects the dissolution of quartz and amorphous silica, which is important for alkaline 

flooding in enhanced oil recovery,[15] maintenance of concrete roads and bridges,[16] and 

silicate cycling of marine biogenic silica.[17]  Addition of alkali salts to aqueous solutions 

increases the dissolution rate of quartz, with a greater enhancement at near-neutral bulk 

pH.[18]  Moreover, the dissolution rate is more sensitive to the identity of the cation at 
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near-neutral pH than at high pH.[18-19]  Although the surfaces of quartz and amorphous 

silica have different long-range structural order, their points of zero charge (PZC) are fairly 

close and their dissolution behaviors show similar trends.[13, 18]  Thus, interfacial 

characteristics at quartz/water and amorphous silica/water interfaces should be 

qualitatively the same.  

In an effort to elucidate the dissolution mechanism of quartz and to explain the 

cation-specific effects observed at near-neutral pH, Dove developed an empirical rate 

expression that relates dissolution rate (reactivity) to the fraction of negatively charged 

surface SiO- groups.[20]  The rate expression was based on the model that correlated the 

silica surface charge (total fraction of SiO- groups) to cation concentration and bulk pH.  

The “surface charge sensitivity” to cations was defined as 

                                    d[-log θSiO
-]/d(1/[Na+]),                      (4.1) 

where θSiO
-
tot  is the fraction of SiO- and SiO-…Na+ surface sites. The enhancement in the 

dissolution rate with bulk cation concentration was attributed to the sensitivity of charged 

surface SiO- groups to the cations.  This “surface charge sensitivity” (SCS) to salt 

concentration was found to be maximum at the pH of neat water ~6-8 (this pH regime will 

be referred to as “near-neutral pH” throughout the document).[20]  Dove’s model indicates 

that quartz dissolution rate is directly related to θSiO
-
tot, thus the sensitivity of θSiO

-
tot to salt 

is directly related to the sensitivity of dissolution rate to the presence of salt.  It follows that 

the maximum enhancement in quartz dissolution rate on addition of salt, which are both 

maximum at near neutral pH.[20]  Subsequently, Dove et al. hypothesized that cations 

indirectly enhance dissolution by modifying rates of solvent exchange or orientation at the 

mineral-solution interface and enhancing the frequency of Si–O bond rupture.[18]  The 
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observation that cations modify the solvent behavior most at near-neutral pH has critical 

environmental and biological implications, since many naturally occurring silica and other 

mineral oxides are in contact with aqueous environments in this pH regime. 

We have used vibrational sum-frequency generation (vSFG) spectroscopy to 

determine the fundamental role of the interfacial solvent arrangement in silica/water 

interface reactivity, as hypothesized by Dove et al.[18, 20]  In the dipole approximation, 

vSFG is prohibited in centrosymmetric materials, e.g., bulk aqueous and amorphous silica, 

but allowed at non-centrosymmetric interfaces, making vSFG spectroscopy an intrinsically 

in-situ probe of interfacial structural changes in water molecular arrangement at the 

mineral/water interface.[21-22]    In addition, when there is a uniaxial perturbation, e.g.,  

surface electric field, the nominally centrosymmetric bulk can contribute via a third-order 

response or χ(3) term.[23-25]  The role of χ(3) is considered in the discussion below.  vSFG 

reveals that the highest perturbation to water arrangement due to salt occurs at near-neutral 

pH, and closely follows the predictions of the SCS model.  These results demonstrate the 

influence of microscopic interfacial solvent (water) structure on macroscopic surface 

processes such as silica dissolution. 

4.2 SFG spectra of silica/water with and without 0.1 M NaCl 

The normalized vSFG spectra of the OH stretch region at the silica/water interface at 

different pHs (2 through 12), are presented in Figure 4.1. All spectra show two broad 

regions at ~3200 cm-1 and 3400 cm-1
, commonly attributed to contributions from strongly 

and weakly hydrogen bonded water, respectively.[26-27]  While some argue that these two 

features do not belong to two types of water species,[28] recent theoretical studies have 
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shown that contributions from strongly hydrogen-bonded and weakly hydrogen-bonded 

distributions of water will indeed appear at ~3200 cm-1 and 3300-3500 cm-1, 

respectively.[29]  There is also a weak shoulder at ~ 3600 cm-1 which may be attributed to 

the asymmetric OH stretch or incompletely hydrogen–bonded water molecules.[30]  In the 

“no salt” case (all blue spectra in Figure 4.1), the spectral intensity increases as the pH rises 

from 2 to 10 due to the growing negative surface charge.[31]  However, the spectral 

intensity decreases from pH 10 to 12 as the effect of increasing ionic strength from 10-4 to 

10-2 M overshadows the simultaneous increase in surface charge.  In the “with salt” case 

(all red spectra in Figure 4.1), the ionic strength, determined by the 0.1 M NaCl, remains 

constant, and the vSFG intensity monotonically rises with pH.  We now focus on the 

change in vSFG spectra on addition of 0.1 M NaCl.  At pH 2 and 4, addition of 0.1 M NaCl 

leads to almost no change in the vSFG intensity.  At pHs > 4addition of salt leads to an 

overall decrease in the vSFG intensity (Figure 4.1), consistent with previous 

observations.[25, 32-33]  The reduction in the vSFG signal (Figure 4.1) due to salt strongly 

depends on the pH and hence the extent of silica surface ionization. 
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Figure 4-1(A-F): vSFG spectra of the silica/water interface in the absence  

(blue) and in the presence of 0.1 M NaCl (red) at (A) pH = 2, (B) pH = 4, (C) pH = 6, 

(D) pH = 8, (E) pH = 10, (F) pH =12. Black solid lines are fits to data using equation 

4.3 

 

 

The effect of electrolyte on the second-harmonic (SHG) and vSFG signal from 

quartz/water interface has been observed previously.[22-23, 34]  In fact, consistent with 
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our observation, Du et al., who used vSFG to investigate the effect of electrolyte (NaCl) at 

3 bulk pH values, reported a more pronounced change in near-neutral water (pH~5.7) than 

in basic water (pH~12), while their vSFG showed no effect at pH 1.5.[22]  The authors 

discussed two consequences of adding electrolytes: (1) a decrease in spectral intensity, 

which was attributed to screening of negative surface charge by Na+ ions and (2) a decrease 

in the relative strength of the peaks at 3200 and 3450 cm-1, which was interpreted as an 

increase in molecular ordering.  However, it is unclear why electrolytes would increase 

molecular ordering of water at the interface with a simultaneous  decrease in the vSFG 

spectral intensity as observed in many vSFG reports.[22],[25, 33] 

The vSFG signal at a charged interface originates from water molecules in a non-

centrosymmetric environment induced by interfacial molecular ordering and/or the surface 

electric field (E0). The resonant vSFG intensity consists of two terms:    

	∝ 	 	                    (4.2) 

where χ(2) and χ(3) are the second and third order susceptibilities, respectively.[32]  The 

major part of the resonant contribution to the χ(2) term comes from anisotropic water, i.e., 

molecules oriented by the interface.  The χ(3) term reflects water that can be either oriented 

by, or experiencing the polarizing effects of, E0.  In principle, the length scale over which 

χ(3) contributes is determined by the Debye length.  Under conditions of high surface charge 

and low ionic strength, the interfacial potential is high and the Debye length extends many 

layers into bulk water, which can make the χ(3) contribution non-negligible.[30, 32]  For 

the silica/water interface, it was shown that χ(3) contribution to vSFG starts to decrease at 

ionic strengths of 0.1 M and higher.[25, 32]  While the significance of χ(3) term or bulk-

like response to the observed vSFG intensity is still a subject of debate,[25, 35] there is no 
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doubt that the SFG intensity depends on the structural properties of water in the interfacial 

region and the magnitude of the nonlinear optical response.  At constant ionic strength, the 

vSFG signal grows with pH because of a greater ordering of interfacial water due to the 

rising interfacial electric field, and/or an increased contribution of molecules within the 

Debye length via a χ(3) contribution.[23, 26]  At constant pH, the vSFG signal decreases 

with increasing ionic strength.[25, 33]  This may be a result of the shrinking Debye length 

and/or the decreasing interfacial potential.[25, 36]  In addition, the cations accumulating 

near the negatively charged surface perturb the interfacial water ordering.  Irrespective of 

the precise mechanism, the presence of salt in aqueous systems at charged interfaces 

reduces the non-linear optical response (vSFG signal intensity), reflecting reduced solvent 

ordering. 

4.3 Fitting details and quantification of “effect of slat on vSFG” 

The normalized vSFG spectra presented in Figure 3.1 were obtained by dividing 

the sum of the vSFG response from the silica/water interface obtained at each IR 

wavelength with the sum of the SFG from the IRFS/Au sample obtained, at the same IR 

wavelengths and experimental conditions.  The normalized spectra were fitted to equation 

4.3, a sum of three Lorentzians centered at ~3180-3220 cm-1 (j=1), 3400-3450 cm-1 (j=2), 

and 3600-3650 cm-1 (j=3), representing water molecules in strongly, weakly and 

incompletely H-bonded environments, respectively. 

	 	∑
	

                        (4.3) 
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χNR is the non-resonant contribution to the SFG intensity, Bj, Γj, ωj, φj, are the 

amplitude, linewidth, resonance frequency, and phases of the oscillator species j, 

respectively.  All parameters, except the phase of one oscillator, were left unfixed to get 

best quality fits. While we obtained better quality fits by including a third oscillator at 

~3600 cm-1, we did not include in our analysis of ‘salt effect S’ as the intensity of this 

feature was very low.  The B1 and B2 obtained from the above fitting procedure for both 

the “no salt” and “with salt” case are presented in Table 1.  

 

pH B1(nosalt) B2(nosalt) (B1+B2)nosalt B1(salt) B2(salt) (B1+B2)salt

2 

14.14±5.96 6.47 ±3.47 20.61 16.35 

±4.04 

4.27 ±6.16 20.74 

4 

13.69 5.11 7.99 ±3.30 21.68 14.24 

±1.60 

7.06 ±3.23 21.30 

6 

24.8 ±4.2 16.45±12.4 41.25 18.68 

±1.52 

3.69 ±1.88 22.37 

8 

45.92±2.07 13.04±2.49 58.96 18.33 

±4.99 

7.37 ±6.1 25.70 

10 

46.45±4.34 11.63±2.71 58.26 34.60 

±13.0 

6.06 ±2.31 40.66 

12 32.95±5.43 15.60±7.10 48.55 38.27±4.70 3.06±2.59 41.33 

Table 4.1. Spectral amplitudes B1 and B2 obtained from fitting vSFG data to equation 4.3, 

for “no salt” and “with salt” case. 
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The vSFG intensity, specifically the amplitudes associated with strongly (B1) and 

weakly (B2) hydrogen-bonded water contributions (~3200 cm-1 and 3400 cm-1, 

respectively) obtained from the fits using equation 3.2, reflects the ordering of interfacial 

water.  A quantitative analysis of the effect of salt on interfacial water structure is provided 

by comparing the total vSFG spectral amplitudes for the “no salt” case, (B1 + B2)nosalt, and 

the “with salt” case, (B1 + B2)salt.  Specifically, the normalized difference between the two 

cases provides a measure of the extent to which salt alters the interfacial water structure, 

i.e., the ‘salt effect (S)’, given by equation 4.4.                    

 
nosalt21

salt21nosalt21

)B(B

)B(B)B(B




S                      (4.4) 

 

 

Figure 4-2: Comparison between the effect of salt on the vSFG response of the silica-water 

interface and effect of salt on silica dissolution, as a function of pH. Red crosses: “Salt Effect 
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(S)” as obtained from equation 4.4; Black squares: Calculated quartz rate enhancement on 

adding 0.1 M NaCl salt using rate model in Ref 20 (Appendix A2); Solid line: “surface charge 

sensitivity” curve, reprinted from Ref 20. 

4.4 Correlation between effect of salt on SFG spectra and silica dissolution  

The sensitivity of the ‘salt effect (S)’ to the bulk pH follows the trend predicted by 

the SCS model (Figure 2).[20]  To further elucidate the strong correlation between the pH-

dependent perturbation of interfacial water structure on addition of salt and the pH-

dependent enhancement of silica dissolution rate by salt, the relative increase in dissolution 

rate on addition of 0.1 M NaCl was calculated at each pH using the empirical rate equation 

developed by Dove,[22] (Details of the rate calculation are provided in Appendix A2) and 

overlain on our vSFG data (Figure 4.2).  At near-neutral pH 6-8, where the silica surface 

is partially ionized to SiO-, there is a sharp increase in S indicating that salt perturbs the 

interfacial ordering most at this pH regime.  This perturbation starts to decrease at pH >8.  

At pH ~12 the silica surface is highly ionized and salt has diminished influence on the 

vSFG response. 

The salt effect on the vSFG response is a consequence of the modifications induced 

in water ordering due to the opposing effects of increasing surface charge and ionic 

strength.  One could argue that the changes in vSFG intensity observed upon addition of 

salt at each pH are simply a result of the reduction in the Debye length and the decrease in 

the number of water layers contributing to the detected signal.  If this were the case, then 

the loss in vSFG intensity should be proportional to the reduction in the Debye length.  

However, the effect of salt, reflected in S, on the vSFG signal is different at pH 6 and pH 
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8, even though the extent of Debye length shrinking is the same.  A similar observation 

holds for pH 4 and pH 10, although at these two pH conditions the silica surface charge 

and hence surface potential are significantly distinct.  This suggests that the change in the 

vSFG on addition of salt is not due to the screening effect of counter ions (Na+) alone.  

Rather, it reflects a decrease in the overall ordering, i.e., χ(2), caused by the presence of salt 

cations in the interfacial water layer (Scheme 4.1). 

At acidic pH, where the surface charge of silica is negligible, the addition of Na+ 

ions does not appear to alter the hydrogen-bonding structure of interfacial water (Figure 4-

1).  This is due to the lack of a driving force to attract the cations to the neutral surface, 

thus limiting their perturbing effect on the interfacial region.  The dissolution rate at low 

pH is slow as molecular water, a weak nucleophile, is the primary reactive species 

responsible for dissolution.[18, 20]  At pH ~12, the surface charge density and the bulk 

Na+ concentration (10-2 M) are large.  Many Na+ ions are already present at the negative 

silica surface, so that addition of salt causes only small changes in water structure, and thus 

the vSFG spectrum.  In alkaline conditions, it is believed that the hydroxyl ions control the 

dissolution rate via a faster mechanism involving the adsorption of a proton on the bridging 

surface oxygen followed by nucleophillic attack of hydroxyl ion on silicon.[18, 20]   
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Scheme 4-1: Cartoon depicting decrease in ordering of interfacial water at near-neutral 

bulk pH on addition of 0.1 M NaCl. Note that the cartoon is to aid the understanding 

alone. The ion concentrations are not to scale for 10-6 M and 0.1 M ionic strengths.  

However, it should be noted that the concentration in the interfacial region will be 

different than the bulk concentration.  

 

At pH 6-8, the silica surface has a net negative charge with partially deprotonated 

SiOH groups and a low Na+ bulk concentration (10-6 M in “no salt”), the interfacial water 

region is most prone to disruption by the addition of 0.1 M Na+.  The negatively charged 

surface attracts the cations and their hydration shells, perturbing the interfacial solvent from 

its initial salt-free structure (Scheme. 4.3), as revealed by the largest changes in vSFG 

response and S at this pH.  One factor influencing the silica surface reactivity is the rate of 
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solvent exchange (kex), which correlates with dissolution rate of silica for a series of cations 

and is defined as the frequency at which primary solvation water associated with an ion is 

exchanged with the surrounding water molecules.[18]   In the absence of salt, the only ionic 

species present near the silica surface is a trace of H3SiO4
- from the slow reaction of Si—

O surface group with H2O.[18]  On addition of salt the predominant ions near the negative 

surface are hydrated Na+, which have a solvent exchange rate that is over eight orders of 

magnitude faster than H4SiO4
,[18] increasing the frequency of Si—O bond breakage.[18] 

Since the relationship between solvent exchange rate and dissolution rate is not 1:1, the 

frequency of solvent exchange with cation is not the only mechanism of rate enhancement.  

It was suggested that, at near-neutral pH, the increase in the rate of reaction between Si—

O and water is a consequence of the existence of a higher entropy state of the interfacial 

system (hydrated quartz surface, interfacial water and hydrated ions together).  The 

attraction of hydrated cations to the negatively charged surface at this pH, orients the water 

at the surface so as to increase the entropy of the system, and hence the pre-exponential 

term of the reaction rate.[20] This picture of higher disorder induced by cations at near-

neutral bulk pH is supported by our vSFG results. 

4.5 Effect on salt on strongly versus weakly hydrogen bonded water  

To understand the effect of salt on the different hydrogen bonding environments, 

the relative changes in the vSFG amplitudes of the 3200 cm-1 and 3400 cm-1 features are 

compared (Figure 4.3).  While salt does not significantly modify the amplitude of the 

weakly hydrogen bonded water feature with pH, salt has an effect on the strongly hydrogen 

bonded water (B1) which follows the “surface charge sensitivity” trend, showing a 
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maximum at pH 8.  This is in agreement with previous observations, albeit performed at a 

single pH, that the 3200 cm-1 feature experiences larger perturbation with increasing ionic 

strength.[33]  We speculate that the overall salt effect on the vSFG signal comes mainly 

from the response of water molecules in strongly hydrogen bonded environments. 

 

 

Figure 4-3: Comparison of the effect of salt on strongly (B1) and weakly hydrogen 

bonded (B2) water. 
	
. Open Blue squares: effect of salt on the 

3200 cm-1 feature, Red triangles: effect of salt on the 3400 cm-1 feature. 

4.6 Conclusions 

In summary, vSFG spectroscopy of the silica/water interface reveals that the 

influence of salt on the molecular arrangement of interfacial water depends on the bulk pH 

and hence the surface charge density of silica.  The maximum change in vSFG spectra of 

water on addition of salt is observed at near-neutral pH, suggesting that maximum 

perturbation by salt on the water structure occurs at this pH region. This result is consistent 
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with Dove’s “surface charge sensitivity,” which was used to explain the dissolution rate 

enhancement by addition of salt.  The vSFG results provide an experimental validation of 

the hypothesis that changes in water orientation close to the silica surface on addition of 

salt directly increase the surface hydrolysis rate.  By revealing the in-situ structural changes 

in water on addition of salt as the surface ionization of silica is varied, the vSFG results 

‘connect the dots’ between microscopic solvent structure and resulting macroscopic 

surface reactivity.  The fact that maximum variations in interfacial ordering induced by salt 

are observed at near-neutral bulk pH can have important implications for geochemically 

and biologically relevant process that occur at this pH regime.  Further, the results also 

highlight the difference in the interaction of the cations with the silica surface depending 

on the surface charge density.  This is the central theme in the results of the TR-vSFG and 

MD simulation experiments discussed in the following chapters. 
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CHAPTER 5 

ROLE OF SURFACE CHARGE AND IONIC STRENGTH ON STRUCTURE OF 

INTERFACIAL WATER: MOLECULAR DYNAMICS SIMULATION STUDY 

5.1 Introduction 

The unique properties of interfacial water impact diverse fields such as biology[1-

3] (e.g., protein folding and lipid membrane properties), geology[4-5] (e.g., mineral 

dissolution, the stability of colloids and waste water treatment), atmospheric chemistry[6] 

(e.g., effect of water aerosols on pollution), electrochemistry[7] (e.g., wetting and 

corrosion), materials science[8] (e.g., heterogeneous catalysis), and technological 

applications[9] (e.g., hydrogen fuel cell and biosensors).  Interestingly, all the different 

physico-chemical processes in the above examples depend on the interaction of water 

molecules with surfaces and the influence of the surface on the structure of the extended 

hydrogen bond network.[10]  In the preceding chapters, I have discussed the potentially 

different properties of interfacial water compared to their bulk counterparts,[11-12] due to 

the abrupt break in the bulk hydrogen-bonding network caused by the presence of a phase 

boundary.  In this chapter, we concern ourselves with the details of the interfacial water 

structure, such as orientation and distribution of ions, at a charged interface to answer 

fundamental, yet non-trivial, question: How deep is the interface at charged surfaces.  

At the well-studied air/water interface, experimental and theoretical results show 

that the interfacial depth, i.e., the region where the water structure is not bulk-like, is rather 

shallow (~3-7 Å), corresponding to one or two monolayers.[13-14] A different picture is 

expected at mineral/water or electrode/electrolyte interfaces, where surface charge may be 
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the main factor influencing the local hydrogen-bonding environment of water, beyond the 

first layer of water that may be inherently oriented due to the presence of the surface.[15-

17]  The surface charge induces an electrostatic field that can align water molecules, 

inducing an orientational order that persists over a certain depth into the bulk, as described 

by simple electrostatic models,[10] and confirmed experimentally.[18-20]   

In the presence of electrolytes, the surface charge is balanced by the distribution of 

counter ions and oriented water dipoles near the interface, forming an electric double layer 

(EDL) region, as discussed in detail in Chapter 1.[21-22]  The commonly adopted, and so 

far experimentally consistent, model is the Gouy-Chapman-Stern (GCS) or modified 

Gouy-Chapman model.[22]  While this model accurately predicts the long range behavior 

of the charge distribution, it fails to provide a reliable description in the region close to the 

surface as it neglects ion-ion correlations.[21, 23]   

Surface-specific experimental techniques, such as second harmonic generation 

(SHG)[24] and vibrational sum-frequency generation (vSFG), that are sensitive to 

inhomogeneous structures have shown that surface charge (determined by pH at mineral 

surfaces) strongly orients water close to the surface and that addition of salt significantly 

perturbs this orientational ordering.[25-27]  Heterodyne vSFG measurements have further 

confirmed that water molecules at a surfactant boundary, orient themselves with their 

hydrogens pointing up when the surfactant is negatively charged and exhibit “flip-flop 

orientation”, as the surface charge is switched from negative to positive.[18, 20]  However, 

in addition to probing surface structure, many of these surface-specific experimental 

techniques are also sensitive to the effective electric field induced at a surface.  In fact, 
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based on recent vibrational SFG dynamics and SHG experiments of water at silica 

surfaces,[25, 28] it was hypothesized that cations accumulate at negatively charged 

surfaces and screen the electric field such that the depth of surface-field ordered water is 

much smaller than that predicted by Gouy-Chapman theory.[25]  As a result, it is difficult 

to separate structural changes in the interfacial solvent layer from changes in the effective 

interfacial electric field, and the detailed structure of water layers very close to the surface 

remains ambiguous.   Simulation studies can provide such details and have been useful in 

testing the validity of classical electrochemical models and experimental interpretation.[23, 

29-30]  

 Molecular Dynamics (MD) simulations are particularly suitable for addressing the 

detailed interfacial aqueous structure at charged surfaces, as they can explicitly provide a 

microscopic description of the system.[15, 21, 31]  The numerous MD simulations of 

solid/aqueous interfaces have clarified some important behavioral properties of interfacial 

water.  For example, water at flat hydrophobic surfaces show orientational ordering which 

is inverted with respect to that observed for small hydrophobic solutes.[32]  Further, by 

increasing the hydrophilicity of the surface, the preferential orientation of interfacial water 

within 3 Å from the surface was shown to completely switch direction.[33]  Likewise, in 

going from a hydrophobic graphite surface to a SiO2 surface with a high density of 

hydroxyl groups, the extent of orientational ordering induced in the first two layers 

increased significantly.[34]   

MD simulations of water at a metallic electrode surface with constant potential 

presented by Willard et al., show that water ordering close to the surface is quite different 
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from what is predicted by continuum models.[15]  At this surface, the adsorption of ions is 

strongly inhibited by the presence of an adsorbed water layer, independent of the electrode 

potential.[15]  Ab initio MD simulations of water flow dynamics at silica surface reiterate 

the limitation of the Stern model in satisfactorily describing a region of gradually reduced 

water mobility adjacent to the surface.[35]  In the case of salt solutions inside positively-

charged silica nanopores, ion-specific behavior of NaCl and CsCl, unaccounted for in GSC 

model, has been reported where Na+ ions showed different adsorption behavior than 

Cs+.[36-37]  Further, at a negatively charged clay surface, the structure and dynamics of 

water were reported to be perturbed up to three monolayers of water without any effect on 

nature of counter ion.[38]  While these reports have contributed tremendously in 

developing a better picture of interfacial water, some details pertaining the interfacial 

region such as: ‘how many layers of water are perturbed by surface charge?’, ‘how does 

the nature of the interfacial charge distribution affect solvent structure’ and ‘how the 

identity of ions changes water orientation?’ still remain to be answered. 

  We have attempted to answer these questions with a molecular level investigation 

of the structure of an aqueous electrolyte near a charged surface using classical MD 

simulations for two types of surfaces with varying charge distributions.  An idealized hard 

wall surface with no crystalline structure was chosen to eliminate any lattice-dependent 

solvent structuring along the XY direction, and enable a simplified analysis of water 

orientation. Two strikingly different pictures emerge for the interfacial solvent region 

depending on whether the surface charge is localized or homogenously spread.  These 

results help rationalize the subsequent simulations carried out on the more realistic models 
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of charged silica in the presence of NaCl and CsCl.  Anticipating our results we find that 

the NaCl/silica interface is well represented by a surface that has localized charge centers 

whereas the CsCl/silica interface behaves close to an interface with homogenous charge 

distribution, suggesting a strong dependence of water orientation on the identity of the 

cation. 

5.2 Details of MD simulations 

Simulations were performed using the CHARMM27 force field.40, 41  The water 

molecules were described using the TIP3P model.42, 43  Periodic boundary conditions 

were employed in each spatial direction and the electrostatic potential was evaluated using 

the particle-mesh Ewald method with a mesh size of 0.5 Å.44  A cut-off of 12 Å was used 

for non-bonded interactions. The system was maintained at a temperature of 300 K and 

pressure of 1 atm using the Langevin thermostat and barostat methods as implemented in 

the MD code NAMD2.8 (the area of the surface is kept constant, while the size of the box 

is allowed to fluctuate in the orthogonal direction).45  The idealized surface was modelled 

as a single layer of particles arranged in a two dimensional lattice, with a lattice spacing of 

0.5 Å, interacting with waters and ions through Lennard-Jones and electrostatic 

interactions. Specifically, each particle was treated as a carbon atom using, for the C12 and 

C6 coefficients, the CHARMM-36 force-field parameters. Standard mixing rules were 

used to treat Lennard-Jones cross interactions.  In the case of the localized charge, particles 

were randomly selected and assigned a unitary amount of negative charge.  The initial 

configuration and parameters for the amorphous silica system were taken from Cruz-Chu 
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et al.[39]  The idealized surface/water systems (both localize charge and homogenous 

charge) were built by adding 19,515 water molecules and the amorphous silica/ water 

system had 25,204 water molecules, making a water slab of approximately 250 Å.  Ionic 

strengths of 0.1 M, 0.35 M and 0.5 M were considered by adding the appropriate ion pairs, 

respectively.  All the systems studied have an overall charge neutral state.  The negative 

surface charge is compensated by adding extra counter ions (Na+ or Cs+).  Equations of 

motion were integrated using a time step of 2.0 fs.  Each trajectory was collected for a total 

simulated time of 100 ns.  Analysis was performed using the computational tools g_density 

and g_order from the GROMACS package.    To quantify orientational ordering, we plot 

‹cos(θ)›, the average cosine of the angle between the permanent dipole moment of each 

water molecule and the surface normal, as a function of distance from surface. 

5.3 Structure of water at idealized surface 

Even at zero charge, the density profile of the water oxygen (Figure 5-1a) shows 

that, at the interface, water deviates from its bulk average density value.  At least three 

distinct peaks appear, suggesting a “layering” that extends up to ~1.2 nm from the surface, 

consistent with several previous MD studies.47, 48  To explore the effect of surface charge 

magnitude and ionic concentration on water orientation and salt distribution, we modeled 

the surface in two alternative simplified scenarios: with either a diffuse or localized charge 

density (Figure 5-1b-e). 
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Figure 5-1. Density profiles of oxygen as a function of distance from an idealized 

surface with (a) zero-charge and ion-free water, (b) homogeneously spread charge with 

0.5 M NaCl, (c) localized charge with 0.5 M NaCl. Bottom panel: Snapshots of the 

simulation box with 0.5 M NaCl, (d) surface with homogeneously distributed charge 

and (e) localized charge at random points, as represented by blue shading on surface; 
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yellow spheres: Na ions; blue spheres: Cl ions. Mass densities (Kg/m3) were rescaled 

to get an asymptotic (bulk) value of 1, except where otherwise specified. 

5.3.1 Translational order at spread versus localized charge 

While the number of layers is not significantly different for these two types of 

surface charge distributions (Figure 5-1b-c), we observe a different response to the 

increasing surface charge for the two cases.  In both cases, and similar to a neutral surface 

(Figure 5-1a), the deviation from the average density extends up to three layers of water 

molecules from the surface and is independent of the magnitude of the charge density (1 

e/nm2 or 2 e/nm2) (Figure 5-1b-c).  The short-range ordering at the homogenous-charge 

surface, however, is increased at higher charge magnitude, as reflected by the increased 

height and slight shift of the first peak towards the surface of the density distribution 

function (Figure 5-1b).  The subsequent layers of water (second peak and minima) are also 

shifted with increasing surface charge, albeit to a smaller extent.  

In contrast, when the surface charged is localized, the short-range ordering appears 

largely insensitive to the magnitude of surface charge (Figure 5-1c).  An interesting 

observation, however, is the shoulder-like feature or high oxygen density before the first 

maxima, which could corresponds to a thin layer of adsorbed water molecules or waters of 

the hydration shell of Na+ ions.  The density of this adsorbed layer, absent at the 

homogeneous charge surface, increases with surface charge or when more cations are 

driven to the surface.  In general, the type of charge distribution and the magnitude of 
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surface charge does not alter the depth of ~1.2 nm into which water exhibits layering 

structure. 

5.3.2 Orientational order: Effect of charge 

In addition to causing translational ordering, as reflected by the oxygen density 

profiles (Figure 5-1a-c), the electric fields induce some “orientational ordering,” as 

represented by the non-zero value of the ‹cos(θ)›, as a function of distance from the 

surface (note that in a perfectly isotropic environment, e.g., bulk water, ‹cos(θ)› is zero) 

(Figure 5-2).  A ‹cos(θ)› value of -1 represents a situation where all of the waters are 

oriented with their hydrogen pointing towards the surface.  As expected, at zero charge 

(neutral) surface (Figure 5-2a-b), there is no orientational preference for water molecules, 

even very close to the surface, as indicated by the almost-zero value of ‹cos(θ)›. 

Interestingly, when a charge magnitude of 1e/nm2 or 2 e/nm2 is applied on the 

surface, the sign of ‹cos(θ)› of first few layers of water molecules is opposite that for the 

homogeneous and localized charge surfaces (Figure 5-2a-b).  Moreover, the dependence 

of orientational ordering on the magnitude of surface charge at a given ionic strength is 

very different for the two types of charge distributions (Figure 5-2a-b).  At the 

homogenously charged surface (Figure 5-2a), the water orientation shows oscillations 

suggesting layering, i.e. the formation of  a compact layer, up to ~1 nm with at least 3 

distinct peaks, possibly 4, followed by a “diffuse layer” exponentially decaying ‹cos(θ›.  

The penetration depth of this diffuse layer is found to be 0.7 nm, by fitting the ‹cos(θ› 

beyond 1.2 nm to an exponential decay function (grey and pink solid fit lines fits for the 2 
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e/nm2 and 1 e/nm2 respectively).  The amplitude of the peaks of the compact layer region 

are greater for the largest charge density,  However, the penetration depth of the compact 

layer is similar (~0.46 nm) for both surface charge magnitudes (grey and pink dotted 

lines serve as guide to the eye for compact layer) (Figure 5-2a).   

Figure 5-2. Effect of surface charge on the orientational ordering, ‹cos(θ)›, of 

interfacial water at 0.5 M NaCl for surface with (a) homogeneous charge and (b) 

localized charge distributions.   Black plot in both graphs is the density profile of 

oxygen when there is zero charge in surface and no ions in solution. Green dashed line: 

trace for compact layer for 1e/nm2; grey dotted line: trace for compact layer for 2 

e/nm2, green solid line: fit to exponential function for 1 e/nm2, grey solid line: fit to 

exponential function for 2e/nm2. Inset on figure is a cartoon depicting orientation for 

water molecules with respect to surface for negative cos(θ). 

 

When the surface charge is localized (Figure 5-2b), the orientation of the first 

compact layer consists of water molecules oriented with their hydrogens facing the 

surface (Figure 5-2b), similar to what is seen for the case of a homogenously distributed 
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charge.  However, the following layers are characterized by a positive ‹cos(θ)›, 

suggesting an overall orientation with most hydrogens pointing away from the surface.  

This observation, along with the shoulder-like feature in the density profile of oxygen of 

water (Figure 5-1c), is evidence for the specific adsorption of Na+ ions when charge is 

localized.  The diffuse layer that follows the compact layer show the same penetration 

depth irrespective of the surface charge magnitude (Figure 5-2b) 

5.3.3 Orientational order: Effect of ionic strength 

The next question concerns the effect of increasing salt concentration on the 

orientation of interfacial water.  To address this issue we compare the orientational ordering 

at 0.1 M and 0.5 M NaCl for the two types of surfaces with 1 e/nm2 surface charge (Figure 

5-3).  In both cases, the first layer of water have a negative ‹cos(θ)› value indicating that 

waters are oriented with their hydrogens pointing toward the negative surface. When the 

charge is spread (Figure 5-3a), increasing the ionic strength from 0.1 M to 0.5 M changes 

the penetration depth of the diffuse layer of oriented waters from 1.1 nm to 0.8 nm, as 

obtained from exponential fits.  The depth of the compact layer is comparable for the two 

salt concentrations (Figure 5-3a).  In other words, at a uniformly charged surface, only the 

diffuse part of the interfacial region follows the Gouy-Chapman model and its dependence 

on ionic strengths.  When the charge is localized (Figure 5-3b), the ionic-strength 

dependence of the diffuse layer is more apparent.  The first thin layer of water oriented 

with hydrogens pointing toward surface, indicated by negative ‹cos(θ)›, does not change 

with ionic strength.  For 0.1 M NaCl, in addition to the first compact layer there is no 
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apparent diffuse layer, suggesting that the presence of an adsorbed layer of cations has 

completely screened the surface charge over a short distance from the surface. There is a 

second layer of water oriented with the hydrogen atoms pointing toward the surface, 

present at ~0.5 nm from the surface, which is not present in the neutral case.  This small 

magnitude of orientation is possibly due to a residual surface charge from incomplete 

screening at this ionic concentration.  On adding more salt (0.5 M), the positive ‹cos(θ)› 

associated with the second and subsequent water layers increases.  Simultaneously, a 

diffuse layer now persists beyond the compact layer with penetration depth of 0.65 nm, 

which is lower than that at homogeneously charged surface.  A possible explanation for 

this observation is that the adsorbed cations form a positive charge capacitance layer 

driving the waters to orient themselves with hydrogens facing away from the surface 

(Figure 5-3b). This flipping of water orientation direction has been reported theoretically 

and experimentally when surface charge is reversed.[18, 40]   
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Figure 5-3. The effect of ionic strength on the orientation of water at zero surface charge 

(black curve) and constant surface charge of 1 e/nm2 (red and blue) for (a) 

homogeneously spread surface charge and (b) localized charge surface.  Green dashed 

line: trace for compact layer for 0.1 M NaCl; grey dotted line: trace for compact layer 

for 0.5 M salt, green solid line: fit to exponential function for 0.1 M, grey solid line: fit 

to exponential function for 0.5 M 

 

In summary, when the surface charge is localized (Figures 5-2b and 5-3b), the 

surface charge appears to be effectively screened by 0.5 nm from the surface, flipping the 

orientation of water beyond this layer.  We speculate that at this type of surface, cations 

specifically adsorb at the negative surface.  Overall the interfacial region can be considered 

to consist of two layers; a compact layer where water orientation shows oscillations 

corresponding to 3-4 monolayers, and a diffuse layer that closely follows Gouy-Chapman 

with a penetration depth sensitive to ionic strength but not the surface charge magnitude.  

The diffuse layer in the case of localized negative charge, is oriented by the positive Na+ 

adsorbed layer and has a 1/e depth of 0.64 nm; this is smaller than the depth for 

homogeneously charged surfaces, where the orientation of water is induced by negatively 
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charged surface.  It should be noted, that the Debye length for these conditions is calculated 

to be 0.95 nm and 0.42 nm for 0.1 M and 0.5 M, respectively. This means that at low 

concentration the depth of oriented water (1.1 nm) is close to the Debye length, while at 

higher concentration, depth of oriented water (0.8 nm) is greater than Debye length.  A key 

determinant of the structure and orientation of water at a negatively charged surface is the 

nature of the charge distribution, i.e., whether the charge is localized or homogenously 

distributed.  This factor is crucial because it impacts the process of specific adsorption, 

which in turn determines the degree of screening of the surface charge. 

5.3.4 Distribution of ions at spread versus localized charge 

The limitation of the Gouy-Chapman-Stern model in providing a detailed structure 

of the ions in proximity of the surface is demonstrated by our results on the distribution of 

cations near the surface with homogeneously spread charge (Figure 5-4)  Within 1 nm from 

the surface, there is a significantly greater accumulation of cations at the surface than that 

predicted by the GCS model (Figure 5-4a-c).[22-23]  Interestingly, the homogenously 

charged surface shows the first water density peak closer to the surface than the first peak 

of the cation density, indicating that cations do not bind the surface directly (Figure 5-4a).  

Additionally, there are at least two well-defined layers of solvated Na+.  The depletion of 

Cl- anions close to the surface and the long-range exponential decay of Na ions before 

eventually matching the bulk density (Figure 5-4a) are both consistent with the Gouy-

Chapman prediction.  When the surface charge is localized (Figure 5-4b-c), the distribution 

of cations and anions is significantly different and strongly depends on the ionic strength.  



104 
 

First, irrespective of the ionic strength, there is an increased density of cations very close 

to the surface before the first maxima of density of water, indicating specific adsorption of 

cations without their complete hydration shells (Figure 5-4b and c).  Second, increasing 

the ionic strength from 0.1 M to 0.5 M NaCl, causes a depletion of cations from the two 

solvated layers and an increase in the relative abundance of anions (Figure 5-4c).  This 

result is especially remarkable as it suggests that, beyond a critical concentration, anions 

start to play a role in determining the water structure close to a negatively charged surface, 

an observation that is beyond the scope of the Gouy-Chapman-Stern model.[22-23]  The 

following results on the two types of surfaces will show that it is the extent of cation 

adsorption, more than the magnitude of the charge density on the surface, that influences 

the interfacial water structure and orientation. 
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Figure 5-4.  Density profiles of Na+ (red), Cl- (blue), O of water (black) as function of 

depth at the idealized charged (1 e/nm2) surface for (a) homogenously spread charge at 

0.5 M NaCl, (b) localized charge with 0.1 M NaCl, and (c) localized charge with 0.5 M 

NaCl. Mass densities (kg/m3) were rescaled to get an asymptotic (bulk) value of 1 for 

all the densities except where otherwise specified. 

5.4 Na versus Cs at charged amorphous silica surface 

As the distribution of surface charge (spread versus localized) changes the 

properties of interfacial water significantly, an interesting question that follows is: what 

type of charge distribution dependence is observed at a mineral/water interface?  To 

address this, we carried out MD simulations using a model of an amorphous silica surface 

with a fixed density of SiO- groups, corresponding to a net surface charge density of 1.3 
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e/nm2.  This corresponds to the charge density of silica at pH 10-11, estimated based on 

the fraction of deprotonated SiOH groups of the ~4.6 SiOH groups per nm2.[41]  The 

simulations were performed separately for two salts: 0.35 M NaCl solution and 0.35 M 

CsCl, for comparison, with the same number of water molecules and silica surface.  The 

density profiles of all the atoms in the simulation box clearly show a qualitatively different 

picture for the NaCl and CsCl solutions (Figure 5-5a-b), within 1 nm from silica surface.  

In the NaCl case, the density peaks for Na+ are closer to the surface than the oxygen and 

hydrogen density peaks.  Comparing these density profiles to those at the model charge 

localized surface (Figure 5-1b-c), it can be inferred that Na+ ions stick to the silica surface 

without their hydration shells.  There is also a considerable density of Cl- ions within the 1 

nm interfacial region, also similar to the picture in Figure 5-1b-c.  In the case of CsCl, 

while there is a clear accumulation of Cs ions near the silica surface, the hydrogens of water 

are closer to the surface than the Cs ions.  This suggests that Cs+ ions retain their hydration 

shell and do not directly adsorb to the silica surface unlike Na+.  Also, the depletion of Cl- 

close to the surface resembles the situation in the homogenously spread charge surface 

(Figure 5-1a).  The significant accumulation of Na+ within 1.2 nm is consistent with other 

MD simulation results that report charge inversion in silica nanochannels.[42] 
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Figure 5-5. Density profiles of all oxygen, hydrogen, cation, chloride and silica, as a 

function of distance from a model silica surface with a charge density of 1.3e/nm2 for 

(a) 0.35 M NaCl and (b) 0.35 M CsCl solutions. Top left: Snapshot of the am. 

Silica/NaCl simulation box, magenta spheres Na+ and green spheres Cl- . Number 

densities are normalized, i.e., the integral over the box length along the z direction 

returns the total number of particles (the bin size is 0.011 nm). For clarity, values are 

rescaled as indicated in the insets. 
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5.4.1 Number of adsorbed cations 

To quantify the difference in interfacial water caused by two cations at the same 

surface, we integrate the number of cations under the density profile peak and divide by 

silica surface area to determine the surface density of adsorbed cations in each case.  We 

find that the number of Na+ adsorbed per area of the silica surface is ~ 1.6/nm2, while for 

Cs it is ~1.06 / nm2.   The 1.6 Na/nm2 is in good agreement with the cation excess charge 

reported for the water/silica surface at pH ~10-11, the pH regime that would have the 

surface charge density of 1.3 e/nm2 as in our system.[43]  According to Porus et al., at pH 

of 10 and 100 mM, the amount of adsorbed Na is 10% higher than that of Cs, qualitatively 

consistent with our analysis.[43]  The observation that Na+ ions adsorb on silica more than 

Cs+ is also supported by the SHG study by Azam et al., who report that, at high pH, the 

silica surface shows a greater effective pKa value in NaCl that in CsCl, suggesting that Na+ 

shows more affinity for the silica surface than Cs+.[44]  (Note: Here, effective pKa refers 

to the silanol acidity that is induced by different cations stabilizing the siloxide on surface 

sites to varying extents.)  If the amount of cations adsorbed on the negative surface is 

different for the same surface, we expect that the adsorbed cations would play a 

determining role on the orientation of water at the mineral surface.[45]   

5.5 Water orientation at silica surface Na versus Cs 

Interestingly, the ‹cos(θ)› of water at the charged amorphous silica surface is 

completely different depending on whether the salt is NaCl or CsCl (Figure 5-6a-b).  At an 

ionic concentration of 0.35 M, Na+ completely screens the negative surface charge so that 
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the first layer of water molecules is oriented with hydrogens pointed away from the surface 

(positive ‹cos(θ)›).  For both salts, ‹cos(θ)› can be fit to double exponential decay 

comprising of a shallow compact layer showing oscillations up to ~1 nm, followed by a 

diffuse layer.  For the NaCl case, the compact layer shows positive ‹cos(θ)› with a depth 

of ~0.1 nm, and the slow decaying diffuse layer has a depth of 1.1 nm.  The direction of 

orientation of water at NaCl/silica is similar to the case of the idealized surface with 

localized charges (Figure 5-2b and 5-3b), indicating that Na ions have screened the 

negative charge of silica surface.  At the same ionic strength of 0.35 M, Cs ions do not 

adsorb enough to screen the surface charge, since the water molecules are oriented with 

hydrogens facing the surface, as reflected by ‹cos(θ)› values between -1 and 0.   This also 

explains the observation of hydrogen peaks before Cs peak in the density profile of Figure 

5-6b.  For the CsCl case, the compact region is deeper with a depth of 0.3 nm, while the 

diffuse region has a depth of 0.9 nm, comparable to NaCl case.  Thus, even though the 

magnitude and sign of ‹cos(θ)› are different for NaCl/silica versus CsCl/silica, the 

interfacial depth, given by the depth of the diffuse layer, is ~ 1 nm, irrespective of the 

cation.  The observation that Na+ ions specifically adsorb to the silica surface significant 

screening the negative the charge that would orient the water dipoles in the absence of the 

salt, is in good agreement with the vSFG ultrafast dynamics and SHG results,26, 28 and also 

with the SFG results reported by Flores et al, where signal from the water/silica interface 

is perturbed more by NaCl than by CsCl.[46]   A possible explanation for the difference 

observed between adsorption of Na+ and Cs+ relies on the balance between ion-surface 

interaction energy and the entropy loss associated with localization of the ion on the 
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surface.  Given the larger size of the non-hydrated Cs ion, the electrostatic interaction 

energy, which decreases with the distance between the center of the ion and surface, is not 

sufficient to drive desolvation and binding of Cs+.  This competition between hydration 

and attraction to the surface determining the location of counter ions at the surface has been 

reported for charged clay systems.[45]  In these respects, a more realistic description of 

electrostatic interactions including the effects of polarization could potentially provide a 

more complex picture of ion adsorption.[45] 

Figure 5-6.  Orientation of water molecules, given as ‹cos(θ)›,where θ is the angle 

between the water dipole and the surface normal, as a function of distance from the silica 

surface when the electrolyte is (a) 0.35 M NaCl and (b) 0.35 M CsCl. 

5.6 Layer wise ordering of water at silica surface 

We can further analyze the ordering behavior of water at the silica surface in 

presence of NaCl or CsCl, to quantify oriented water layers at the surface.  For this, we 

present a layer-wise distribution of the ‹cos(θ)› of water (Figure 5-7), where each layer 

corresponds to a slab with a thickness of ~ 3 Å, e.g., layer 1 extends from the silica surface 
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to ~2.8 Å and so on.  In both cases, the bulk water layer, taken ~ 13 nm away from surface, 

shows a flat distribution, as expected for a centrosymmetric bulk water environment.  

Quantitatively, one can envision the extent of deviation from zero to reflect the fraction of 

water molecules that are oriented, i.e., the extent to which the environment is not 

centrosymmetric.  As is apparent in Figure 5-7, the number of oriented water molecules in 

the first layer at the NaCl/silica is much less than that in the first layer at the CsCl/silica 

interface, also supported by SFG measurements.[46]  However, the direction of orientation 

is opposite for two cases.  At the CsCl/silica interface, the second layer shows a drastic 

drop in the fraction of waters oriented, indicating that the orientation of the first layer of 

water helps in screening the negative surface charge by arranging their dipoles away from 

the surface.  At the NaCl/silica interface (Figure 5-7b), the water in the first layer shows 

an orientation with dipoles pointing toward the surface and then a gradual layer-wise 

decrease in the fraction of waters oriented.  It is our interpretation that Na adsorbs 

completely to the surface so that water is only oriented by the adsorbed Na layer well within 

the first 0.3 nm from the surface.  Interestingly, for both systems, by the sixth layer, i.e., 

~1.7 nm from surface, only 3.2% water molecules show a ‹cos(θ)› distribution different 

from bulk water.  The percentage of oriented water is estimated as the fraction of water 

molecules that deviate from a uniform distribution of values, i.e., the orientational 

anisotropy.  For example, in the sixth layer, the percentage of water molecules with a cos(θ) 

value between -1 and 0 is 48.4%, and 51.6% have a cos(θ) value between 0 and +1.  Thus, 

there is an excess, 3.2 % of waters that are “oriented” with hydrogens pointed away from 

surface.  It is this population that has a net polar order.  It is remarkable that, although the 
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first two layers of water show qualitatively and quantitatively different orientations, the 

depth of interface is the same for the two cations.  We hypothesize that this difference 

results from the fact that, while at 0.35 M specific adsorption of Na+ has reached saturation, 

a significant amount of Cs+ is still in solution. 

 

Figure 5-7. Layer-wise distribution of water molecules having with cos(θ) values 

between -1 to 1 to indicate the fraction of oriented water molecules at the amorphous 

silica surface for (a) 0.35 M NaCl and (b) 0.35 M CsCl. 
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5.7 Conclusions 

MD simulations of water with two different simplified models of charged surfaces 

show that the depth of the interfacial region, as intuitively defined by the distance over 

which water shows a net polar ordering, is mainly driven by the extent of adsorption of 

cations on the surface.  The interface comprises of two distinct regions: a compact layer 

closer to the surface showing oscillations in orientation, and a diffuse layer similar to that 

predicted by the GCS model.  The diffuse layer depth depends not only on the ionic 

strength, as expected from EDL theories, but is sensitive to the type of charge distribution 

on the surface.  In the case of localized surface charge, the counter ions are directly 

adsorbed on the charged surface and the diffuse layer does not exist.  Surprisingly, with 

this type of interface, the addition of more ions (0.5 M NaCl) reverses the orientation of 

interfacial waters, i.e., increases the fraction of water with hydrogens pointing away from 

the surface. 

On comparing the MD simulation results on amorphous silica/water interface with 

NaCl against CsCl, it is clear that there is specific-ion behavior, with Na ions directly 

adsorbing at the silica surface, while Cs does not directly bind to the surface but follows 

the GCS model.  The direction of the orientation of water molecules and the length of the 

compact layer are different in the presence of different cations.  However, the interfacial 

depth, given by the distance over which the diffuse region, the depth of the interface is ~1 

nm, or ~3-4 monolayers, from the negatively charged surface, irrespective of the cation.  

Our results thus provide a conceptual framework to describe interfacial water structure at 

charged surfaces, more specifically mineral, with details that the Gouy-Chapman or Gouy-
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Chapman-Stern theories may fail to describe.  Note that the behavior observed in these 

simulations is peculiar of systems characterized by exposed charged groups.  Some mineral 

interfaces, e.g. clays, contain charges localized on atoms belonging to one of the inner 

layers.[45]  While, these results may not be generalizable to all mineral-water interfaces, 

they definitely provide a blue print for interpreting our surface-sensitive vSFG experiments 

to understand the microscopic role of ions on the structure of water near interfaces.   
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CHAPTER 6 

SURFACE CHARGE DEPENDANT SENSITIVITY OF VIBRATIONAL 

DYNAMICS OF WATER TO SALT AT SILICA SURFACE  

6.1 Introduction 

What distinguishes water from other liquids is its ability to form an extended 

hydrogen bonded network[1, 2], which is responsible for many of its properties, e.g., high 

boiling point, high surface tension and high dielectric constant.[3, 4]  Interestingly, the 

hydrogen bonds between water molecules are continually made and broken, on a time 

scale of femto- to few picoseconds,[1, 5] leading to rapid changes in the local structure of 

water.  Understanding these dynamical and structural properties of water is an area of 

ongoing interest.[6-8]   

  Recent advances in computational techniques and ultrafast light sources have led 

to increased understanding of the rapid dynamics of water, and its effect on structure.[8-

12]  One process of interest is the ultrafast vibrational energy relaxation of the O-H 

stretch in liquid water.[10]  Since water is coupled to roughly four hydrogen bonding 

partners at a given time, an excited O-H oscillator has several relaxation pathways to 

transfer its vibrational energy.[13, 14]  Not only is the O-H stretching mode resonant with 

the overtone of the bend mode of the same molecule, but the stretching and bending 

vibrations of different molecules are coupled via the hydrogen bonding network, which 

can further couple to librations and translations.[10]  As a result, vibrational relaxation is 
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strongly influenced by hydrogen bonding network,[7] and the vibrational dynamics are, 

in turn, sensitive to the local structure of water.[5]   

Bulk liquid water (pure H20) is characterized by very short vibrational lifetime 

(T1) of O-H stretch.  With recent advances in ultrafast IR spectroscopy techniques, the 

value of T1 has evolved from 1 ps, based on Raman measurements, to the value that is 

now widely accepted as ~200-260 fs, measured from more recent IR pump-probe 

experiments.[7, 8, 14]  The relaxation mechanism of this very fast O-H stretching 

vibration lifetime in pure water is reported to be via the Fermi resonance with the bend 

overtone as the primary route is well accepted.[11]  However, the measurement of the 

vibrational lifetime of pure H20 is not trivial because of fast spectral diffusion and Fermi 

resonance with the bend overtone; moreover, owing to the large absorbing cross-section 

of the O-H vibration,  the sample of thickness for transmission experiments needs to be 

~10-6 m or less.[15]   

To simplify the interpretation of dynamical information on bulk water in 

experiments, the O-H (O-D) stretch in dilute HOD in D2O (H2O) is more commonly 

studied.  The O-H (O-D) stretch is no longer strongly coupled via Fermi resonance with 

HOD bend overtone, and the coupling with the other O-D (O-H) stretch on the same 

molecule (HOD) is weak.  Moreover, in HOD there is only one O-H stretch mode as 

opposed to symmetric and asymmetric OH stretch normal modes in H2O[15] The 

vibrational lifetime T1 of O-H stretch in HOD: D2O is reported to be ~740 fs for liquid 

water.[16]  The lifetimes strongly depends on the hydrogen bonding strength as 

demonstrated by the decrease in lifetime in ice to ~370 fs, because of a more ordered 
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structure and a greater number of tetrahedral hydrogen bonds .[17]  It is therefore clear 

that perturbation in the hydrogen bonding network of water should influence its 

vibrational dynamics.   

Since water is a collection of dipoles that is sensitive to charge, adding ions must 

induce perturbations in the local hydrogen bonding structure of water.  In bulk water 

measurements, a very high concentration of salt solutions (2-10 M) was required to detect 

an effect of ions on the ultrafast dynamics of water.[18-20]  The vibrational relaxation 

with single time constant, observed for vibrational dynamics in absence of salt, changed 

to that with two distinct time-constants  in the presence of high concentration (6 M) salts 

in HOD:D2O.[20, 21]  While the fast time constant remained same as that of salt-free 

HOD:D2O, the slow component was 3-4 times slower than the neat HOD:D2O 

lifetime.[20]  This slow component was attributed to the water molecules that were 

perturbed by the anions.[20]  However, this perturbed water was responsible for at best 

10% of the observed vibrational dynamics, and it was reported that only the waters 

belonging to the first hydration shell exhibit a slower relaxation time.[20]   

Hydrogen bonding dynamics can be alternatively probed by measuring the 

reorientation dynamics of water, which gives the time scale for the waters to exchange 

hydrogen bond due to reorientation.[21, 22]  Recent reorganization dynamics 

measurements of O-D in HOD:H2O system revealed that even the O-D that is hydrogen 

bonded to other water molecules shows significant slowing down in the presence of 

strongly hydrating cations like Na+.[21]  Thus, the perturbations caused by ions on water 

arrangements must be carefully considered. 
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   An alternative approach to study the influence of structural perturbations on 

water dynamics has been to investigate water in confined environments.[1, 23]  

Vibrational lifetime (T1) measurements of the water (OD in H2O) confined in reverse 

micelles, revealed two distinct species; surface and core waters.[24]  It was shown that 

the surface-bound waters have a significantly slower lifetime (T1 = 3.9 ~ 4.7 ps) than the 

core waters that had shorter lifetimes (T1 = 1.8 ps) comparable with bulk water.[24, 25]) 

Moreover, the vibrational dynamics slowed down at the interface to the same extent for 

reverse micelles with a neutral headgroup and those with an ionic headgroup.[24]  It was 

concluded, therefore, that it is the presence of an interface and not the chemical makeup 

of the surface, that influences the vibrational dynamics.[24]  However, these studies were 

performed using bulk measurements, and it is possible that the results were not truly 

surface specific.   While most ultrafast IR techniques have focused on bulk water 

dynamics, much is left to be understood about the behavior of interfacial water.[4, 10, 26] 

At an interface, there is an abrupt break in the hydrogen bond network of 

water,[23] that can cause the vibrational relaxation of the interfacial water molecules to 

be different from the bulk.[27]  However, to measure the vibrational dynamics of the 

interfacial layer exclusively, surface-sensitive vibrational methods, like time-resolved 

vSFG, are needed.[28-30]  With the recent developments in time-resolved vSFG 

experiments, it was found that the vibrational lifetime of O-H in H2O at the water/air 

interface (190 fs) was similar to the bulk H2O lifetime (200-260 fs).[31]  The fast 

vibrational dynamics was explained to be due to the fast energy transfer between the 

isotropic bulk molecules and the surface molecules; however, the reason for this possible 
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scenario was not discussed.[31, 32]  This result indicates that the surface water shows an 

even stronger hydrogen bonding than bulk water, although the reason for this is unclear.  

(  

At a mineral/water interfaces, the situation is quite complex compared to the 

water/air system.  A mineral surface can have a net charge density that depends on the 

bulk pH and the chemical equilibrium of the surface hydroxyl groups.  For example, the 

surface silanol (Si-OH) groups of SiO2 undergo a deprotonation at bulk pH above its PZC 

of pH ~2, creating Si-O- groups that give rise to a net negative surface charge.[33]  The 

surface charge can induce a static electric field that can polarize the water molecules 

under its influence and/or align the water molecules in a preferential direction.[34]  

Moreover, the presence of ions can screen the electric field depending on the ionic 

strength, as well as induce some structural changes within the interfacial region by 

accumulating near the surface and perturbing those interfacial water molecules that 

become their hydration shells.[35]  Having a thorough understanding the effect of ions on 

the vibrational dynamics of water, via changes in its structure, at mineral surfaces can 

have direct implications on the chemical reactivity of geochemical[36] and biological 

interfaces.[3, 37]  

The vibrational relaxation of O-H stretch of interfacial water at a mineral surface 

can be investigated using TR-vSFG.[28, 30, 31]    In the first report on the ultrafast 

vibrational dynamics at a silica/water interface by McGuire and Shen, the vibrational 

lifetime of the O-H stretch was deduced to be T1 ~ 300 fs.[30]  This value is very similar 

to the T1 of bulk liquid water (~200-260 fs, as stated previously),[8] suggesting that the 
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vibrational dynamics of interfacial water is similar to bulk water.[30]  This is counter 

intuitive to the idea that interfacial water molecules have a different local environment 

than bulk water and therefore different vibrational dynamics.  This fast vibrational 

lifetime was recorded at pH 5.7,[30] where the silica has a net negative surface charge, 

and without added electrolyte.  It is possible, therefore, that the measured vibrational 

response had a contribution from waters that were polarized by the interfacial electric 

field and hence were SFG active despite being in a bulk-like environment.  Such water 

molecules could in principle exhibit bulk-like vibrational dynamics.[28, 38]  

In a study from the Borguet group, the vibrational dynamics of silica/water 

interface was measured at (a) neutral silica surface (pH ~ 2) and (b) negatively charged 

silica surface (pH ~12).[28]  These two pHs were chosen so that the comparison in 

dynamics could be made for the same ionic strength (10-2 M).  It was found that the while 

water at the negatively charged silica surface (pH ~12) showed a vibrational lifetime T1 ~ 

250 fs, and the measured T1 at the neutral surface (pH~2) was almost 3 times slower 

(~600 fs).[28]  The short vibrational lifetimes at charged surface was ascribed to the 

contribution from the water layers beyond the interfacial layer which are in fully solvated 

“bulk-like” environment but SFG active due to polarization by electric field.[28]  At the 

neutral surface, the long vibrational lifetime measured was said to represent the true 

response of interfacial water, which is significantly slower than bulk dynamics due to the 

fewer hydrogen bonding partners expected for water in the first interfacial layer.[28]     

This hypothesis was put to test in the following study by Eftekhari-Bafrooie and 

Borguet, where the vibrational dynamics of water at a silica surface was measured as a 
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function of ionic strength at a fixed pH ~6.[38]  The experiment involved measuring the 

vibrational dynamics while increasing the ionic strength.  It was believed that this should 

screen the depth of electric-field penetration into the bulk, and reduce the number of 

water layers that were polarized by the electric field and contributing to the SFG 

response.[38]  The vibrational lifetime of water increased from ~200 fs, consistent with 

the result of McGuire and Shen, [30] to ~600 fs by increasing the salt (NaCl) 

concentration from 0 M to 0.1 M NaCl.[38]  It was explained that at high ionic strengths 

(0.05-0.1 M NaCl), the electric field was screened very close to the interface, making the 

SFG probe depth much smaller than the Debye length.[38]  As a result, only the first few 

monolayers of water at the surface contribute to the measured vibrational dynamics, 

resulting in longer relaxation times.   

However, an important alternative explanation was ignored.  It is possible, that 

addition of salt can change the water arrangement in the interfacial region from a “fast 

vibrational relaxation” environment to a “slow vibrational relaxation” because of the 

structural changes induced by ions and their hydration shells.[21]  Unlike the case of bulk 

water where the only interacting electrostatic fields are those of the ions and the 

surrounding water dipoles, at a silica/water interface, the surface induced electric field 

can perturb water structure and can also result in an accumulation of ions to additionally 

affect the ordering of water. 

The objective of the experiments described in this chapter is to consider the two 

separate consequences of adding salt on the vibrational dynamics of water at the 

silica/water interface: (1) reduction in Debye length to decrease the bulk-like contribution 
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to vSFG and (ii) structural changes induced by the hydrated ions in the interfacial region.  

To achieve this, the vibrational dynamics of the OH vibration at the silica/water interface 

was measured as a function of salt (NaCl) concentration at different bulk pHs (surface 

charge densities).  The TR-vSFG reveals that the effect of NaCl on the vibrational 

relaxation of O-H of interfacial water is highly dependent on the surface-charge density 

of silica.  While the reduction in the Debye length or screening depth of electric field 

should be the same for all bulk pHs at the same salt concentration, we observe a slowing 

down of vibrational relaxation only at pH 6.  Our results suggest that the role of ions goes 

beyond simple screening effects and that ions drive an alteration of the hydrogen bonding 

structure of the interfacial region.          

6.2 Experimental details for acquiring time-resolved vSFG of silica/water as a 

function of bulk pH and ionic strength 

To access the vibrational lifetimes of the interfacial waters, we recorded the TR-

vSFG of silica/water interface using the method described in Chapter 3.  In brief, an 

intense IR pump, an IR probe, at the same wavelength as the IR pump, and narrowband 

VIS field are spatio-temporally combined at the silica/water interface in total internal 

reflection geometry.  The DFG/OPA combination was tuned to generate IR pulses 

centered at 3200 cm-1, which were then split in a 80%-20% ratio to be used a IR pump 

and IR probe, respectively.  The pump-induced decrease in the SFG signal was detected 

by alternating the pump field on/off, and computing the ratio of the SFG signals.  

Previous TR-SFG studies have shown that at the silica/water interface the vibrational 
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dynamics do not exhibit any frequency dependence.[28, 30]  In other words, for one-

color TR-vSFG, we expect similar results for strongly and weakly hydrogen bonded 

water, i.e., for IR frequencies centered at 3200 cm-1 or 3400 cm-1.  Owing to better signal 

to noise of the SFG spectra obtained at 3200 cm-1 region, all the results discussed here are 

pumped and probed at 3200 cm-1 region of the O-H stretch, which corresponds to the 

strongly hydrogen bonded water species.  I have described in Appendix A6, the method 

used to ensure that the IR pump pulse does not excite 3400 cm-1 population at positive 

time delays.  

The silica/water interface was achieved by pressing an IR transmitting fused silica 

(IRFS) triangular prism against a volume of water in a home-built sample cell.  The 

design of the sample cell allowed for an easy change of the aqueous media that can be 

introduced externally, using a syringe and flow design on the sample cell, without 

moving the prism position.  This provision minimizes the misalignment of the beams 

with the interface.  All solutions were prepared using deionized water from a Millipore 

filtration system (18.2Ω Barnstead EasyPure, Thermo Scientific), the pH of which was ~ 

6 after equilibration with the laboratory ambient.  Solutions of pH 2 and 12 were made by 

dropwise adding small amounts of concentrated HCl and 6M NaOH, respectively till the 

pH of the solution reached the desired level, as measured by a pH meter.  The salt 

solution of 0.1 M and 0.5 M were prepared using NaCl salt, which was baked overnight 

at 500 °C to remove organic impurities.   

   



131 
 

 

Figure 6-1: Typical steady state SFG spectrum of the silica/water interface at 3200 cm-1 

region of the OH stretch with pump ON and OFF configurations.  Dashed line indicates 

the IR pump profile.  Spectra are recorded at PPP polarization configuration 

6.3 Effect of IR pump pulse on steady-state vSFG spectra of silica/water 

The spectroscopy of the entire fundamental O-H stretch region from 3000–3800 

cm-1 region at the silica/water interface has already been discussed in Chapter 4.  The 

fundamental O-H stretch spectra of the silica/water interface shows two main resonant 

features at 3200 cm-1 and  3400 cm-1, corresponding to the O-H stretch of water in a 

strongly and weakly hydrogen bonded environment, respectively.  We will only concern 

ourselves with the population relaxation dynamics of the O-H stretch in the strongly 

hydrogen bonded environments at a silica surface and the effect of salt and surface charge 

on it.  The effect of IR pulse on the steady state vSFG signal of strongly hydrogen bonded 

O-H stretch of silica/water at pH 6, is shown in Figure 6-1.  When there is a spatial and 

temporal overlap (t=0) between the IR pump pulse and the IR probe pulse, we expect to 
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observe a decrease in the SFG signal of the silica/water interface.   As seen from Figure 

6-1, the IR probe bandwidth covered 3050-3300 cm-1 region, so only the perturbations in 

the strongly hydrogen bonded region will be reflected in the spectra.   In the pump-ON 

case, the SFG spectra shows a reduction in intensity as compared to the pump-OFF case, 

corresponding to the bleach in the probe SFG due to the depletion in the ground-state 

population caused the IR pump pulse.  Similar observations were made in the case of pH 

12 and pH 2 (Figure 6-2).  

The instantaneous decrease in the SFG signal corresponds to the excitation of the 

oscillators from the ground vibrational state ν=0 to the ν=1 excited state by the IR pump.  

Since the SFG intensity is proportional to the square of the difference between the 

number of oscillators in the ground state and excited state, i.e., I α (N0-N1)2, as described 

in Chapter 2 , the depletion in the ground state results in a SFG intensity reduction.[30, 

31]  It should be noted here that the IR pump and SFG probe were manually optimized 

for temporal overlap, and the time delay for the spectra shown in Figures 6-1 and 6-2, are 

within 66 fs of t=0.  
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Figure 6-2: Steady state SFG spectra of the silica/water interface with pump ON and 

OFF configurations at (A) pH 12 in absence of added salt and (B) pH 2 in the absence 

of added salt.  (C) SFG intensities for the pump ON and OFF configurations for (B) but 

normalized to the peak intensity to highlight spectral changes in the pump ON case. 

The time delay between IR pump and SFG probe is t=0 ± 66 fs.  
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In addition, one can also observe a slight shift in the center of mass of the SFG 

intensity to the blue side of the probe region, which is clearly observed in the spectra 

where the peak intensities are normalized (Figure 6-2C).  The small increase in intensity 

on the higher wavenumber side indicates that one of the effects of pump is to convert 

some strong hydrogen bonds to weak hydrogen bonds due to local heating by the IR 

pump pulse.  Thus, while there is a bleach in SFG signal at 3200 cm-1, there is actually an 

increase in absorption ~ 3400 cm-1 region.[39]  Interestingly, the blue shift in the probe 

SFG is more obvious in the case of pH 2 (Figure 6-2C).  The breaking of strong hydrogen 

bonds due to heat typically happens at longer time delays between pump and probe, so 

that near t = 0,  the blue shift is only observed partially. 

There are at least two possible reasons that the simultaneous increase in the blue 

side of O-H region is more obvious in pH 2 spectra than pH 6 and 12: (1) the time delay 

between pump and probe was > t = 0 by ~66 fs or (2) the relatively more disordered 

structure (no surface charge) facilitates the breaking of hydrogen bonds creating more of 

the weakly hydrogen bonded species.  The effect of the IR pump pulses to reduce the 

number of strongly hydrogen bonded oscillators by heating will be clearly observed in 

the TR-vSFG data presented in the following sections. 

6.4 Effect of NaCl on vibrational relaxation of water at negatively charged silica 

6.4.1. Model to describe vibrational dynamics at silica/water  
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The vibrational relaxation of the interfacial water at a silica surface is determined 

by the recovery of the bleach in vSFG intensity as a function of IR pump and probe 

delay.    The recovery of the vSFG signal can be described using a 4 level system, which 

has been used extensively to describe bulk water dynamics as well as water at charged 

interfaces.[38, 40, 41]  The vibrational energy from the excited ν=1 state is first 

transferred to an intermediate state ν* state, via inter- and intramolecular energy transfer 

to the overtone of the bend, or via resonant energy transfer to the O-H stretches of other 

water molecules that coupled via hydrogen bonds, as illustrated in scheme 6-1.  This 

occurs with a relaxation time (T1), which corresponds to the vibrational lifetime of the 

excited O-H oscillator.  The relaxation from the intermediate ν* state to a hot ground 

state ν* =0 occurs via a thermalization process with a time constant of Tth.  The 

thermalization step involves the statistical distribution of the remaining vibrational 

energy to all possible modes, including librations and the hydrogen bond 

reorganization.[8, 15] 

The data can be fit to a numerical solution of a set of different equations that 

describe the rate of population change for the 4 level model, which has been used 

previously to describe interfacial water dynamics (equation 6.1).[38]  The numerical 

solution to the differential equation describing a 4 level system is of the form: 

∆ 	                          (6.1) 

where N0, N1, N2, and N3 are the population of the ν=0, ν=1, ν*, and ν*=0 states, 

respectively.  We found, however, that the T1 values obtained with this model were 
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similar to those obtained by fitting the SFG recovery with a single exponential.  This 

suggests that our data may not be sensitive to the slower Tth dynamics. 

 

Scheme 6-1: 4 level model used to describe vibrational relaxation of water in the bulk 

and at interfaces. 

 

6.4.2 Effect of salt on vibrational dynamics at pH 6 

In order to gain understanding the role of ions and the surface charge on the 

structure of interfacial water, the effect of salt on the vibrational dynamics of interfacial 

water as a function of surface charge density of silica was investigated.  The effect of 

adding salt 0.1 M NaCl on the vibrational relaxation of water is very different at pH 6 and 

at pH 12 (Figures 6-4 and 6-5), even though at both these bulk pHs the silica surface 

bears a negative surface charge.  At pH 6 the surface charge density is ~0.003 C/cm2, as 

calculated from the fraction of deprotonated Si-OH groups (See Appendix A1).[33]   In 

neat pH 6 (i.e., in the absence of added salt), the vibrational lifetime (T1) is quite fast, 

~188 ± 30 fs, consistent with previous measurements at this pH 6.[30, 38]  The 

vibrational lifetime of changes dramatically on addition of 0.1 M NaCl, at pH 6, and 
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slows down to T1 = ~600 ± 70 fs (Figure 6-4).  Interestingly, on addition of 0.5 M NaCl, 

there is an acceleration of the vibrational relaxation time T1 to ~363± 90 fs.   Similar 

decrease in vibrational lifetime T1 at 0.5 M NaCl was also observed previously,[38] 

although the value of T1 was relatively longer.     

 

Figure 6-3: Effect of salt on the vibrational dynamics of O-H stretch in H2O at the 

silica/water interface at pH 6. The dashed line represents the cross-correlation of the IR 

pump, IR probe and visible pulses, i.e., the instrument response function, indicating a 
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FWMH or response time of 120 fs.  The black lines are fit of the data to equation 6.1, a 

solution of differential equations for the 4 level model (see text).  

 

This slowing down of the relaxation rate on addition of salt is also consistent with 

the observed effect of salt, previously explained to be due to the screening effect of the 

salt to reduce the penetration depth of the electric field.[35, 38]  The fast dynamics 

observed in absence of salt was thought to be a result of the considerable contribution to 

the measured SFG response from water in bulk-like environments that are under the 

influence of the electric field.  At high ionic strengths, the electric field penetration depth, 

given by the Debye length is only a few monolayers from the surface (0.3 nm at 0.1 M 

NaCl),[38] and therefore the, measured dynamics is primarily from near-surface water 

molecules, which exhibit a slow dynamics.[38]  This explanation suggests that water 

molecules at any interface, irrespective of the chemistry of the interface, will exhibit slow 

dynamics.  It should simply be the degree of contribution from waters in bulk-like 

environments to the measured TR-vSFG dynamics that determines the “fast” vibrational 

relaxation.  Thus, we would expect a similar slowing down of vibrational relaxation times 

at pH 12 and pH 6 upon the addition of same concentration of NaCl. 

6.4.3 Effect of salt on vibrational dynamics at pH 12 

In contrast to observations at pH 6, addition of 0.1 M NaCl has no effect on the 

dynamics at the water/silica interface at pH 12.  At pH 12, the surface charge density on 

silica is estimated to be ~0.2 µC/cm2 and higher than at pH 6.[33]  In this case, the 

vibrational lifetime (T1)is similarly fast in both the absence and presence of 0.1 M NaCl, 
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198± 32 fs for the no salt case and 200 ± 23 fs with NaCl (See Table 6-1).  At 0.1 M 

NaCl, the reduction in the Debye length and hence the contribution of bulk-like water 

should be the same for both pH 6 and pH 12.  Yet, our results show that at 0.1 M NaCl, 

the vibrational relaxation time at pH 12 remains unchanged (T1 = 200 ± 23fs) compared 

to the factor of 3 change in T1 at pH 6.   

It is important to consider the structural changes that the added ions can cause 

within the interfacial region (Stern layer).  Since, the chemistry of the silica surface, 

based on the silanol groups, is different at pH 6 and pH 12,[34, 42] it is obvious that the 

nature of interaction of the hydrated cations and anions with the two surfaces will be 

different.  This would explain why the effect of salt (0.1 M NaCl) on the vibrational 

lifetime measured at the two surfaces is different, despite the same Debye length and 

screening effect at these two ionic strengths.  Further, as seen from the results of MD 

simulations, the depth over which water is oriented or ordered can be significantly 

different based on the nature of the surface charge distribution,[43] which may be 

different at pH 6 versus pH 12.  
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Figure 6-4:  Effect of salt on the vibrational dynamics of O-H stretch in H2O at the 

silica/water interface at pH 12 at three different salt concentrations. The dashed line 

represents the cross-correlation of the IR pump, IR probe and visible pulses, i.e., the 

instrument response function, indicating a FWMH or response time of 120 fs.  The 

black lines are fit of the data to equation 6.1, a solution of differential equations for the 

4 level model (see text).  
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One could argue that the electric field induced by the significantly higher 0.2 

C/cm2 surface charge density at pH 12 orients bulk-like water even at 0.1 M NaCl and 

hence shows a fast vibrational relaxation time, T1.  However, even at high ionic strength 

of 0.5 M NaCl, the vibrational lifetime T1 remains fast (209± 25 fs).  The silica surface at 

pH 12 exhibits greater surface charge and would adsorb cations to a greater extent than at 

pH 6.  Therefore, any enhancement in electric field due to specific adsorption of cations 

should be more at pH 12 than at pH 6.[44, 45]  Yet, pH 12 shows no change in the 

vibrational lifetime even on addition of up to 0.5 M NaCl, as shown in Figure 6-4c.  It is 

improbable that at concentrations greater than 1 M there would be any significant change 

in the vibrational lifetime, as the interfacial region is already close to saturation with Na+ 

ions at 0.1 M.[43]  

6.5 Effect of NaCl on vibrational relaxation of water at neutral silica  

To further understand the relation between the effect of ions on the vibrational 

dynamics and the surface charge on silica, the vSFG pump-probe dynamics were 

measured at the neutral silica surface.  At pH 2, the silica surface is at its PZC and 

presumably does not induce any electric field to cause the water dipole to orient near the 

surface or polarize them.[33, 34]   The lack of surface charge is also responsible for the 

relatively low intensity of SFG at this pH compared to higher pHs.[35, 36]  In the 

absence of added salt, the vibrational dynamics are significantly slower than that at 

negatively charged silica surfaces (pH 6 or pH 12) with a T1 of 577 ± 140  fs,  consistent 

with previous results.[28]  At a neutral surface (pH 2), the addition of salt should not 
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change the concentration of ions at the interface relative to the bulk concentration and 

hence not affect the interfacial water structure.  Consistent with this expectation, at pH 2,  

addition of 0.1 M NaCl does not significantly change the vibrational lifetime of water;  

Figure 6-5:  Effect of salt on the vibrational dynamics of O-H stretch in H2O at the 

silica/water interface at pH 2 at three different salt concentrations. The dashed line 

represents the cross-correlation of the IR pump, IR probe and visible pulses, i.e., the 

instrument response function, indicating a FWMH or response time of 120 fs.  The 

black lines are fit of the data to equation 6.1, a solution of differential equations for the 

4 level model (see text).  
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the T1 is still long at 422 ± 120 fs.  Interestingly, at higher salt concentration of 

0.5 M NaCl, vibrational relaxation time now exhibits an acceleration (T1 249 ± 15 fs). 

To explain the acceleration of dynamics at high (0.5 M NaCl) ionic strength at pH 

6 observed previously,[38] it was suggested that interfacial water molecules at 0.5 M 

experience an order of magnitude greater electric field, which results in a more ordered 

structure and can partially explain the shorter vibrational lifetime.[38]  However, at pH 2, 

the adsorption of cations to induce surface charge can be ruled out, due to the lack of a 

driving force for the ions to migrate toward the surface.[44]  Thus, the explanation that 

the acceleration of vibrational dynamics is a consequence of the increase in electric field 

(surface potential) due to cation adsorption cannot apply to the observation at the pH 2 

silica surface.  It is possible, however, that at ionic strength to 0.5 M NaCl, the structure 

of the interfacial region is significantly different that in the absence of NaCl (ionic 

strength at pH 2 = 0.01 M Na+ and Cl-).  The increase in the number of fully-hydrated 

cations, and associated anions, can induce an ordering in the interfacial waters, to result 

in faster vibrational dynamics than the ion-free neutral interface that shows a low SFG 

response and slow vibrational dynamics.  
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Bulk pH Average Vibrational Lifetime (T 1)    (fs) 

 0 M NaCl 0.1 M NaCl 0.5 M NaCl 

pH 2 577 ± 140 422 ± 120 249 ± 15 

pH 6 188 ± 30 600 ± 70 363± 90 

pH 12 198± 32 200 ± 23 209± 25 

 

Table 6-1: Summary of the average vibrational lifetime T1 values at different bulk pH 

and different NaCl concentration, obtained from a single exponential fit to TR-vSFG 

traces.  The T1 values reported are the average T1 from separate measurements repeated 

at least 3 different times, in some cases up to 5 times.  The error bars indicate the 

standard deviation for all the individual T1 values obtained on different days. 

6.6 Surface charge density dependent sensitivity of water structure to salt 

In order to explain the changes in the vibrational lifetime of interfacial water on 

addition of salt at different bulk pHs, it is important to consider the changes in the water 

structure caused by the ions within the near-surface region.  At pH 6, the negative surface 

charge enhances the ordering of the interfacial water molecules.[46, 47]  This ordered 

structure could represent an efficient hydrogen bonding network such that the water 

molecules are well coupled to other water molecules.  This picture would be consistent 

with the high intensity of the steady-state vSFG of the O-H stretch region of silica/water 

interface at this pH as well as the relatively fast vibrational relaxation time.  The fast 
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vibrational lifetime of T1 ~ 200 fs is because of the fast vibrational energy transfer from 

excited water molecules to the vibrational modes of water molecules associated via 

hydrogen bonds.  In the absence of salt, at pH 6, the interfacial region is also relatively 

ion free owing to the very low ionic strength.   

When 0.1 M NaCl is added, the Na+ ions experience an electrostatic attraction to 

migrate toward the interface because of the negative surface charge.[43, 48]  Since the 

Na+ ions will be hydrated, the interfacial region now consists of water molecules that 

belong to the hydration shell of the Na+.  Although one cannot eliminate the presence of 

anions, we can assume their concentration in the interfacial region will be significantly 

lower than cations at the negative silica surface.[48] It is reasonable that the big change in 

the chemical nature of the interfacial region at pH 6 silica from the ion-free to Na+ ion 

rich environment causes the significant slowing down of vibrational relaxation time from 

200 fs to ~600 fs at this pH.   

In contrast to 0.1 M NaCl where the concentration of both Na+ and Cl- is low, at 

0.5 M NaCl the interfacial region has a finite concentration of Cl- anions that are 

associated with the Na+ ions accumulated near the surface.[49]  This interface with the 

hydrated ion pairs is perturbed differently as compared to that at 0.1 M NaCl, in such a 

way that causes an acceleration in the T1.   
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Figure 6-6:  Effect of NaCl concentration on vibrational lifetime measured at 

silica/water at different bulk pH.  The T1 values plotted give the average T1 obtained 

from a single exponential fit to TR-vSFG traces repeated at least 3 different times..  

The error bars indicate the standard deviation between the T1 values obtained on 

different days.  

 

At pH 12, the surface is highly negatively charged, and the ionic strength is 10-2 

M even in the absence of additional electrolyte.  Similar to the pH 6 case, the interfacial 

water molecules presumably are oriented at this surface in a way that there is strong 

hydrogen bonding between the O-H groups, so as to explain high SFG response and fast 

vibrational lifetime of the O-H stretch.  The difference however, between this case and 

the pH 6 cases, is that even in the no-salt case, there interface has some cations present 
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due to the high negative surface attraction and higher ionic strength from 10-2 M NaOH.  

It possible that some Na+ ions have already specifically adsorbed to the negative 

surface.[43, 44]  Further, our previous studies have shown that at pH 12 has lower 

sensitivity to added cations than that at pH 6.[36]  As a result, addition of 0.1 M NaCl, 

does not significantly change the water structure of the region near the interface and 

hence the vibrational relaxation time T1 remains fast.  At this point, the Na+ ions have 

specifically adsorbed to the silica surface, and it is possible that the water structure is still 

ordered in this case; however, the ordering is induced the adsorbed Na+ ions.  Addition of 

more NaCl at 0.5 M, does not alter the structure of water further, because  the adsorbed 

Na+ layer screen the negative surface charge and hence do not chance the concentration 

of ions in the interfacial region.  As a result, T1 remains unaffected even at 0.5 M NaCl. 



148 
 

 

Scheme 6-2: Cartoon representation of salt induced changes in structure of interfacial 

water at silica surface for two different negatively charged surfaces (pH 6 – partially 

charged- versus pH 12 – almost completely charged).  Yellow spheres: Na+ ions, green 

spheres: Cl- ions 

 

At a neutral silica surface, besides the inherent break in hydrogen bonding 

network induced by the presence of the solid surface there is no electric field that can 

cause the waters to align in a way that increases the hydrogen bonding between them, as 

in the case of pH 6 and pH 12.  As a result, at pH 2 there is a slow vibrational lifetime of 

O-H of ~ 500 fs.  Adding salt up to 0.1 M at this pH, does not affect the vibrational 
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relaxation, as neither the cation nor the anions has a drive to migrate toward the surface.  

At high enough ionic strengths, (0.5 M NaCl) we can expect there to be an increase in the 

interfacial region similar to bulk concentration, and the water structure now approaches 

that at pH 6 with 0.5 M NaCl (Scheme 6-2.)   The acceleration of vibrational lifetime in 

this case, can be due to the changes in the water arrangement due to the hydrated Na+ and 

Cl- ion pairs.   

6.7 Conclusions 

We have investigated the effect of salt on the ultrafast vibrational relaxation of the 

O-H stretch of interfacial water at a silica surface, at three different surface charge 

condition: neutral, moderately negatively charged and highly negatively charged silica.  

Ions perturb the vibrational lifetime of the hydrogen bonded interfacial water at 

significantly lower ionic strengths of 0.1 M NaCl, as compared to the bulk water 

dynamics.  While addition of 0.1 M NaCl significantly increases the interfacial water 

vibrational lifetime, from ~200 fs to 600 fs, at pH 6, the addition of salt has no apparent 

effect on the vibrational dynamics of water at pH 12, even up to 0.5 M NaCl.  This 

observation suggests an alternative explanation for the effect of salt at the silica/water 

interface than the one used typically to interpret salt induced changes in SFG-based 

results.  Thus far, addition of salt was only considered to screen of the electric field 

(shrinking of Debye length) to reduce the number of polarized and/or oriented water 

layers that are in bulk-like environment and contribute to the SFG response.  If this was 

the only cause for the slowing down of vibrational relaxation, as suggested previously, 
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one should see similar change in dynamics at 0.1 M NaCl ionic strength for both 

negatively charged surfaces (pH 6 and pH 12)  However, the effect of ions on the 

vibrational lifetime in our results shows a strong sensitivity to the surface charge density.  

We suggest that the interaction of the cations and associated anions and their hydrations 

shells with the surface may also alter the interfacial water arrangement to create a 

hydrogen-bonding network that facilitates either a fast or slow vibrational relaxation.  

Testing this hypothesis will probably require microscopic modeling of water and its 

vibrational dynamics at charged interfaces in the presence of various concentrations and 

types of salt. 

Chapter 4 showed that the effect of salt on interfacial water structure (SFG 

spectra) is more pronounced at pH 6 than at higher or lower pHs.  It should be noted that 

the higher sensitivity of water structure to salt at pH 6 is consistent with that of 

vibrational dynamics to salt observed in this study, where the slowing down of 

vibrational dynamics due to salt was greater at pH 6 than at pH 12.  This further supports 

the idea that the interfacial water at pH 6 silica surface is more sensitive to added ions 

and thus the changes in the vibrational dynamics are the most pronounced. 

In the following Chapter, we will find that the vibrational relaxation of interfacial 

water is indeed sensitive to the identity of the cation, further weakening the theory that 

the only role of ions at charged surfaces is to play a “screening effect”. 
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CHAPTER 7 

SPECIFIC ION EFFECTS ON THE VIBRATIONAL DYNAMICS AT THE 

SILICA/WATER INTERFACE 

7.1 Introduction 

All of the results outlined in the previous chapters have highlighted the 

importance of considering the role ions play in altering the structure of water within the 

interfacial region adjacent to a charged silica surface.  In Chapter 6, we suggested that the 

surface charge dependence on the extent of salt in slowing the vibrational relaxation of 

interfacial water was an indication of the ions interacting with the silica surface, and 

actively causing ordering changes in the interfacial water.  This led us to ask the question: 

how will the identity of the cation influence its interaction with the charged silica surface 

and hence the water arrangement in the interfacial layer?  The results of MD simulations 

outlined in Chapter 5 showed that Na+ ions specifically adsorb to the silica surface while 

Cs+ ions only form an accumulated layer near the interface.  The two different cations 

leads to a strikingly different net orientation of water in each case.  Therefore, we expect 

these structural changes in water to translate to different interfacial vibrational dynamics.  

In this chapter, we investigate the specific cation effect on the vibrational relaxation of 

interfacial water at a charged silica surface.        

7.1.1 Specific Ion Effects and Hofmeister Series 

The Hofmeister series is the most important and widely referenced example of the 

specific effects of ions in solution.[1]  It was originally formulated to describe the order 

in which ions were able to influence the solubility of proteins in aqueous system.[1]  
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Since its development, almost one hundred years ago, there have been multiple examples 

of Hofmeister series-like behavior involving the effect of ions on a wide range of 

physical phenomena in both biological and inorganic systems.[2-4]  Specific-ion effects 

have been observed in enzyme activity,[5-6] protein-protein interactions,[7-8] surface 

tension of aqueous interfaces,[9]  membrane permeability,[10] precipitation of inorganic 

nanoparticles and zeolites.[11] 

 In the Hofmeister series, the anions and cations are ranked according to their 

ability to “salt-in” (electrolyte facilitates solubility) or “salt-out” (electrolyte facilitates 

precipitation of) proteins in aqueous solutions.  For cations, the usual order in which 

these affect the stability of proteins, or the ‘direct’ Hofmeister series is as follows[12-13]: 

 Cs+ > Rb+ > NH4
+ > K+ > Na+ > Li+ > Ca2

+ > Mg2
+ > Zn2

+   

The cations on the left show the most favorable effects on protein stability and those on 

the right show the most unfavorable effects on protein stability in solution, i.e., they 

facilitate protein denaturation.[14]  While our understanding of the exact mechanism for 

the Hofmeister series is still evolving, one possible factor contributing to the specific ion 

effect is the influence of an ion and its associated electric field on the structure of the 

solvent, i.e., water.[15]  Based on these effects, ions are also tagged as ‘structure making’ 

(kosmotropes) or ‘structure breaking’ (chaotropes) ions, and among the cations listed 

above, the ions to the left are more chaotropic than the ions to the right, which are 

considered kosmotropic.[15-17]  Na+ ions are considered to more be intermediate in this 

ranking, with some kosmotropic effects.[15] 

In bulk water, this notion of structure making and breaking abilities of salts has 

been challenged in recent work by Bakker et al. [18] and Luybartsev et al. [19]   It was 
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shown that monovalent ions do not influence the structure of water beyond the first 

hydration shell,[18, 20] and therefore are unlikely to induce any long range structural 

effects on the water’s hydrogen bond network ability to influence ion-biomolecule 

interactions.  These observations lead to the hypothesis that the Hofmeister effect may be 

influenced by interfacial behavior, which involves the direct interactions of ions with the 

protein or biomolecule-aqueous interface.[21] 

Several experimental and computational studies have studied the specific ion 

effects at uncharged and charged interfaces,[4, 7, 9, 22-26] and the Hofmeister series is 

generally observed for a variety of processes.[21, 27-28]  With regard to specific ion 

effects, anions are shown to have a more pronounced effect at the protein/water and 

hydrophobic/water interfaces,[4, 9, 26] and are therefore more widely studied than cation 

effects.  However, recent surface-sensitive measurements have demonstrated a chemical 

specificity in the interaction of cations with quartz and silica surfaces.[24, 29-30]  

Understanding cationic interactions at hydrophilic surfaces, like silica, is not only a great 

model system for studying Hofmeister effects but it also has important implications for 

mineral dissolution, manufacturing of semiconductor devices, etc.  In order to get a better 

understanding of the influence of cation identity in influencing the interfacial solvent 

structure, we measured the real-time vibrational relaxation of water at the silica/water 

interface in the presence of four different alkali chloride salts. 
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7.2 Experimental Methods 

To study the effect of cation identity on the interfacial water structure both the 

steady state vSFG spectra of the entire O-H stretch region of water and the vibrational 

lifetimes of the strongly hydrogen bonded O-H of water at the silica/water interface were 

studied in the presence of four alkali chloride salts: LiCl, NaCl, RbCl, and CsCl.   

7.2.1 Steady-state vSFG spectroscopy: 

The optical set up used to acquire the vSFG spectra of the O-H stretch region at 

the silica/water interface was the same as the one described for TR-vSFG (Chapter 3), 

with the difference that the IR pump beam was used as the IR beam for vSFG 

spectroscopy.  The details of the experimental techniques are described in Chapter 3.  In 

order to acquire a vSFG spectrum that covers the broad O-H stretch region, ranging from 

3000-3800 cm-1, the difference frequency (DFG) crystal that generates the mid-IR 

frequencies from the signal and idler of the OPA, was rotated to the appropriate phase 

matching angle.  The up-converted IR profile obtained at this DFG configuration, from 

gold-coated silica prism is shown in Figure 7-1.  All spectra were acquired in the PPP 

polarization configuration.  The geometry used was total internal reflection (see Chapter 

3), with the angles of incidence of the IR and visible beams at the silica/water interface 

were 68° and 72°, respectively. 

The sample used was an IR grade fused silica triangular prism on a home-built 

sample cell, pressed again a volume of aqueous media such that the solution could be 

replaced with different salt solutions using a syringe without moving the position of the 

sample holder.  The vSFG spectra of all four salts were acquired at pH ~6, which was 
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obtained from a Millipore filtration system (18.2 MΩ·cm; Barnstead EasyPure II, 

Thermo Scientific.).  For each type of salt, the spectrum was acquired at two different salt 

concentrations of 0.01 M and 0.1 M.  The normalized spectrum for each solution was 

obtained by dividing the raw spectrum with the SFG spectrum obtained using a reference 

sample, i.e., gold-coated IRFS prism, shown in Figure 7-1.  

 

Figure 7-1: IR profile of the DFG configuration used to obtain the spectrum of the 

entire O-H stretch region in OPA/DFG setting.  The IR spectrum is obtained by up-

conversion with the visible pulse to generate SFG spectrum from a gold-coated IRFS 

prism.  This spectrum is also used as the reference spectrum in normalization (see text) 

 

7.2.2 TR-vSFG of silica/water interface: 

The one-color TR-vSFG measurements at the silica/water interface in the 

presence of four different salts were performed with the IR pump and IR probe 

frequencies centered at 3200 cm-1, which corresponds to the strongly hydrogen bonded 

region of the O-H stretch of water.  The rest of the experimental details of these 

measurements are described in Chapter 6. 
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7.2.3 Sample preparation 

The sample prism was cleaned in freshly prepared, boiling piranha solution (3:1 

concentrated H2SO4: H2O2 (30%)) for 15 mins, then rinsed thoroughly with DI water and 

dried in air.  The sample holder was plasma cleaned in a RF plasma chamber with 

ambient air as feed gas.  Salt solutions were prepared in the DI water from the LiCl, 

NaCl, RbCl, and CsCl salts that were baked for 3 hours at 500° C to remove organic 

impurities prior to use.  The pH 10 solution was prepared by adding dropwise the 

required amount of 6 M NaOH, while monitoring the pH using a pH meter (Oakton pH 

meter).  

7.3 Specific ion effect on steady state vSFG of the silica/water interface 

The steady state vSFG spectra of the silica/water at pH 6 is presented in Figure 7-

2A along with the spectra obtained in the presence of 0.01 M XCl salts (X = Li, Na, Rb, 

and Cs).  The vSFG spectrum in the neat water case is the least attenuated due to its 

lowest ionic strength (10-6 M).  The O-H stretch region shows two main features, one 

centered at ~3200 cm-1 and the other at 3450 cm-1, corresponding to the waters in the 

strongly and weakly hydrogen bonded structure, respectively.[31-34]  The neat water 

spectrum is qualitatively consistent with the silica/water spectrum reported in Chapter 4, 

as well as several literature vSFG spectra.[30, 33, 35-36]  At pH 6, the silica surface is 

charged and the interfacial water molecules experience ordering in the presence of the 

electric field.[37]   
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Figure 7-2: vSFG spectra of the silica/water interface at pH 6 for neat water and in 

presence of 0.01 M XCl (X= Li, Na, Rb, Cs).  (A) All normalized spectra plotted on 

the same intensity scale to show the attenuation of vSFG with respect to that of neat 

water. (B) Zoomed in view of the vSFG spectra of the four salts.  

 

All spectra in the presence of salts demonstrate a reduction in the vSFG intensity 

of interfacial water, with the extent of attenuation of the signal exhibiting a slight cation 

specific effect.  The decrease in vSFG intensity in the presence of 0.01 M XCl salts can 

in principle be a result of the increase in ionic strength from 10-6 M in neat pH 6 to 10-2 

M.  This can screen the negative surface charge and reducing the depth of electric field 
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penetration into the bulk.  However, a more careful comparison between the vSFG 

spectra of the four salts (Figure 7-1B) shows that the extent of reduction in the SFG 

intensity depends on the cation identity and not just ionic strength.  The overall intensity 

of the vSFG spectra, and relative magnitude of the strong (3200 cm-1) and weakly (~3450 

cm-1) hydrogen bonded spectral features, is different for each of the four cations.  For 

example, in addition to screening effects the cations could adsorb to the silica, as 

suggested by our MD studies (Chapter 5 and Ref [38]), or accumulate near the surface 

perturbing the ordered interfacial water structure.  Thus, the vSFG signal decrease may 

reflect the extent of the interaction of each cation with the silica surface.[30]  Based on 

the degree of perturbation on the vSFG spectra from Figure 7-1B, the order of interaction 

for the cations with the silica is: Li+ < Na+ < Cs+ < Rb+, although the Cs+ and Rb+ spectra 

are comparable. 

 

Figure 7-3: vSFG spectra of the silica/water interface at pH 6 in the presence of 0.1 M 

XCl (X= Li, Na, Rb, Cs).   
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A clearer trend is observed in the vSFG spectra (Figure 7-3) recorded for higher 

concentrations of 0.1 M XCl.  The extent of perturbation on water structure follows the 

direct Hofmeister series: Li+ < Na+ < Rb+ < Cs+.  This trend is in very good agreement 

with the order of preferential adsorption at silica surface reported by atomic force 

microscopy measurements at pH 5.5.[29]  The position of Li+ ion in this order is 

somewhat harder to determine.  The 3200 cm-1 region in the Li+ spectrum shows 

maximum attenuation (Figure 7-3), while the 3400 cm-1 region of the Li+ spectrum is 

more intense than other salts.  This could suggest that, while the Li+ ion affects the 

strongly hydrogen bonded waters more than other cations, its effect on weakly hydrogen 

bonded region is the least.  However, similar anomalous behavior of Li+ ions has been 

reported previously, where the Li+ ion showed a greater perturbation on the vSFG spectra 

than Na+.[24, 30, 39]   

 The direct Hofmeister series observed in our vSFG results is consistent with the 

order observed experimentally for adsorption of the cations on silica surfaces based on 

yield stress measurements,[40] and surface charge potentials,[41] as well as that 

reproduced theoretically.[2]  However, our results contradict the more recent vSFG 

spectroscopy studies of quartz surfaces by Flores et al,[30] which showed no cation 

specific effect at pH 6.5.  It should be noted that these measurements were performed at 

very low salt concentration of 0.00001 M, which is ~4 orders of magnitude lower than 

the salt concentration used in our current study.   In fact, Flores et al. report almost no 

attenuation in the SFG signal of neat water for any of the salts studied.[30]  However, at 

pH 10 the authors report the order of perturbation as: Na+, K+, NH4
+, Rb+, Cs+, and Li+, 

which is the opposite of our results with the exception of Li+.  Interestingly, several 
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different studies on the cation effects on silica surfaces have reported a reversal in the 

series with increasing surface charge or electric field.[2, 24, 29]  For example, the AFM 

based measurements indicated a cation adsorption to follow the order Cs+ >  Rb+ > K+ > 

Na+ > Li+ at solution pH of 5.5, but the order switched to Li+ >  Na+ > Cs+ at pH 9.6.[2, 

29]  Similar order reversal was reported for the extent of deprotonation of surface silanol 

groups from silica surface, as measured by SHG spectroscopy, which showed a different 

cation order at pH 6 than that at and pH  above 8.[24]    Nonetheless, the chemical 

specificity in the vSFG spectra at pH 6 prompted us to investigate the effect of cation 

identity on the ultrafast vibrational dynamics of interfacial water using TR-vSFG.     

 

7.4 Effect of cation on vibrational dynamics of silica/water interface 

7.4.1 Specific ion effect on vibrational dynamics at pH 6 

From the concluding remarks in Chapter 6, we suggest that presence of ions near 

the silica/water interface must perturb the ordering of water.  Since Flores et al., have 

demonstrated the cation specific effect on the extent of interaction of the ions with the 

silica surface using vSFG spectroscopy, we hypothesized that an effect of cation species 

would be observed in the vibrational dynamics.  The one-color TR-vSFG measurements 

of the silica/water interface in the presence of the four salts were performed at 0.01 and 

0.1 M XCl salt concentrations.  In the absence of salt, vibrational dynamics of interfacial 

water (Figure 7-4 A) is extremely fast (T1 ~ 180 fs) consistent with previous 

measurements, as well as bulk water lifetime (T1 = 200-260 fs).[35, 42]  On addition of 

0.01 M XCl salt, the vibrational dynamics are de-accelerated to the same extent for all 

four salts (Figure 7-4B) compared to the neat water case.  Hence, the time constant for 
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the recovery of the SFG intensity does not appear to show a specific cation effect at a 

concentration of 0.01 M.   

For these data sets, the vibrational lifetime (T1) was obtained from the time 

constant of a simple single exponential fit to the data to describe the recovery.  While a 

bi-exponential decay with time constants T1 (assigned to vibrational lifetime) and Tth 

(assigned to the thermalization processes) is usually used to analyze pure H2O dynamics 

in literature,[35, 43] we find that the data fits very well to a single exponential.  Similar to 

the results described in Chapter 6, it is possible that our data is not sensitive to the slower 

time constant Tth (four level system), which accounts for only a small fraction of the 

recorded dynamics.[35, 42]  Therefore, for the purpose of this study, we will compare the 

T1 obtained as the single time constant for recovery of the SFG signal with the IR pump – 

SFG probe time delay.  
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Figure7-4: One-color TR-vSFG traces of the silica/water interface at pH 6 for (A) neat 

water and (B) in the presence of 0.01 M alkali chloride salt solution.  The trace shown 

in dashed line in (A) and bottom graph of (B) is the temporal cross-correlation between 

the IR probe, IR pump and visible pulses, which has a full-width half maximum of 109 

± 10 fs, where the error bar is the standard deviation of the fwhm measured at pH 10 on 
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different days .  The black solid curves are the results of fit to the data using a single 

exponential function. 

 

Although the T1 values for all the cations are close, the vibrational lifetime is 

fastest in the presence of Li+ (~ 294 fs ) and slowest in the presence of Cs+ (373 fs).  

However, the dynamics measured in the presence of Na+, Rb+ and Cs+ have very similar 

T1 values of 371 fs, 361 fs, and 373 fs, respectively.  These preliminary results (as the 

measurements need to be repeated) suggests that at an ionic strength of 0.01 M, when the 

Debye length changes from 300 nm in the neat water case to 3 nm in presence of salt, the 

increase in lifetime is primarily a result of the screening effect of the ion on the electric 

field, as well as the possible effect of ions perturbing the ordering of interfacial 

water.[36]   



171 
 

 

Figure 7-5: One-color TR-vSFG traces of the silica/water interface at pH 6 for in the 

presence of various 0.1 M alkali chloride salt solutions.  The trace shown in dashed line 

is the temporal cross-correlation between the IR probe, IR pump and visible pulses, 

which has a full-width half maximum of 109 ± 10 fs, where the error bar is the standard 

deviation of the fwhm measured at pH 6 on different days  The black solid curves are 

the results of a fit to the data using a single exponential function 
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While an obvious trend in the T1 of interfacial water is lacking in the presence of 

0.01 M salts, the vibrational dynamics of all four salts at higher salt concentrations of 0.1 

M XCl show some cation specificity (Figure 7-5).  Firstly, all the measured vibrational 

lifetimes (T1) are slower than those measured for 0.01 M salt.  Rb+ shows the most 

slowing down of the dynamics to give a T1 = 680 fs, while Li+ shows the fastest T1 = 490 

fs of the four cations investigated.  The order of the cation effect on the vibrational 

dynamics of water, from the fastest to slowest dynamics, is Li+ ~ Cs+ <  Na+ < Rb+.  This 

order is consistent with the direct Hofmeister order observed in the attenuation of the 

steady-state vSFG spectroscopy, with the exception of Cs+ ion.  In the vSFG spectra, Cs+ 

causes the maximum perturbation, while the vibrational lifetime, T1, in the presence of 

Cs+ is comparable to Li+ and faster than Rb+.  The similar degree of perturbation by Li+ 

and Cs+ was also reported by Flores et al., where the extent of adsorption of the cation on 

quartz was based on the reduction in the vSFG spectra of the OH stretch region of 

water.[30] 

The increased sensitivity to the cation identity of the vibrational dynamics at 0.1 

M concentration as compared to 0.01 M points towards different causes for the increase 

in vibrational lifetimes induced by salt at these two concentrations.  As mentioned above, 

at concentrations up to 0.01 M, it is possible that the primary reason for the slowing down 

of vibrational dynamics is the screening of the depth of electric field and hence the SFG 

probe depth.[35-36]  Therefore this effect may not show a significant dependence on 

cation size or chemical properties.  However, at 0.1 M salt concentration, there is possible 

preferential accumulation of the cations at the negative silica surface to result in 

structural changes in the hydrogen bonding structure of interfacial water, inducing an 
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increase in vibrational lifetime.  The greater the extent of perturbation in the ordering, the 

slower would be the vibrational relaxation of the O-H stretch of water.[44]  This 

mechanism would explain the cation ordering in the value of T1 of: Li+ < Na+ < Rb+, 

where the degree of perturbation is consistent with the size of the cation and its 

coordination number for the hydration shell[45] 

7.4.2 Specific ion effect on vibrational dynamics at pH 10 

Flores et al., reported a more pronounced specific ion effect on the vSFG 

spectroscopy of the quartz/water interface at pH 10 compared to pH 6.[30]  We wanted to 

investigate whether a similar bulk pH dependent effect was observed in the case of 

vibrational dynamics.  According to our TR-vSFG measurements, at the bulk pH of 10, 

the cation identity does not appear to have a significant influence on the vibrational 

dynamics (Figure 7-5).  In fact, irrespective of the salt, the vibrational lifetime (T1) 

remains significantly fast, similar to the neat water (T1 ~180 fs) at the silica/water 

interface at pH=10.  While this result is consistent with the observation made in Chapter 

6 that, at a higher bulk pH 12, the addition of salt did not alter the observe vibrational 

lifetime of neat water, it does not correlate with the specific ion effect on vSFG 

spectroscopy reported by Flores et al.[30]    

The study by Flores et al. as well as our MD simulations results indicate that at 

the highly negative silica surface (pH 10), Na+ ions showed greater adsorption onto the 

silica surface than Cs+ ions.[30]  In addition, the MD simulations revealed that the net 

orientation of water within ~2 nm from the surface for Na+ is completely opposite to the 

case of Cs+.[38]  Therefore, we would expect that the vibrational relaxation times in the 

presence of Na+ and Cs+ would show some differences.  However, the lack of specificity 
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in the vibrational dynamics at pH 10 is curious.  It may be that when the surface has a 

high surface charge density, there is specific adsorption of the cations (all cations at 0.1 

M), as indicated by MD simulations[38], which leads to some ordering effects in a way 

that O-H stretch of water is well coupled to hydrogen bonded waters with a fast 

vibrational relaxation pathways among them.   However, definitive insight in to the 

extent of specific adsorption at pH 10 versus pH 6 is beyond the scope of the results 

presented here and additional experiments will be required.      
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Figure 7-6: One-color TR-vSFG traces of the silica/water interface at pH 10 in the 

presence of various 0.01 M alkali chloride salt solutions.  The trace shown in dashed 

line is the temporal cross-correlation between the IR probe, IR pump and visible 

pulses, which has a full-width half maximum of 99 ± 6 fs, where the error bar is the 

standard deviation of the fwhm measured at pH 10 on different days. The black solid 

curves are the results of fit to the data using a single exponential function. 
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Salt pH 6  pH 10 

 0.01 M 0.1 M 0.1 M 

 Vibrational Lifetime T1 (fs) 

LiCl 330 490 175 

NaCl 372 609 211 

RbCl 358 725 180 

CsCl 393 480 190 

Neat water 187 ± 30 138 

Table 7-1: Summary of the ultrafast vibrational lifetime (T1) measured at the 

silica/water interface for the four different cations at pH 6 and pH 10. Each T1 value is 

obtained from the time-constant of a single exponential fit to the TR-vSFG trace, that 

was an average of 3 or more scans during a single measurement, shown in Figures 7-4, 

7-5, and 7-6. Please note that that the measurements should be considered preliminary 

as they have not been repeated on multiple days. 

7.5 Conclusions 

The direct measurement of interface-specific ultrafast vibrational dynamics of 

water provides access to structural perturbations induced by the presence of different 

alkali metal salts.  There is a cation specific effect on the vibrational lifetime of the O-H 
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stretch of water at the silica/water interface at bulk pH 6, which follows the order: Li+ < 

Na+ < Rb+.  This order is consistent with the trend observed in the vSFG spectra of the O-

H stretch region at pH 6, as well as the direct Hofmeister series reported for cation 

adsorption on silica surfaces at this pH.   

Interestingly, the sensitivity of the vibrational lifetimes on the identity of cation is 

observed when the concentration is high enough (0.1 M) indicating that the reason for 

slowing down of dynamics at 0.01 M and 0.1 M concentration may be different.  We 

speculate that solvent structural changes, due to sufficient accumulation of cations in the 

interfacial region, occurs only at 0.1 M or higher.   

At a more negatively charged silica surface however, the vibrational lifetime does 

not show a cation specific effect, in contrast to the vSFG spectroscopy results by Flores et 

al.  Although, additional experiments are required to elucidate the extent of specific 

adsorption at pH 10, it is possible that the specific adsorption of cations at pH 10 induce 

ordering effects that cause perturbation in the vSFG intensity but do not slow down the 

vibrational relaxation of interfacial water.   
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CHAPTER 8 

SUMMARY AND OUTLOOK 

The structure and dynamics of interfacial water are bound to have important 

implications on the chemistry occurring at the surface in contact with the aqueous phase.  

While recent developments in simulations and experiments have led to a wealth of 

information regarding the properties of surface water, the microscopic details about the 

interfacial region at a charged surface, such as the mineral/water interface, remain 

elusive.  In this thesis, the nonlinear optical technique of vibrational sum frequency 

generation (vSFG) spectroscopy was used to directly probe the structure of interfacial 

water at a silica surface under conditions of different surface charge densities and ionic 

strengths.   We investigated the role of ions in inducing structural and dynamical changes 

in the interfacial water, and evaluated our results in the context of traditional electric 

double-layer models, Molecular Dynamics (MD) simulations results, as well as 

interpretation from recent surface-specific experimental measurements.    

The first result of this thesis on the vSFG spectroscopy of the silica/water 

interface reveals that the interfacial water structure plays a key role in the kinetics of 

silica surface reactivity.  The perturbations measured in interfacial water structure via 

changes in vSFG spectra on addition of ions (0.1 M NaCl), as function of bulk pH were 

in remarkable agreement with the measured enhancement in the rate of silica dissolution 

on addition of salt.[1]  The trend in the effect of salt on the vSFG, which is a measure of 

surface ordering, was also consistent with Dove’s “surface charge sensitivity,”[2] based 

on which it was hypothesized that cations change the interfacial water orientation at neat 

water pH to induce maximum enhancement in the dissolution rate of quartz.  The fact that 
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our vSFG spectroscopy results also shows maximum effect of salt at neat water pH 6~8 

provides a direct experimental support for Dove’s hypothesis. 

Given that the surface of silica is negatively charged at all bulk pHs above 2, it 

was interesting that the effect of salt on the vSFG spectra of water was significantly 

different at pH 6-8 compared to pH 10-12.  The most common explanation for the 

observed reduction in vSFG response with addition of salt at a fixed surface charge (pH) 

is the screening effect of ions on the electric field leading to a reduction in the χ(3) 

component of the nonlinear optical response and therefore decreasing the contribution 

from waters further into the bulk.[3-4]  However, based on our results at different bulk 

pHs, we speculated that ions play an additional, more active role in perturbing the 

“ordered” water arrangement at the negative surface by accumulating, and influencing the 

orientation of water in the interfacial region.   

We performed time-resolved vSFG experiments to directly measure the changes 

in the ultrafast vibrational relaxation times H2O at the silica/water interface as a function 

of salt concentration and surface charge density (bulk pH).  We find a strong dependence 

of the effect of salt on the silica surface charge density.  The vibrational lifetime of water, 

which is ~ 200 fs at a charged silica surface, increases almost 3 times to ~600 fs in the 

presence of 0.1 M NaCl at pH 6 but remains insensitive to added salt at pH 12, even up to 

0.5 M NaCl.  Moreover, at a neutral silica surface, high salt concentration results in a 

decrease in the vibrational lifetime.  Therefore, fast vibrational dynamics can no longer 

be explained as simply due to contributions from water molecules that are not truly 

interfacial.  These observations force us to pay attention to the interplay between the 
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surface charge density and the presence of ions within the interfacial region itself, as 

outlined in Chapter 6. 

To provide a detailed microscopic understanding of the effect of surface charge 

and ionic strength on the ordering and orientation of water at an interface, we performed 

MD simulations at two types of idealized surface (charge spread homogeneously on 

surface and charge localized on points on surface).  In both cases, the interface comprises 

of two distinct regions: a compact layer closer to the surface showing a layering of 

oriented water, and a diffuse layer similar to that predicted by the Gouy-Chapman-Stern 

model.  The diffuse layer depth depends not only on the ionic strength, as expected from 

electric double layer theories, but is sensitive to the type of charge distribution on the 

surface.  With the aim of answering the question: How deep is the interfacial region at the 

silica/water interface, we performed simulations on water next to an amorphous silica in 

the presence of NaCl and CsCl.  While the net orientation of water molecules and the 

length of the compact layer depend on the cation identity, the depth over which structure 

of water is perturbed, i.e., length of the interface, is ~ 1 nm for both cases.  

In Chapter 7, we report the first demonstration of the specific ion effects on the 

ultrafast vibrational relaxation of water at a charged mineral surface.  At pH 6 and 0.1 M 

of four types alkali chloride salts, (LiCl, NaCl, RbCl and CsCl) we observed a cation 

specific behavior in the increase of vibrational lifetime T1.  The effect of cations in 

perturbing the fast vibrational dynamics was found to be: T1(Li+ )< T1(Na+) < T1(Rb+),  

which is consistent with the order of adsorption reported previously by Morag et al. at a 

silica surface at pH 5.5.[5]  The effect of Cs+  does not follow the trend of increasing 

lifetime with atomic number of the ion and the T1 is close to that of Li+; this suggests a 



187 
 

similar perturbation by Li+ and Cs+, in agreement with the results reported in previous 

vSFG spectroscopy studies.[6]  However, at pH 10, there appears to be no specific ion 

effect and the vibrational relaxation remains fast in all cases.  To identify a clear 

Hofmeister effect, additional TR-vSFG measurements, in the presence of divalent cation 

like Ca2+, Mg2+ and larger multi-atomic ions like NH4
+ need to be performed.   

The ultrafast vibrational lifetime of O-H in pure H2O, can be a tricky quantity to 

determine, because of the Fermi resonance with bend overtone, fast spectral diffusion, 

etc.  TR-vSFG measurements of O-H in dilute HOD:D2O systems as a function of bulk 

pH and ionic strength can provide clearer information on the perturbations induced in the 

water structure.  Further, the study of ultrafast vibrational dynamics of water at the 

charged interface can also be extended to other mineral surfaces such as alumina and 

calcium fluoride.  For example, the pH of point of zero charge for the alumina is ~8, 

which can allow us to investigate the role of ions at both negatively and positively 

charged interfaces.   

Lastly, although SFG is a surface-specific technique, it almost impossible to 

separate the response of the first layer of water from that of the water layers adjacent to it.  

Therefore, MD simulations play an important role in providing a conceptual framework 

to describe the behavior at complex interfaces that can aid in the interpretation of 

experimental measurements.  Additional, MD simulations can be performed on a realistic 

mineral/water system and a statistical analysis of the results can determine whether the 

oriented waters near the interface are more strongly or weakly hydrogen bonded than the 

bulk water. 
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APPENDIX A1 

CALCULATION OF SURFACE CHARGE DENSITY ON SILICA AS 

FUNCTION OF BULK pH BASED ON FRACTION OF DEPROTONATED SiOH 

GROUPS 

The negative surface charge on silica at pHs above its point of zero charge are a 

result of the deprotonation of the neutral Si-OH groups.  Patricia M. Dove calculated the 

fraction of total deprotonated Si-OH groups (Si-O-tot) on quartz, in the presence of 0.1 M 

NaCl salt as a function of bulk solution pH.[1]  Table A1-1 lists the fraction of surface Si-

OH (θSi-OH) and Si-O-tot (θSi-O
-
tot), such that θSi-OH + θSi-O

-
tot = 1.[1]  From these fractions, 

I calculated the surface charge density at each bulk pH, and the results are presented in 

TableA1-1.  The surface charge density was calculated in the following steps.  The 

maximum number of surface silanol Si-OH groups on silica is estimated to be 5 Si-OH 

groups per nm2.[2]  Therefore in an area of 1 m2, the maximum number of Si-OH groups 

possible = 5 x 1018 SiOH/m2.  The maximum possible negative charge that can be 

achieved is if all the Si-OH groups deprotonate to give 5 x 1018 Si-O- groups.  Let us 

assume that each of the Si-O- group carries a 1 electron equivalent of Columbic charge of 

1.6 x 10-19 C.  Thus, the maximum surface charge possible on silica surface (when all Si-

OH groups are deprotonated) =   (5 x 1018/m2)  x 1.6 x 10-19 C = -0.8 C/m2.  Therefore, 

the surface charge density for a given fraction of θSi-O
-
tot , at a given pH = θ>SiO-tot  x  -0.8 

C/m2.  These values are summarized in Table A1-1 below. 
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Table A1-1: Fraction of Si-OH and deprotonated Si-O-
 tot on a silica surface as 

given in Ref [1], and the corresponding calculated surface charge density using the 

method described above. 

 

The surface charge density values I calculated above are in good agreement with 

the values reported by Bolt,[3] as well as those measured experimentally by Patricia 

pH θ>SiOH[1] θ>SiO‐
tot [1] Calculated* 

Surface  charge 

C/m
2 

2 0.99994 3e‐05 ‐0.00002 

3 0.9998 0.0002 ‐0.00016 

4 0.99902 0.00098 ‐0.00078 

5 0.99468 0.00532 ‐0.0042 

6 0.98824 0.01177 ‐0.0094 

7 0.96384 0.03619 ‐0.0289 

8 0.93391 0.06614 ‐0.0529 

9 0.87599 0.12416 ‐0.0993 

10 0.83276 0.16745 ‐0.1340 

11 0.76435 0.23597 ‐0.1887 

12 0.71732 0.28308 ‐0.2264 
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Dove by titration methods,[4] and several other studies.[5, 6]  As is seen from Table A1-

1, even at the pH 12, where the silica surface is regarded as highly charged, only ~28% of 

the Si-OH groups are deprotonated.  This suggests that the scenario where ALL the Si-

OH groups are deprotonated to Si-O- is highly improbable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 195

APPENDIX A2 

CALCULATION OF EFFECT OF SALT ON RATE OF SILICA DISSOLUTION 

The result presented in Chapter 4 shows the striking resemblance in the trend for 

the effect of salt on the vSFG spectroscopy of the silica/water interface and the effect of 

salt on the enhancement in silica dissolution (Figure 4-2-).  However, the quantitative 

“effect of salt” on the rate of silica dissolution on addition of 0.1 M NaCl, was calculated 

based on an empirical rate model proposed by Patricia Dove that was derived by fitting to 

271 different experimental quartz dissolution measurements.[1]  This dissolution rate 

model was based on the fraction of Si-OH and deprotonated Si-O- on the silica surface, 

given as θSi-OH  and θSi-O
-
tot, respectively.  θSi-O

-
tot refers to Si-O-

 groups as well as the 

deprotonated groups that are present in the form of cation complexes, e.g., Si-O-Na+.[1]  

The rate model that was developed by Dove to fit all rate measurements is expressed as:  

exp 10.7 1.1 exp
. .

	 exp 4.7 0.1 exp
. . . . 	                               

                                                                                                                                 (A1.1) 

where T is the temperature in K, and R is the ideal gas constant 8.314 J mol-1 K-1 

The fraction of protonated and deprotonated SiOH groups on silica surface as a 

function of bulk pH given in Ref [1] are summarized, in Table A2-1, for the case of ‘no 

added salt’ (0.0 M NaCl) and in the presence of 0.1 M NaCl.   
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 No Salt (0.0 M NaCl) With  Salt (0.1 M NaCl) 

pH θ>SiOH θ>SiO-
tot θ>SiOH θ>SiO-

tot 

2 0.99994 3e-05 0.99994 3e-05 

3 0.99993 5e-05 0.9998 0.0002 

4 0.9999 9e-05 0.99902 0.00098 

5 0.99981 0.00018 0.99468 0.00532 

6 0.99962 0.00038 0.98824 0.01177 

7 0.99921 0.00079 0.96384 0.03619 

8 0.99392 0.00608 0.93391 0.06614 

9 0.99067 0.00933 0.87599 0.12416 

10 0.96507 0.03496 0.83276 0.16745 

11 0.87593 0.12421 0.76435 0.23597 

12 0.76633 0.23399 0.71732 0.28308 

 

Table A2-1: The fraction of SiOH and Si-O- groups on silica surface as a function of 

bulk pH, in the absence of and presence of 0.1 M NaCl. Taken from Ref [1] 

 

Substituting the above values for θSi-OH  and θSi-O
-
tot  in equation A2.1, I calculated 

the rate of silica dissolution for the ‘no salt’ and ‘with salt 0.1 M NaCl’. The results are 

presented in Figure A2-1. 
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Figure A2-1:  Rate of silica dissolution calculated using equation A2.1 as a function of 

bulk pH in the absence of salt (“no salt” case) and in 0.1 M NaCl salt (“with salt” case)  

The rate calculated has the units:  mol.m-2.s-1 

 

The normalized effect of salt on the rate of silica dissolution was estimated as : 

	 	 	 	
	 	0.0	 	 	 	0.1	 	

	 	0.0	 	
 

The result of the normalized effect of salt calculated using the above relation and the rate 

calculated using equation A2.1 for the two extreme ± error values in the equation are 

presented in Figure A2-2(A).  The grey region in Figure A2-2.(A) represents the possible 

values of the “Normalized effect of salt” on the silica dissolution rate.  Using the 

appropriate values within the ± range in equation A2.1, the final “Normalized effect of 

salt” on the silica dissolution rate was calculated for six bulk pH values (2, 4, 6, 8, 10 and 

12), as shown in Figure A2-2(B).  These values were used in Chapter 1, to show that the 

normalized effect of 0.1 M NaCl on the silica dissolution rate correlated very well with 

the effect of 0.1 M NaCl on vSFG spectra of silica/water interface.[7]   
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Figure A2-2:  The normalized effect of salt on the rate of silica dissolution as a 

function of bulk pH, (A) calculated for the two extreme ± values in equation A2.1, to 

show the region over which rate model developed by Dove is valid.  (B) The 

normalized effect of salt on rate of silica dissolution calculated with the appropriate 

values within ± limits (grey region in top graph) for the six bulk pH values of 2, 4, 6, 8, 

10, and 12.  
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APPENDIX A3 

FIT RESULTS FOR TWO-PEAK VERSUS THREE-PEAK FITTING OF VSFG 

OF SILICA/WATER: ASSIGNMENT OF THE 3600 CM-1 FEATURE 

The vSFG spectra presented in Chapter 4, prominently show two main features 

centered at 3190 cm-1 and 3400 cm-1.  However, when we fit the SFG data to a sum of 

Lorentzians with only two oscillators, the fit results were not very good.  In order to get 

better fit to the vSFG spectra we had to include a third oscillator, to would account for a 

small intensity feature centered at ~3550-3600 cm-1 in the spectra.  Below we compare 

the fit results obtained using the 2-peak function with those obtained with 3-peak 

function.  The chi square values obtained for the 3-peak fits were smaller than those for 

2-peak fit for the silica/water spectra recorded at all pHs except for pH 2 and 4, where the 

chi square values were comparable for the two fits.  The comparable fit qualities for these 

two spectra were because of the lower signal to noise ratio of these two spectra due to 

lower SFG signal intensity.   

The equation used for the 2-peak SFG fit was: 

	 	 	
          (A3.1) 

The equation used for the 3-peak fit was : 

	 	 	 	
    (A3.2) 
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Figure A3-1: VSFG spectra of silica/water interface at six different bulk pH along with 

the solid red line which is the fit to the data using equation A3.1.   
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Figure A3-1: VSFG spectra of silica/water interface at six different bulk pH along with 

the solid red line which is the fit to the data using equation A3.2.   

 

The feature observed at 3550-3600 cm-1 at the silica/water interface has been 

assigned to “incompletely” hydrogen bonded water, based on the studies by Heather 

Allen at al.[8], where a feature at 3550 cm-1 was observed in the SFG spectra of the 

air/water interface.  Allen et al. assigned to the modes associated with three-coordinate 

asymmetrically hydrogen-bonded water molecules in which one O−H bond is involved in 

strong hydrogen bonding and the other is only weakly hydrogen-bonded (See Figure A3-

3.[8] 
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Figure A3-3:  vSFG spectra of air/water interface, showing a fit component at 3550 cm-

1, along with typical water peaks at 3200, 3450, and 3670 cm-1, along with the Raman 

and IR absorption of water liquid water for peak assignment. Figure taken from Ref [8] 
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APPENDIX A4 

MACROS IN IGOR PRO USED FOR FITTINGOF VIBRATIONAL SUM 

FREQUENCY DATA OF THE SILICA/WATER INTERFACE 

The vSFG spectra presented in Chapter 4 were fit to a sum of three Lorentzians  

(3-peak fit) with the separate phases assigned to the oscillators. The fit equation used was 

(Equation.4.2 in Chapter 4) : 

	 	 	 	
    (A4.1) 

The Igor procedure used for this is given below: 

#pragma rtGlobals=3  // Use modern global access method and strict wave 

access. 

Function SFG3peakSeperatePhases(pw, x) : FitFunc 

wave pw 

Variable x 

Variable Re,Im 

 

Re =pw [1] +   (pw[2]*cos(pw[3])*(x-pw[4]) + pw[2]*pw[5]*sin(pw[3]) )/((x-

pw[4])^2+pw[5]^2)    +    (pw[6]*cos(pw[7])*(x-pw[8]) + pw[6]*pw[9]*sin(pw[7]) 

)/((x-pw[8])^2+pw[9]^2)    +   (pw[10]*cos(pw[11])*(x-pw[12]) + 

pw[10]*pw[13]*sin(pw[11]) )/((x-pw[12])^2+pw[13]^2)  
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Im =      (pw[2]*sin(pw[3])*(x-pw[4]) - pw[2]*pw[5]*cos(pw[3]))/((x-

pw[4])^2+pw[5]^2)         +              (pw[6]*sin(pw[7])*(x-pw[8]) - 

pw[6]*pw[9]*cos(pw[7]))/((x-pw[8])^2+pw[9]^2)     +   (pw[10]*sin(pw[11])*(x-

pw[12]) - pw[10]*pw[13]*cos(pw[11]))/((x-pw[12])^2+pw[13]^2) 

Return  (Re^2+Im^2) 

End 

 

The parameters in the fits correspond to the following parameters in Equation 

A4.1  

pw[0] offset 

pw[1] χNR 

pw[2] B1 

pw[3] φ1 

pw[4] ω1 

pw[5] Γ1 

pw[6] B2 

pw[7] φ2 

pw[8] ω2 

pw[9] Γ2 

pw[10] B3 

pw[11] φ32 

pw[12] ω3 

pw[13] Γ3 
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APPENDIX A5 

ESTIMATION OF ΔG OF ADSORPTION OF SODIUM IONS ON AMORPHOUS 

SILICA FROM MD SIMULATIONS: POTENTIAL OF MEAN FORCE 

A common way of estimating the free energy of adsorption (ΔGad) of a species in 

a dilute ensemble system is to determine the potential of mean force (PMF), which gives 

the average force over all the configurations of all the other n+1,.....N particles acting on 

a particle, as a function of the reaction coordinate of the system.[9]  In practical terms, it 

estimates how the free energy changes as a function of distance between two particles.  

The PMF incorporates solvent effects as well as the intrinsic interaction between the two 

species, in our case, Na+ ions and the amorphous silica surface.  It is related to the radial 

distribution function, g(z), or in the case of our simulation box, the normalized density 

profiles P(z) as[9, 10]: 

	 ln            (A5.1) 

The normalized density profile of Na+ as a function of distance from the silica 

surface (z), shown in Figure 5-5A in Chapter 5, was used to calculate the PMF for Na+ 

ions as a function of the distance from the silica surface, as shown in Figure A5-1.   

Since the minima of the PMF corresponds to a point almost at the surface of 

silica, the value of the minima is an approximate estimation of the ΔGad = -2.5 kcal.mol-1. 

This value was then compared to a literature calculated value by Sahai,[11] (Table A5-2) 

to get an estimate of the accuracy of our MD simulation results.  The value of ΔGad = -2.5 

kcal.mol-1 from our MD results was for 0.35 M Na+.  Based on SHG experiments on 

silica/water interface at pH 7 and at 0.02 M NaCl, ΔGad was found to be -7.05 kcal.mol-1(-
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29.5 kJmol-1).  The difference in the MD result and experimental value seems reasonable 

given the low pH and ionic strength [12], thus validating our MD simulation results. 

 

 

Figure A5: Calculated potential of mean force from the normalized density profile of 

Na+ ions, from the results of MD simulations described in Chapter 5.  The minimum in 

the PMF corresponds approximately to the free energy of adsorption for the Na+ ions. 
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Table A5-2: Table taken from Ref [11] listing the ΔGad  calculated using a model 

developed by Sahai, to estimate free energy and enthalpies of adsorption of ions from 

solution to a surface of colloidal oxides.  

 

Table A5-3: Table taken from ref [12] listing the adsorption free energy for silica/water 

interface at pH 7 at different concentrations of NaCl. Values reported in kJ/mol-1 
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APPENDIX A6 

CORRECTION OF SPATIAL CHIRP IN IR PUMP FOR TR-VSFG 

SPECTROSCOPY 

For the TR-VSFG measurements described in Chapters 6 and 7, the mid-IR pulses 

were generated using an AgGaS2 crystal for difference frequency mixing of the signal 

and idler beams produced by the TOPAS-prime.  By rotating the DFG crystal angle the 

phase matching angle could be adjusted in order to get the desired central frequency of 

the Mid-IR output.  The DFG spectral profile was determined by up-converting the DFG 

output with the 809 nm visible pulse and measuring sum-frequency generation spectrum 

at a gold/silica interface under total reflection geometry.  

For performing time-resolved SFG experiments at the 3200 cm-1 region of water, 

the DFG crystal was tuned to obtain the optimum SFG signal.  However, it was observed 

that in this configuration the central frequency of the SFG of the IR pump pulse (up 

converted IR pump profile) from Au/silica interface shifted as a function of the IR –

visible time delay, as shown in Figure A6-1.  In other words, the IR output at this DFG 

configuration was chirped.   

In the one-color TR-VSFG experiments of O-H stretch, it is important that the IR 

pump pulse does not excite different populations of hydrogen bonded water at different 

times.  For example, if the IR pump pulse is chirped, it is possible that at time delay t=0, 

the IR pump excited the strongly hydrogen bonded O-H stretches, but at positive time 

delays the mid-IR intensity shifts to 3400 cm-1 region and pumps the weakly hydrogen 
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bonded oscillators.  This would skew the SFG probe response of the 3200 cm-1 

oscillators.   

 

Figure A6-1: IR pump profiles, recorded as the SFG from the IR pump beam at 

gold/silica interface, as a function of the IR-visible time delay.  At positive delays, the 

central frequency of the IR pulse shifted to the red side, indicating chirp in the IR 

beam. 

Although, I was unable to completely eliminate this temporal chirp, I was able to 

spatially select a part of the beam, using a slit in the path of the IR pump beam, to reduce 

the intensity on the blue and red side of the IR spectrum as the visible-IR delay was 

tuned.   The final result of this spatial correction on the IR pump beam is presented in 

Figure A6-2.  After spatial chirp correction, the central frequency of the IR pump pulse 

did not shift with delay times, but only reduced in its peak intensity.   
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Figure A6-2: Correction of spatial chirp in IR pump pulse. IR profiles, recorded as the 

SFG from the IR pump beam at gold/silica interface, as a function of the IR-visible 

time delay, after placing a slit in the IR pump beam path.  At positive delays, the 

central frequency of the IR pulse shifted to the red side, indicating chirp in the IR 

beam. 

 

Another positive consequence of the spatial chirp correction was the reduction in 

the full width half maximum (FWHM) of the cross correlation between the IR pump, IR 

probe and the visible pulses, as shown in Figure A6-3.  Before spatial chirp correction the 

shape of cross-correlation was not Gaussian and had a bump at positive times. After 

spatial chirp correction (with the slit in beam path) the cross-correlation measured was 

Gaussian with a FWHM = 120 fs 
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Figure A6-3: Cross-correlation of IR pump, IR probe and visible pulses at a 

silica/water interface before and after spatial correction of the IR pump pulses by 

inserting a slit in the IR pump beam path.  The FWHM of the grey curve assuming 

Gaussian fit = 120 fs. 
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APPENDIX A7 

IR PUMP POWER DEPENDENCE ON VIBRATIONAL DYNAMICS OF 

WATER 

The power dependence of the TR-vSFG measurements at the silica/water 

interface were performed at pH 12 (for best S/N).   When the IR pump beam was used 

without attenuation the IR pump power was 7 µJ.  This was the case, in all of the 

measurements discussed in Chapters 6 and 7.  By placing a neutral density filter with 0.3 

OD (as determined by FTIR absorbance measurement) in the path of the IR pump, the IR 

energy was attenuated by a factor of 2, i.e., 3.5 µJ. The vibrational lifetime T1 obtained 

from TR-VSFG using the two IR pump energies are compared in Figure A7-1.  The 

percentage of SFG signal bleach decreases from ~20% to 10%, which is roughly 

consistent with the ISFG  α (N0 - N1)2 relation. The calculation for this result is shown 

below: 

Suppose that full power IR pump transfers 10% of population from ground to 

excited vibrational level. Then N0 = 0.9, and N1= 0.1 and ISFG = (09.-0.1)2 = 0.64, which 

means a 36% bleach.  Now when IR intensity is reduced by 0.5, N1= 0.05, and N0= 0.95 

and ISFG = (0.95-0.05)2 =0.81, which means 19% bleach.  This by reducing IR power by 

half, the % bleach went from 36% to 19%, i.e., roughly 1/2., consistent with our 

observation (Figure A7-1)  

The T1 values however remains ~ 170 fs for both the IR powers, suggesting that 

the measured vibrational relaxation is representative of the vibrational dynamics of the 

system, i.e., silica/water at pH 12, and not an artifact of the IR intensity. 
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Figure A7-1: TR-vSFG traces as a function of IR pump and IR probe delays of the 

silica/water interface at pH 12 using two IR pump intensities. Top panel: IR pump 

energy 7 job, Bottom panel: IR pump energy 3.5 job. All other conditions were kept 

same. The black curves are fits to the data using a single exponential function. 
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APPENDIX A8 

DETAILS OF REGRESSION USED TO DESCRIBE 4 LEVEL MODEL FOR 

VIBRATIONAL RELAXATION OF O-H OF WATER 

In order to describe vibrational dynamics, the TR-vSFG data shown in Chapter 6 

were fit to a numerical solution of a set of different equations that describe the rate of 

population change for the 4 level model, [13-15] described in Chapter 6.  The fit equation 

used is of the form[14]: 

∆ 	                             (A8.1) 

 

Scheme A8-1: 4 level model used to describe vibrational relaxation of water in the bulk 

and at interfaces. 

Here, I will describe in brief the theory for arriving at equation A8.1.  First, the 

four independent differential equations that describe population transfer at each level in 

this 4-level model (Scheme A8-1) can be expressed as: 
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Where N0, N1, N2, and N3 are the population of the ν=0, ν=1, ν*, and ν*=0 states, 

respectively, I(t)up is the pump pulse temporal profile, σ is the IR cross section of the N0 

to N1 transition, and T1 and Tth are the time constants for the two relaxation processes.  

Solving these differential equations gives the expressions for the populations in each of 

the four states as a function of time.  To model the experimental data these expressions 

are then substituted into the expression for the signal shown in equation (A8.1)   

 

The Igor procedure used for this is given below: 

#pragma rtGlobals=1  // Use modern global access method. 

 

Function SDE4LS(pw,x): Fitfunc 

wave pw 

variable x 
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variable N0_0=pw[0] 

variable t0=pw[1] 

variable sigma=pw[2] 

variable tau=pw[3] 

variable c2=pw[4] 

variable c3=pw[5] 

variable os=pw[6] 

variable T1=pw[7] 

variable T2=pw[8] 

 

variable dt=0.01 

variable N0=N0_0 

variable N1=1-N0_0 

variable N2=0 

variable N3=0 

 

variable y0 

variable y1 

variable y2 

variable y3 

 

variable i=0 

do 
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variable t=t0+i*dt 

 y0=(-sigma * Exp(-2.77*(t-t0)^2/tau^2) *(N0-N1))*dt+N0 

  y1=(sigma * Exp(-2.77*(t-t0)^2/tau^2) *(N0-N1)-N1/T1)*dt+N1 

  y2=(N1/T1-N2/T2)*dt+N2 

  y3=(N2/T2)*dt+N3 

  

N0=y0 

N1=y1 

N2=y2 

N3=y3 

 i=i+1 

while (t<x) 

variable ISFG 

 ISFG= ( ( (N0-N1) +c2*N2+c3*N3)^2) + os 

return ISFG 

 

end 
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