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ABSTRACT 

Over the past two decades, vibrational sum-frequency generation (VSFG) has been 

applied as a versatile technique for probing the structure and dynamics of molecules at 

surfaces and interfaces.  The excellent surface specificity of the SFG allows for probing 

different kinds of liquid interfaces with no or negligible contribution from adjacent and 

much deeper bulk phase.  VSFG spectroscopy has provided evidence that the structure of 

the water at interfaces is different from the bulk.  With the ultrafast pulses, VSFG can 

also be used as a probe of ultrafast vibrational dynamics at interfaces.   However, apart 

from a few pioneering studies, the extension of VSFG into time domain has not been 

explored extensively. 

 Here VSFG is used as a probe of ultrafast vibrational dynamics of water at silica 

interfaces.  Silica is an excellent model system for the solid phase where one can 

systematically vary the surface charge via bulk pH adjustment.  The extension of the 

surface electric field, the interfacial thickness and surface accumulation of ions at a 

charged silica surface were studied using IR pump-VSFG probe spectroscopy.  A 

vibrational lifetime (T1) of about 250 fs, similar to bulk H2O, was observed for the O-H 

stretch of H2O/silica interface when the silica surface is negatively charged.  At the 

neutral surface, where the thickness of interfacial water is smaller than at the charged 

surface, the vibrational lifetime of O-H stretch becomes more than two times longer (T1~ 

600 fs) due to the decreased number of neighboring water molecules, probed by SFG.   

 The fast T1 at negatively charged surface begins to slow down by screening of the 

penetration of surface electric field via adding salt which suggests the primary reason for 

similar vibrational dynamics of water at charged interface with bulk water is the 
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penetration of electric field.  By decoupling of OH of HDO in D2O, a frequency 

dependent vibrational lifetime is observed with faster T1 at the red compared to the blue 

side of the hydrogen bond spectral region. This correlates with the redshift of the SFG 

spectra with increasing charged surface and is consistent with a theoretical model that 

relates the vibrational lifetime to the strength of the hydrogen bond network. 
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CHAPTER 1 

1. INTRODUCTION 

1.1. The Importance of Interfaces 

 An interface is a boundary between two different phases.  Considering three states 

of matter, there are five possible interfaces including solid/solid, solid/liquid, solid/gas, 

liquid/gas, and liquid/liquid.  Because it is the boundary of two different phases, it has 

essentially different characteristic than each of its two constituting phases [1].  The 

molecules at any interface are subjected to asymmetric forces.  In the bulk, these forces 

are on average equal when acting on an individual molecule.  However, at the interface, 

because one phase may exert a greater attraction than the other phase for a given 

chemical species of interest, there is an asymmetry of interactions leading, for example, 

to accumulation of the specific species at the interface [2].  The asymmetric forces at the 

interface modify the surface energy potential of the adsorbed molecules which results in 

the observation of macroscopic thermodynamic properties, (e.g., surface free energy, 

polarity, density, phase distribution) and kinetic properties (e.g., diffusion and viscosity) 

that are different from the bulk.  The asymmetry at the interface will also affect the 

structural properties such as chemical composition and molecular orientation as well as 

dynamics properties such as chemical reaction dynamics where the transfer of electronic, 

vibrational and rotational energy govern the surface chemical reactions [3].    

 Many biologically, environmentally, electrochemically and industrially important 

processes involve at least one chemical reaction that occurs at an interface.  Of particular 

importance in the rate of surface chemical reaction is the structure and dynamics of 

surface species that are involved in the reaction either as reactants or products.  Therefore, 
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a molecular level understanding of the structure and dynamics properties of interfacial 

species is fundamental for control of surface reactions in a way to increase the efficiency 

and selectivity of the desired products.  As mentioned earlier, due to the unique nature of 

the interface, the structure and dynamics properties at the interface are different from 

those in the bulk.    Thus, one can not rely on the bulk measurements to get insight into 

the interface properties.  A separate measurement which can exclusively give information 

about the surface (with no or negligible contribution from the bulk) is therefore necessary 

for the molecular level understanding of the structure and dynamics of interfacial species.    

 

1.2. Motivation for the Study of Silica/Water Interface 

 Water is the solvent for a large body of chemical reactions that take place in 

chemical and biological systems.  In contrast to most liquids, water has extra attraction 

forces due to the hydrogen bond interaction [4].  The ability of water to accept and donate 

total of up to four hydrogen bonds via other water molecules results in an extended 

hydrogen bond network that makes water unique from other liquids.  The energy of 

hydrogen bond (~20 kJ/mol) is substantially smaller than that of a covalent bond (~ 400 

kJ/mol) which provides more flexibility and fluctuations in the hydrogen bond network.  

Fast molecular rearrangement of this dynamic network, resulting from the breaking and 

reforming of hydrogen bonds on the femto-to picosecond time scale, is essential for many 

fundamental processes that take place in aqueous media [5].  

 The continuous hydrogen bond network of water is terminated when water 

interacts with another phase such as gas, solid or a non-polar liquid.  The degree of 

perturbation of hydrogen bonds at the interface of water depends on the chemical nature 
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of the other phase.  When interacting with water, the surface can be classified as 

hydrophilic (water attracting) or hydrophobic (water repellent).   The interaction of water 

with hydrophobic and hydrophilic surfaces is the key step in a variety of phenomena and 

it is safe to say life would not exist if there were no hydrophobic-hydrophilic interaction.  

For instance, a major mechanism of protein folding results from the mediating role of 

water when it interacts with two different amino acids which may have polar (i.e. 

hydrophilic) or non-polar (i.e. hydrophobic) side chains [6].  Of different liquid interfaces, 

solid/liquid interface is convenient in the study of water/hydrophilic (hydrophobic) 

interaction since one can modify the surface of solid to turn it into hydrophobic or 

hydrophilic.  Moreover, solid/liquid interactions play an important role in phenomena 

such as heterogeneous catalysis, atmospheric chemistry, electrochemistry, and 

semiconductor industry where adsorption, adhesion and corrosion influence the chemical 

reaction [7, 8].     

 The roughness of the solid surface can affect the hydrophobicity of the surface [9].  

One way to control the effect of roughness is the self assembly of molecules at the 

surface [10].  Self-assembled monolayers (SAMs) are ordered molecular structures that 

form on the solid surface by adsorption of an amphiphilic molecule with different head 

and tail groups.  The head group has an affinity to form a bond with the surface atoms on 

the solid.  The tail group is exposed to other surfaces and can control the physical and 

chemical properties of the surface such as hydrophobicity, wetting, adhesion, and 

lubrication.  There are two major approaches for self-assembly of organic molecules on 

different substrates.  One is self-assembly of alkanethiols on noble metals such as gold, 

silver and copper which has been extensively studied and there is a great understanding 
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of the mechanism of thiol SAM formation [11-17].  The other approach is the formation 

of organosilanes on solid oxide surfaces such as SiO2, Al2O3 and SnO2 [10, 18, 19].  The 

self-assembly of alkanethiole molecules on noble metals via formation of strong thiol-

metal bond is relatively straight forward.  However, in the case of alkylosilanes on solid 

oxide, the formation of robust monolayers demands extra delicacy since it depends on the 

reaction conditions.      

 The commonly used SAM on silicon oxide surface is SAM of 

octadecyltrichlorosilane (OTS), most likely due to ease of preparation [20-23].  

Formation of SAMs on silicon oxide substrate is of great importance due to technological 

applications ranging from wetability, adhesion, tribology and read-out methods in 

spectroscopic techniques [23, 24].  Furthermore, when modified with OTS, the surface 

property of silica surface changes from hydrophilic to hydrophobic.  The hydrophobic 

silica may then interact differently with water.  As the strength of the substrate-water 

interaction changes from hydrophobic (when silica is modified with OTS) to hydrophilic 

(when silica is terminated by silanol groups) the structure of interfacial water is modified.  

In addition, being able to control the hydrophobicity of the silica, this makes the surface 

suitable for the study of protein adsorption for biological applications[25].    

 Another perspective that makes the study of solid/liquid interaction interesting is 

the appearance of surface charge at the solid/liquid interface [26].  The accumulation of 

charge at the solid/liquid interface in many ways is similar to the electrode/electrolyte 

interface where the charge transport is the driving force for electrochemical reactions.  

Solid oxide surfaces such as silica (SiO2) and alumina (Al2O3) and also solid ionic 

crystals such as calcium fluoride (CaF2) bear surface charge [27, 28].  In aqueous media, 
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the origin of the surface charge at the oxide layer is known to result from protonation-

deprotonation of surface hydroxyls [29, 30].  Although bulk silica or alumina is in the 

form of SiO2 and Al2O3 respectively, at the interface the Si and Al atoms are terminated 

as Si-OH and Al-OH.  When placed in the solution, the silanol and aluminol groups can 

dissociate depending on the bulk pH of the solution.  As a consequence of silanol or 

aluminol dissociation, charged species (SiO
-
 and AlO

-
) will be created at the interface.   

 

1.3. Surface Analysis Tools and their Limitations  

for the Study of Solid-Liquid Interfaces 

 From the brief introduction in the preceding paragraphs, it can be concluded that 

the molecular level understanding of the structure and dynamics of interfacial water and 

interfacial species in general is of paramount importance for applications as diverse as 

electrochemistry, heterogeneous catalysis, fuel cell, chemical sensors, semiconductor 

devices as well as protein folding, and biological membrane.  However, due to the lack of 

experimental techniques with sufficient surface specificity, selectivity, and sensivity our 

molecular level understanding of interfacial species is limited.  For many years surface 

scientists have been using electron based techniques for the study of surface under ultra 

high vacuum (UHV) in order to get insight into the chemical and structural information 

of surface species.    

 Low energy electron diffraction (LEED) and reflection high energy electron 

diffraction (RHEED) are used to get access into the surface structure of crystalline 

materials.  In the case of LEED, the surface specificity comes from the fact that the mean 

energy path for the electron in solid materials is on the order of 5-10 Å due to the loss of 
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electron energy via inelastic scattering through processes such as electron-electron 

interaction and phonon excitation [31].  The grazing incident angle of electron beam in 

the RHEED, which results in the diffraction of electrons from the surface and not bulk 

atoms, makes this technique surface specific [32].  Auger electron spectroscopy (AES) 

and X-ray photoemission spectroscopy (XPS) provide surface chemical analysis.  Again, 

the limited mean free energy path of the electron makes AES and XPS a surface specific 

technique [31].        

 Vibrational and electronic spectroscopy provide (direct and indirect) information 

about the structure, orientation and chemical identity of the molecules at the surfaces.  

Inelastic Electron Tunneling Spectroscopy (IETS) uses quantum mechanical tunneling of 

electrons through a barrier in metal-insulator-adsorbate-metal devices to provide 

vibrational and electronic spectra of adsorbate [33].  Electron Elastic Loss Spectroscopy 

(EELS), also known as high resolution EELS (HREELS), is another surface 

spectroscopic technique  based on inelastic scattering of beam of low energy electrons 

from the surface which provides electronic and vibrational spectra of surface species [34].  

EELS can also be combined with a variety of other surface sensitive probes, including 

low-energy electron diffraction (LEED), Auger electron spectroscopy (AES), both X-ray 

and ultraviolet photoelectron spectroscopy (XPS and UPS), and temperature programmed 

desorption (TPD), to provide a complete description of the structure and bonding of 

adsorbed surface species. 

 Despite the high surface specificity, and in some cases high sensitivity, of the 

electron based techniques, they suffer from a big drawback which restricts their 

application for the studies of buried interfaces.  The mean free path of electron (the 
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average distance an electron travels between two consecutive scattering events) ranges 

from few angstrom to few nanometers.  As a result, the electron energy is lost through 

elastic and inelastic processes before they reach the buried interfaces (e.g., solid/liquid 

interface).  Furthermore, in almost all of the electron based techniques, high vacuum 

(HV) or ultra high vacuum (UHV) is required, restricting the broad application of these 

methods.  Optical based techniques, on the other hand, do not have the limitation for 

penetrating into the solid materials (as long as the material is transparent to the optical 

field).  Optical based techniques, are non-invasive and can be used to study the surface 

species in their native environment conditions. Of the different region of the 

electromagnetic spectrum, the infrared is of interest to surface spectroscopists as it 

provides structural information of the surface species.  Infrared vibrational spectroscopy 

exploits the fact that molecules absorb photons that are resonant with frequencies of their 

vibrational modes.     

 Several vibrational spectroscopic techniques have been developed in the past to 

characterize the structure of surface species.  These include IR/Raman and electron based 

spectroscopic techniques.  There are several ways in which IR spectroscopy can be used 

to gain vibrational spectroscopic information.  These methods can be categorized as 

transmission IR spectroscopy, diffuse reflectance IR spectroscopy, reflectance 

absorbance IR spectroscopy and multiple internal reflection IR spectroscopy.  One of the 

popular IR spectroscopic techniques is Reflection Absorption Infrared Spectroscopy 

(RAIRS) where the IR beam is reflected from the front face of surface with high 

reflectivity (e.g, metal).[35].  The application of this method is, however, mainly limited 

to the study of molecules at metal surfaces with large transition dipole moments for 
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modes with a significant component along the surface normal and also the use of p-

polarized light (the electric field of the light is parallel to the plane of incidence) at the 

grazing angle.  Similarly, vibrational spectra of surface species can be obtained via 

Raman spectroscopy.  Surface Enhancement Raman Spectroscopy (SERS) is routinely 

used to characterize the structure of surface species [36].   

 More importantly, the surface selectivity is not great especially when the species 

of interest are present in the bulk and the surface [3].  Because the molecular interface is 

usually one or a few molecules layer thick, the ideal optical technique has to be interface 

specific or selective, and must have submonolayer sensitivity.  In addition, in order to 

distinguish different chemical species at the molecular interface, such an optical 

technique also has to have chemical selectivity or spectroscopic selectivity.  Second-order 

nonlinear optical based techniques, such as sum-frequency generation (SFG), are the 

most promising techniques for the study of buried interfaces.  SFG spectroscopy is a non-

invasive surface vibrational spectroscopic technique which provides the vibrational 

spectra of surface species with submonolayer sensitivity and selectivity [37].  SFG 

spectroscopy is applicable to any buried interface as long as one side of the interface is 

optically transparent.   

 

1.4. The Purpose of This Study 

 The main purpose of the present study is the ultrafast vibrational spectroscopy and 

dynamics of water at hydrophobic and hydrophilic interfaces.  In chapter 2, first the 

theory of second-order nonlinear optical techniques, namely second harmonic generation 

(SHG) and SFG, is described. Chapter 2 describes how SFG can be applied in the 
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frequency and the time domain.  Broad-band SFG, where a surface spectrum of surface 

species is obtained in a single shot, facilitates acquiring the spectra in frequency domain.  

In the time domain, two different techniques, namely SFG-Free Induction Decay (SFG-

FID) and IR pump-SFG probe spectroscopy, are described where SFG can be used to get 

insight into the dephasing, relaxation and energy transfer among and between vibrational 

modes at the interfaces.  The experimental set up and the sample preparation for 

performing the measurements are described in chapter 3. 

 Chapter 4 begins with the surface modification of silica with self-assembled 

monolayers (SAMs) of hydrocarbon alkyl chains to make the surface hydrophobic.  For 

the complete structural characterization of the SAMs, combined time and frequency 

domain SFG (SFG-FID and SFG spectroscopy) are used.  In addition, applications of 

SFG-FID and SFG spectroscopy for the structural analysis of the UV irradiated SAMs as 

well as details theoretical analysis and peak assignment are discussed.    In chapter 5, 

combined time and frequency domain SFG are used to probe the structure and dynamics 

of non hydrogen bonded OH (free OH) at the water/SAM/silica interface.  Chapter 6 

describes the application of IR pump-SFG spectroscopy for the study of ultrafast 

vibrational relaxation of the OH stretching of water in the hydrogen bonded region at the 

hydrophilic surface of the silica under different surface charge density.  The effect of 

hydrogen bond strength on the vibrational relaxation of the O-H stretching of water at the 

silica interface is discussed in chapter 7 where HDO:D2O/silica (instead of H2O/silica) is 

shown to be able to resolve the spectral diffusion of the hydrogen bond network of 

interfacial water.  Future directions and appendixes are outlined in chapter 8 and 9 

respectively. 
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CHAPTER 2 

2. THEORETICAL BACKGROUND of  

SUM-FREQUENCY GENERATION (SFG) 

2.1. Overview 

 Sum Frequency Generation (SFG) and Second Harmonic Generation (SHG) are 

second order nonlinear optical processes [1-3].  They are called nonlinear because they 

occur when the response of a material depends nonlinearly on the applied electric field.  

These phenomena occur when the applied electric field is sufficiently intense that it can 

modify the properties of the material.  Only lasers have sufficient intensity to generate 

observable nonlinear optical responses.  In fact the beginning of the field of nonlinear 

optics is usually associated with the discovery of optical second harmonic generation by 

Franklin et al in 1961 [4], shortly after the demonstration of the first laser by Maiman in 

1960 [5].  In the next section, before describing the principle of SFG, a short introduction 

to nonlinear optics is given. 

 

2.2. Nonlinear Optics 

 Nonlinear optical processes differ from linear optical processes as the response of 

the system is not linearly proportional to the applied electric field.  In linear optics, the 

induced dipole is proportional to the strength of the applied electric field.  In this case, the 

induced electric dipole operator, µ, can be written as [6]:  

→→→
+= Eαµµ 0           (1) 
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where 

→

0µ  is the permanent electric dipole, α  is the polarizability, and 
→
E  is the electric 

field vector.  Since the induced dipole is not necessarily in the same direction as the 

electric field, α is represented by a 3x3 tensor.  The macroscopic polarization can be 

defined as [6]: 

→→
= µP           (2) 

where the angular bracket, , refers to the orientational average over the molecules.  The 

polarization can also be described as [6]: 

→→→
+= EPP )1(

00 χε          (3) 

where 
→

0P  is the permanent polarization, 0ε  is the permittivity of the vacuum and χ(1) 
is 

the first order susceptibility.  The susceptibility depends on the number of molecules per 

unit volume (N), and so: 

0

)1(

ε
α

χ
N

=           (4) 

 In nonlinear optical processes the strength of the applied electric field is large 

enough that not only the first order but higher order induced dipole moments are 

observed. The induced dipole moment in nonlinear optical processes can be written as [1-

3, 6]: 

...

32

0 ++++=
→→→→→
EEE γβαµµ        (5) 

where β and γ are the first and second order hyperpolarizabilities.  The corresponding 

expression for polarization can be written as: 
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..)(

3
)3(

2
)2()1(

00 ++++=
→→→→→
EEEPP χχχε       (6) 

Where χ(2) 
and χ(3) 

are second and third order susceptibility and are in the form of third 

and forth rank tensor, respectively.  The value of higher order susceptibility is 

significantly smaller than the first order susceptibility.  For example, in condensed phase 

media the relative amplitude of χ(1)
:χ(2)

:χ(3)
 is 1:10

-8
:10

-15
 [3].  It is noted that in deriving 

the nonlinear polarization, electric dipole approximation is used and so the effect of 

magnetic dipole and higher order multipoles of the polarization are ignored [1-3]. 

 

2.3. Principle of SFG 

 The simplest case of second order nonlinear optical processes is second harmonic 

generation (SHG) where the two photons with the same frequency interact with the 

system and a new photon whose frequency is twice the incident photon’s is generated.  

SFG is a special case of second-order nonlinear processes which involves the interaction 

of two input laser fields with electric fields of E1(k1,ω1) and E2(k2,ω2) which creates a 

third beam with electric field of E3(k3,ω3) (Figure 2-1).  
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Figure 2-1.  Left: The scheme of SFG in reflection geometry from a plane surface.  

Two laser beams with the frequencies of ω1 and ω2 incident from a phase 1 to the 

interface between phase 1 and 2 in the xz plane where the z is the surface normal.  

The SFG beam with the frequency of ω3 reflects from the surface according to phase 

match criteria (see text).  The θ1, θ2, and θ3 are the incident angles (with respect to 

the surface normal) of beam 1, 2 and the SFG respectively.  Right: The energy 

diagram for SFG process. 

 

 

 If the geometry of two incident laser beams is in co-propagation and the SFG beam is 

detected in the refection angle (Figure 2-1), then the conservation of momentum demands 

that: 

221133 sinsinsin θωθωθω +=        (7) 

where ω is the frequency and θ is the angle with respect to the surface normal.  The 

indices 1 and 2 refer to two incident electric fields and 3 refer to the generated SFG.    

The conservation of energy for the SFG process is: 

213 ωωω hhh +=          (8) 

The intensity of SFG is proportional to the intensity of two incident electric fields as well 

as the square of the effective second order susceptibility and can be written as [7-10]: 

ATII
nnnC

I effSFG 21

2
)2(

332211
3

3
22

3
3

)()()(

sec8 χ
ωωω

θωπ
h

=      (9) 
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where n is the refractive index of each medium, I is intensity, ω is the frequency, A is the 

beam cross-section overlap at the surface, T is the pulsewidth of the incident beams and θ 

is the angle with respect to the surface normal.  The effective second order susceptibility 

is related to the geometry of the incident electric fields, observed SFG electric field as 

well as the refractive indexes of the media through linear and nonlinear Fresnel equations 

and can be written as [8, 11]: 

)]()()].[()([:)].().([ 2

^

21

^

1
)2(

33

^
)2( ωωωωχωωχ eLeLLe ijkeff =     (10) 

where )(
^

ωe and )(ωL are unit electric field vector and the Fresnel factor at frequency ofω , 

respectively.  If xz is considered as the plane of the incidence and the z axis as the surface 

normal (Figure 2-1), then the diagonal elements of )(ωL can be written as [8]: 
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where the frequency dependent n1, n2 and n’ are the refractive index of phase 1, phase 2 

and the interface, respectively.   θ  is the reflection angle and rθ is the refraction angle 

from the interface.  
)2(

ijkχ  is a third rank susceptibility tensor and contains 27 elements 

[1-3].  However, depending on the symmetry of interface and the molecular system under 

the study, many of the components may be zero or equal to other component, simplifying 

the analysis [6, 12, 13].  By selecting different polarization of incoming and/or detected 
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beam, different components of the 
)2(

ijkχ  can be probed.  The macroscopic 
)2(

ijkχ  is 

related to the microscopic hyperpolarizability (
)2(

''' kjiβ ) through the following equation [8, 

9]: 

)2(
'''

'''

)2(
''' kji

kji

sijk RkkRjjRiiN βχ ∑=        (12) 

where Ns is the surface density of molecules and R is the Euler matrix transformation 

between the laboratory coordinate (ijk) and the molecular system coordinate (i’j’k’). 

Again the angular brackets indicate that the response is averaged over the orientational 

distribution of the molecules at the surface.  

 The surface selectivity of the SFG comes from the fact that because of the 

symmetry restriction, second order nonlinear processes are forbidden in isotropic media 

(i.e., the bulk of many media).  To illustrate this selectivity, the operation of inversion 

symmetry and its consequence is examined for first and second order nonlinear optical 

processes.  As was mentioned earlier for linear optical processes, the induced dipole 

polarization is linearly proportional to the electric field (equation 13-1).  By inverting the 

electric field, the sign of induced polarization changes sign too (equation 13-2).  

Equations 13-1 and 13-2 are equivalent which indicates that linear optical processes are 

allowed in isotropic media with inversion symmetry.  The induced polarization from 

second order optical processes is proportional to the product of two electric fields.  

Comparison of equations 13-3 and 13-4 which  

).()1()1(
ωχ EP ≈          (13-1) 

).()1()1(
ωχ EP −≈−          (13-2) 
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)).(.()2()2(
ωωχ EEP ≈          (13-3) 

)).(.()2()2(
ωωχ EEP −−≈−         (13-4) 

shows the change in sign of the induced polarization as a result of inverting the two 

electric fields, suggests that equations 13-3 and 13-4 can be satisfied simultaneously only 

if 
)2(χ  is zero.  The same conclusion can be drawn for the fourth, and in general for even, 

order processes.  Thus, even order processes are inherently forbidden in the isotropic 

media.  However, the inversion symmetry is broken at the interface between two different 

phases because the resultant force is not zero at the interface (Fig. 2).  Thus, )2(χ  and in 

general even order processes are non-zero at the interface but zero in the bulk of 

centrosymmetric media. 

 The principle of SFG outlined here is general which means that the frequency of 

two incident laser beams can be any value.  If none of the frequencies (ω1, ω2, or ω3) is in 

resonance with a vibrational or electronic excitation, then the SFG is called non-resonant.  

However, in many applications it is interesting to probe a vibrational or electronic 

transition and therefore at least one of the three frequencies should be resonant with the 

vibration or electronic transition of the interest.  In the next section, resonant SFG is 

discussed. 
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2.4. Frequency Domain SFG: Vibrational SFG 

 In order to use SFG for acquiring a vibrational spectrum, one of the two incident 

beams in Figure 2-1 should be in the infrared (IR) region to resonantly excite the 

vibrational mode of interest.   The other beam is chosen to be in the visible region to 

generate the SFG frequency in the visible region where the detection system is more 

efficient.  The SFG is then called vibrational SFG (VSFG). 

Another advantage of choosing a visible beam for up-converting the IR to SFG is that, 

according to the conservation of energy and momentum (equation 8) the SFG signal 

 

Figure 2-2. Schematic of force fields in the isotropic medium (Phase 

2) and in the anisotropic medium (boundary between phase 1 and 2).  

The resultant force in the isotropic media is zero which results in the 

zero value of the χ(2)
.  At the interface, however, the resultant force is 

non zero which leads to the nonzero value of χ(2)
. 
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reflects approximately at the same angle as the visible beam.  Thus it is easy to align the 

detection system by tracking the reflected visible beam. 

Under Born-Oppenheimer approximation which allows the separation of the electronic 

and nuclear components of the wavefunction, and assuming that the visible pulse is out of 

resonance with the vibrational mode but that the IR pulse is near resonance with a 

vibrational mode, the second order polarizability can be written as [8, 14]: 

∑ Γ+−
+=

q qqIR

q

NR
iωω

βββ )2()2(
       (14) 

where )2(
NRβ is the non-resonant second order polarizability, qω is the resonant frequency, 

qΓ is the damping factor and qβ is the tensorial factor of the q
th

 mode which depends on 

the product of the strength of IR transition dipole and Raman polarizability of the 

vibrational mode.  The non-resonant term is small in dielectric substrates but can be 

comparable (or larger) to the resonant term for metal substrates [6, 12]. 

  

2.4.1 Broad-Band SFG 

 In order to obtain a SFG vibrational spectrum the frequency of the IR laser beam 

( IRω ) should be matched with that of the vibrational mode of interest ( qω ).  With 

narrowband IR pulse (usually picosecond), the frequency of the IR laser beam should be 

tuned across the vibrational mode of interest to acquire a vibrational spectrum [8, 15-32].  

This method of acquiring a SFG spectrum is called scanning SFG (Figure 2-3a).  The 

femtosecond IR pulse has a broad bandwidth which covers a range of frequencies.  By 

combining a broadband IR pulse with a narrowband visible pulse (broad in time), it is 

possible to up-convert all the excited frequencies by the IR pulse to the SFG in a single 
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shot [33, 34].  The spectrograph coupled with a CCD is then used to collect all the SFG 

frequencies simultaneously.  This method of acquiring the SFG spectra, which does not 

need tuning the IR laser pulse, is usually called broad-band SFG [35-43] (Figure 2-3b).  

The spectral resolution in this method is determined by the resolution of the spectrograph 

and the bandwidth of the visible.  Apart from not needing to tune the IR pulse, this 

method is particularly suited for kinetic studies (e.g. phase transitions) of surface species 

since it is useful to obtain complete spectra rapidly as pressure or temperature ramps 

through the transition [33].  Furthermore, in the study of time-domain SFG measurement 

the broad-band SFG provides good signal to noise ratio [33]. 
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Figure 2-3. Schematic of VSFG spectroscopy. a) Scanning SFG: Both the IR (red) 

and Visible (green) pulses are broad in time but narrow in frequency.  Narrowband 

IR and visible overlap to generate a single point SFG.  Because of the limited 

bandwidth of the IR pulse (~5 cm
-1

), the wavelength of the IR is tuned across the 

vibrational mode to get the SFG spectrum (each blue circle is the SFG at a single IR 

wavelength).  b) Broad-Band SFG, IR pulse is short in time but broad in frequency, 

whereas visible pulse is broad in time and narrow in frequency. Broadband IR mixes 

with narrowband visible to generate the entire vibrational SFG spectrum instantly 

(solid blue line). 

 

 

2.5. Time Domain SFG 

 Apart from inhomogeneous broadening which causes a random distribution of 

transition frequencies, two important relaxations contribute to the linewidth of the 

vibrational spectrum.  The first one is the longitudinal relaxation time (T1) which is the 

result of energy (population) relaxation of excited state [44].  The second contribution to 

the linewidth is the so called transverse relaxation (pure dephasing) time (T
*
2), which 



 24

describes the decay of the phase memory of the excitation [44].  The total contribution to 

the linewidth is called total dephasing (T2).  Assuming a Lorentzian lineshape, the 

relation between the linewidth ( Γ ) and the dephasing time is given as [44]: 

*
212

212
2

TTT
FWHM +==Γ=         (15) 

 Except at very low temperature, where the contribution of pure dephasing is 

negligible, for any Lorentzian lineshape there is always a contributions from the excited 

state lifetime to the broadening of the linewidth because of the uncertainty principle [44].  

It is challenging to separately identify the contribution of T1 and T2
*
 from the analysis of 

the linewidth (frequency domain).  Time domain measurements, however, can be applied 

to get information about each of these contributions [45-50].  

 According to equation 12, )2(χ  is affected by the number of molecules at the 

interface, their orientation and strength of their IR dipole moment (and Raman 

polarizability).  VSFG spectroscopy monitors the static )2(χ , where the overwhelming 

majority of molecules are in the ground state is probed.  Time domain SFG can probe the 

time dependent second order susceptibility ( )2(χ (t)).  At least two different kinds of 

dynamics information, namely coherence and population can be obtained by 

implementing the SFG in the time domain [50-53].  For coherence measurements, after 

exciting a vibrational mode by an IR pulse, the time dependent first order induced 

polarization (P
(1)

(t)) is upconverted to the SFG via a time delayed visible pulse, and the 

response recorded as a function of delay.  This is similar to the measurement of the Free 

Induction Decay (FID) in NMR and so the approach is called SFG-FID [37, 38, 52-59].  

The timescale of the SFG-FID is a measure of total dephasing of the interfacial 
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vibrational mode [60].  In the absence of inhomogeneous broadening, the total dephasing 

is, in principle, the inverse of linewidth from the spectrum, as the frequency and time 

domain are just Fourier transform of each other [61].  However, depending on the details 

of the system investigated, eithr time or frequency domain measurements can be more 

convenient to extract certain experimental parameters.[62].  The second type of time 

domain SFG experiment measures the decay of the excited state population [50, 51].  In 

this method, called IR pump-SFG probe, an IR pulse (pump) transfers the population 

from the ground to the excited state, and a second IR and visible which creates the SFG, 

monitors the ground state population as a function of delay between the pump the SFG 

probe.  The timescale of recovery of the SFG signal is a measure of the excited state 

lifetime.  In what follows the theoretical background of SFG-FID and IR pump-SFG 

probe will be given. 

 

2.5.1 SFG-FID 

The basic principle of SFG-FID is that a femtosecond IR pulse resonantly and coherently 

excites a vibrational mode making a superposition of oscillators in the ground and excited 

states.  Right after the excitation, all dipoles oscillate with the same phase and so the 

individual dipole fields add up, creating the macroscopic polarization.  The macroscopic 

vibrational polarization decays over time as the phase memory of individual dipoles 

changes with respect to each other due to processes such as collision or interaction with 

the environment [44].  In order to track the decay of vibrational polarization, a 

femtosecond visible pulse is used to up-convert the remaining vibrational polarization (i.e. 

coherence) to the SFG (Figure 2-4).  
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The time dependent intensity of SFG-FID can be described as [38, 44, 63]: 

2
)2( ),()( ∫

∞

∞−
− ∝ ddFIDSFG ttPdttI        (16) 

 

 

 

Figure 2-4.  Schematic of SFG-FID. a) The first order polarization (P
(1)

) after 

excitation by IR pulse (red) decays over time.  Time delayed visible pulse (green) 

up-converts the P
(1) 

into SFG.  b) Energy diagram of the SFG-FID where an IR and a 

time delay visible pulse creates SFG.  c) SFG as a function of time delay between 

the IR and the visible pulse which reflects the decoherence of the vibrational mode.  

 

 

Where P
(2)

(t,td) is the time dependent second order polarization and td is the time delay 

between IR and visible pulses.  As the visible pulse is out of resonance with the 

vibrational mode, the P
(2)

(t,td) can be considered as the convolution of visible pulse with 

the first order polarization induced by the IR electric field (P
(1)

(t)) [38, 62]: 

)()(),( )1()2( tPttEttP dvisd −∝         (17) 
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where Evis is the electric field of visible pulse.  It is noted that, because the response of 

the system to the non-resonant visible pulse can be considered instantaneous, the 

convolution is just a product.  P
(1)

(t) can be written as [38]: 

∫
∞

∞−

−= )'()'(')(
)1()1(

tSttEdttP IR  
      (18)

 
 

where EIR is the IR electric field and S
(1)

(t) is the first order response function of the 

system.  The first order polarization induced by the IR pulse persists after the IR pulse is 

over.  It oscillates with the eigenfrequencies of the system and decays with the total 

dephasing time (T2).   To evaluate the response function, consider a quantum mechanical 

system with the wavefunction )(tψ  , the density operator is defined as [2]: 

)()()( ttt ψψρ ≡          (19) 

For a two-level system, the density operator has four elements [2]: 
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The Hamiltonian of the system can be written as: 

int0 HHH +=          (21) 

where EH µ∝int , with µ being the electric dipole and E the applied electric field.  For a 

macroscopic ensemble, the density operator is the collection of density operators for each 

un-coupled two-level system and can be written as [38]: 

∑=
i

ii tAt )()( ρρ          (22) 
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where each sub-ensemble is the i
th

 vibrational mode with the weighting of Ai.  According 

to the optical Bloch equations which include the relaxation, the time evolution of each 

density operator can be written as [2, 38, 44, 62]: 

)())( 0
nmnmnm

l

lmnllmnlnmnm
nm tE

i
i

dt

d
ρρµρρµρω

ρ
−Γ−−−−= ∑

h
  (23) 

where nmω is the transition frequency between energy levels n and m,  nmµ are the matrix 

elements of the vibrational transition dipole, and nmΓ  are dephasing rates when n≠m  and 

population relaxation when n=m.  In order to calculate the first order time domain 

response function , resulting from the interaction of IR pulse with the system, the Bloch 

equation is solved for each individual ensemble and the results are summed [38].  The 

response function which has the resonant and non-resonant contributions can be written 

as [38]: 

 ∑ +−= Γ−

n

tc
nR

i
NR cceAtiettS n .)()()(

2
,

)2()1( πε θχδ     (24) 

 The first term accounts for the non-resonant contribution of the second order 

susceptibility, and is proportional to the amplitude of the non-resonant signal.  The ε  is 

the phase difference between non-resonant and resonant components of the susceptibility.  

)(tδ represents the instantaneous non-resonant response.  The second term describes the 

vibrational (resonant) contribution to the response function.  )(tθ is the Heaviside step 

function, c is the speed of light and the inverse of ncΓπ2  is the total dephasing time of 

the n-th vibrational mode (T2,n). 

 

 



 29

2.5.2. IR Pump-SFG Probe 

 In an IR pump-SFG probe (time-resolved SFG) experiment for measuring the 

vibrational relaxation, an intense femtosecond IR pulse (IR pump) resonantly excites a 

vibrational mode from the ground (ν=0) to first excited vibrational state (ν=1).  In order 

to get the surface selectivity, SFG is used as a probe where another IR pulse (IR probe) 

which mixes with visible pulse generates a SFG response (Figure 2-5).  The second order 

susceptibility can be written as [64]: 

∑ Γ+−

−
+=

ν νν

νννφ

ωω
χ
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eA

IR
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NR

)( ,1,0)2(
      (25) 

 

 

Figure 2-5.  a) The schematic of IR pump-SFG probe.  The IR pump excites a 

vibrational mode from ground to excited state.  An IR pump and visible pulse, 

overlapped in time and space, generate SFG and monitor the population of the 

ground state.  b) The SFG as a function of time delay (τ) between IR pump and the 

synchronized pair of IR probe and visible pulses. At τ<0, where there is no IR pump 

excitation, the SFG monitors the essentially unperturbed ground state population.  

At τ=0 when all three beams overlap, a decrease in the intensity of SFG observed 

due to loss of population in the ground state.  At τ>0 the SFG evolves as the 

population of the ground state recovers. 
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where N0,ν and N1,ν are the populations in the ground and excited state, respectively.  

Therefore, the population difference between ground and excited state is proportional to 

the square root of the intensity of SFG.  In the absence of the IR pump, ∆N=N0,ν-N1,ν is 

small at room temperature for high frequency vibrational modes [64].  The IR pump 

perturbs the population by transferring the population from ground to first excited state.   

This results in the smaller ∆N and therefore a reduction in the SFG intensity.  A transient 

decrease of the SFG signal (bleach), observed right after IR pump excitation, evolves in 

time as the population distributes between the states (Figure 2-5). 

 As shown in equation 25, the second order susceptibility in the time-resolved SFG 

(χ(2) 
(t)) is proportional to the population difference between the ground and the excited 

vibrational levels.  Assuming that the IR probe pulse does not itself change the 

population, then the population difference (∆N=N0,ν-N1,ν ) can be considered as the 

instantaneous population when the synchronized pair of IR probe and the visible pulses 

arrive at the sample [50].  If the pair of probe pulses (IR probe and visible) arrive at a 

delay time, τ, with respect to the IR pump pulse, then the χ(2) 
(t), generated by the IR 

probe and the visible pulses, is proportional to ∆N(τ) =N0,ν(τ)-N1,ν(τ).  The SFG signal 

intensity, which is proportional to the square of χ(2) 
(t), is proportional to the ∆N

2
(τ), and 

monitors the vibrational relaxation as a function of τ.  As a result, the normalized 

difference of the square roots of the SFG signal with no pump ISFG(0), and of the SFG 

signal at τ with the IR pump ISFG(τ) gives the fractional population changes induced by 

the IR pump [50, 51]:    
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 Equation 26 is a simple description of the procedure for extracting the vibrational 

relaxation and in particular vibrational lifetime (T1) from the time-resolved SFG.  

However, it should be noted that this equation is based on at least two major assumptions 

[50].  Firstly, the finite pulse width of the IR pump, and the pair of probe pulses (IR and 

visible) are neglected.  The finite pulsewidth can be included by considering a simple 

Gaussian function for cross-correlation of pump and probe pulse [50].  Convolving the 

cross-correlation function with equation 26 then takes care of the pulse width of the pump 

and probe pulses.  Secondly, the coherent artifact which arises from the coherent 

interaction of pump and probe pulses may contaminate the vibrational dynamics 

especially at time zero and is not included in the equation.  The coherent artifact is the 

result of overlap of pump and probe pulses at time zero [50].   

In the absence of the IR pump, the induced polarization and so the observed SFG is 

second order nonlinear process resulting from the upconversion of the first order IR 

induced polarization by the visible pulse into the SFG.  However, in the presence of the 

IR pump, there is a fourth order nonlinear process, which involves the interaction of two 

IR pump, one IR probe and one visible pulse, that contributes to the observed SFG signal.  

So the ISFG(τ) is [44, 50]: 

2
)4()2( )()()( τχτχτ +∝SFGI          (27) 

 The magnitude of the χ(4)
(τ) depends on the time delay τ between the IR pump 

pulse and the pair of IR probe-visible pulse. The χ(4)
(τ) as a function of τ relaxes to zero 

as the pump-induced transient change in the vibrational level populations relaxes to zero.  
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Thus it is χ(4)
(τ) that gives information about the vibrational relaxation [50].  Although 

normalizing ISFG(τ) by ISFG(0) cancels out the contribution of χ(2)
(τ), the contribution of 

χ(2)
(τ) χ(4)

(τ) remains.  The coherent artifact is, however, important only if the dephasing 

time of the vibrational mode is considerably faster than the pulse width of the pump and 

probe pulses [50].  In cases where the pulse width of the excitation and probe beams are 

shorter or in the same order as dephasing of the vibrational mode time, the contribution of 

coherent artifact is negligible. 

 It appears that the five waves mixing technique of IR pump-SFG spectroscopy is 

similar to four wave mixing transient IR spectroscopy where an IR pump pulse transfers 

the population to a vibrationally excited state, and another IR probe pulse monitors the 

population dynamics [65, 66].  However, there are some differences between these two 

techniques.  First, in the transient IR spectroscopy a third-order nonlinear polarization 

(P
(3)

) is detected while in IR pump-SFG probe, the third order nonlinear polarization is 

up-converted to the fourth order nonlinear polarization (P
(4)

) via a visible pulse.  Second, 

in contrast to transient IR spectroscopy, where the observed bleach (transient signal) is 

linearly proportional to the population difference between the ground and the excited 

state, the observed bleach in time-resolved SFG is proportional to the square root of the 

SFG signal as was outlined in equation 26 [50, 64].  However, it should be noted that if 

the bleach is small, then ISFG is linearly proportional to the population of the first excited 

state because [64]: 

1,1,0 =+ νν NN          (28-1) 

ννννν ,1
2
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2
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So as long as N1 is small, i.e the linear relationship between the magnitude of the bleach 

and the SFG intensity is valid.    

 When deriving equation 28 only excitation to the first excited state (ν=1) is 

considered and the contribution of the excited state absorption (ν=1→ν=2) is neglected.  

With broader IR pulses, it is possible to excite both the fundamental and the first excited 

state.  However, still the contribution of excited state absorption is small because the 

intensity of SFG is proportional to the square of the number of molecules.  So assuming 

small bleach (10-15%), the probability of the excited absorption is negligible.  To 

illustrate this, let assume that an IR pulse transfers 10% population from ν=0→ν=1.  The 

SFG intensity is then ISFG=∆N
2
=(N0,ν -N1,ν)

2
 =(0.9-0.1)

2
=0.64 and a 0.36 bleach is 

observed [64].  Now with 10% population in the first excited state, the SFG intensity for 

the excited state absorption is ISFG=∆N
2
=(N1,ν –N2,ν)

2
 =(0.1)

2
=0.01.  So even with the 

excited state susceptibility that is approximately two times larger than the ground state 

susceptibility, the contribution of ν=1→ν=2 is 20 times smaller than ν=0→ν=1 excitation 

[64].  

 

2.6. Conclusion 

SFG is a second order nonlinear optical process which occurs in the media with lack of 

inversion symmetry.  The surface specificity of SFG results from imposing the symmetry 

restriction by even-order nonlinear optical processes which results in a zero response of 

SFG from an isotropically bulk media but non-zero response at an interface between two 

isotropic phases where the surface molecules senses asymmetric environment.  

Vibrational SFG is a surface specific vibrational spectroscopy where a tunable IR pulse 
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that is combined with a visible pulse, is used to generate SFG and to map out the 

vibrational spectrum of the surface species.  With femtosecond IR pulse, it is possible to 

acquire the spectrum of the vibrational mode in a single shot through Broad-Band SFG.  

Dynamics information can be obtained by implanting the SFG in the time domain.  SFG-

FID together with Vibrational SFG is a complementary technique to characterize the 

structural of the surface species and get insight into the vibrational dephasing of the 

vibrational modes at the surface.  IR pump-SFG probe is a technique of choice to probe 

the ultrafast vibrational relaxation and energy transfer among the vibrational modes at the 

surface.   
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CHAPTER 3 

3. EXPERIMENTAL 

3.1. Overview 

 Surface vibrational spectroscopy and dynamics with SFG require visible and 

tunable IR laser pulses.  Because the absorption cross section of vibrational modes is 

small the IR laser pulse should be intense to resonantly excite a large fraction of the 

population into an excited vibrational state.  Moreover, because vibrational dynamics 

occurs on the time scale of a few picoseconds, the IR laser pulses should preferably have 

femtosecond resolution (~100 fs).   

 

3.2. Generation of Visible Pulse 

 A solid state diode pump laser (Verdi 5 W, Coherent) gives a CW beam at 532 

nm with an average energy of 5W.  The Verdi is used to pump an ultrashort oscillator 

(Mira-seed, Coherent) to generate mode-locked pulses with sub 100 fs duration and an 

average power of 500 mW at the repetition rate of 76 MHz.  A typical spectrum and 

autocorrelation of the oscillator are shown in Figure 3-1 which suggests that the pulses 

are 1.05 times transform limited, assuming a Gaussian function. 
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Figure 3-1. Spectrum (left) and autocorrelation (right) of the oscillator (Mira-seed) 

output.  

 

 

 The oscillator output is used to seed a regenerative Ti:sapphire amplifier (Integra-

E, Quantronix) which is pumped with a Falcon series, intra-cavity frequency-doubled Q-

switched Nd:YLF laser.  The seed pulses are first stretched to a length of several 

hundreds of picoseconds using a single grating.  Then the stretched oscillator pulse is first 

pre-amplified in a Ti:sapphire crystal in the regen that is pumped with approximately 4.3 

W of frequency doubled Nd:YLF laser (527 nm).  A photodiode monitoring the output 

pulses of the Ti:sapphire oscillator is used together with a frequency divider to trigger the 

Pockels cell, that controls oscillator pulse injection into the regen, and the Q-switch of the 

Nd:YLF laser, ensuring that they are synchronized with the seed pulses. 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.  The output of regen is further amplified 

by three passes in the second Ti:sapphire crystal that is pumped with approximately 18 W 

of doubled frequency Nd:YLF laser.  Typical pulse energy after the multi pass stage is 

4.8 mJ.  After recompression of the regenerative amplifier output, transform limited??? 

pulses of 3.5 mJ and 130 fs duration at a repetition rate of 1 kHz are obtained.  Typical 

4.0

3.5

3.0

2.5

2.0

1.5

 S
ig

n
a

l 
 (

a
.u

)

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

 Time Delay (ps)

FWHM= 125 fs
8000

7000

6000

5000

4000

3000

2000

 S
ig

n
a

l 
 (

a
.u

)

830820810800790780

 Wavelength (nm)

FWHM= 11.5 nm 



 42

power spectrum and autocorrelation trace of the amplified pulses are shown in Figure 3-2 

which suggest 1.3 times transform limited pulses, assuming a Gaussian function. 
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Figure 3-2.  Spectrum (left) and autocorrelation (right) of the out put of Integra-E. 

 

 

 Approximately 10% of the output of the Integra-E is used as a visible pulse for 

the SFG measurements.  For the time domain SFG measurements (SFG-FID and IR 

pump-SFG probe) the energy of the visible pulse is attenuated depending on the damage 

threshold for the system of study.  However, for the frequency domain measurements, 

e.g.. Broad-Band vibrational SFG (VSFG) spectroscopy, the bandwidth of the visible 

pulse needs to be narrowed.  Different methods can be applied to narrow the bandwidth 

of the visible pulse.  We use a combination of two narrow band pass filters, mounted on a 

flipper holder, to decrease the bandwidth of the visible.  Applying narrowband pass filter 

rather than combination of grating and mirrors has the advantage that switching between 

frequency and time domain measurements is fast and simple.  The initial bandwidth of 

the Integra-E (~14 nm), as measured by BWTek USB spectrometer, is reduced to ~1.5 

nm after passing through two narrow band pass filter (CVI) as shown in Figure 3-3.  With 



 43

high resolution grating in spectrograph coupled to CCD (section 3.3) the FWHM of 0.63 

nm, corresponding to 14 cm
-1

, was observed for the bandwidth of the Integra-W after 

passing through two band pass filters.  

 

 

3500

3000

2500

2000

1500

 S
ig

n
a

l 
 (

a
.u

)

820815810805800

 Wavelength (nm)

FWHM= 2 nm 

 

10x10
3

8

6

4

2

 S
ig

n
a
l 

 (
a
.u

)

820815810805800

 Wavelength (nm)

FWHM= 1.5 nm 

 

Figure 3-3.  Spectrum of visible pulse after passing through one (left) and two (right) 

narrowband pass filters.   The final bandwidth of the visible after two band pass filters is 

1.5 nm (22 cm
-1

).  

 

 

3.3. Generation of Tunable IR Pulse 

 Approximately 90% of the output of the Integra-E is used to pump the 

commercial Traveling-wave Optical Parametric Amplifier of Superfluorescence 

“TOPAS” (Light Conversion) which generates pulses that are continuously tunable from 

1 to 2.6 µm.  The generation of tunable pulses in TOPAS is based on the two-stage 

parametric amplification of parametric superfluorescence.   

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

frequencies ω1 and ω2 are amplified in a medium which is irradiated with an intense pump 

wave of frequency ω3 (Figure 3-4).  The amplified photon with higher frequency is called 

signal and the one with lower frequency is called Idler. From a classical point of view, 
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parametric amplification can occur only if the pump and signal (or idler) are present at 

the entrance of the nonlinear medium.  However, at sufficient pump energies, signal and 

idler are generated even if the initial numbers of photons at ω1 and ω2 is zero.  This 

phenomenon is referred to as optical parametric superfluorescence 
[1]

 or optical 

parametric generation (OPG).  It can only be understood from a quantum-mechanical 

point of view, and can be regarded as parametric amplification of the zero-point 

fluctuations of the electromagnetic field.    

 

 

 

 

Figure 3-4.  Schematic representation and the associated energy diagram for Optical 

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

bottom panel. 

 

 

 Both the generation and amplification of superfluorescence take place in the 5 

mm β-Barium Borate (BBO) crystal.  The frequency of the signal and idler photons is 
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determined by the phase-matching angle of the crystal.  The phase-matching condition is 

type II where the polarization of signal is perpendicular to the axis of the crystal while the 

pump and Idler have components that lie along the axis of the crystal.  The conversion 

efficiency of the TOPAS is relatively high.  With some effort to optimize the pulse width, 

contrast ratio and the beam profile of the regenerative amplifier beam from Integra-E, the 

conversion efficiency as high as 30% can be obtained.  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 3-5.  

 At Idler wavelengths longer than 2.5 µm the BBO crystal starts to absorb, 

resulting in much lower conversion efficiency.  Thus, the TOPAS cannot be used directly 

to generate the mid-IR pulses with the wavelength greater than 2.6 µm.  Difference 

frequency mixing of the signal and Idler is used to generate tunable longer wavelength IR 

(Figure 3-4).   
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Figure 3-5. Tuning curve of TOPAS, showing total power of Signal and 

Idler as a function of signal wavelength, pumped with 2.7 W of the 

Integra-E output. 

 

 

 An AgGaS2 crystal, with the thickness of 1mm and operated with type I phase 

matching (cut angle at 39), is used for difference frequency generation (DFG) of signal 

and Idler.  A tunable mid-IR pulse up to 10 µm is then obtained by rotating the crystal 

angle.  To separate the signal and Idler from the DFG, 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 3-6. 
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Figure 3-6. Tuning curve of DFG which shows the total energy of DFG 

(after filtering the signal and Idler) as a function of signal wavelength.  

 

 

 The spectral bandwidth and temporal pulse width of the IR pulse were 

characterized by up-conversion into the SFG in a sample that does not have any resonant 

feature in the IR region (e.g, GaAs) in the frequency and time domain respectively.  The 

SFG spectrum of the GaAs at IR= 3.6 µm which represents the spectral shape of the IR 

and also the cross-correlation of the IR and visible which represents the temporal shape 

of the IR at 3.6 µm are shown in Figure 3-7 which give 1.15 times transform limited 

pulse assuming a Gaussian function.  
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Figure 3-7.  SFG Spectrum (left) and cross-correlation of IR (3.6 µm) at GaAs. 

 

 

3.4. Detection System 

 The signal is focused at the entrance slit of the spectrograph (300i, Acton 

Research Corp.).  The spectrograph 300i includes dual micrometer controlled entrance 

slit, a triple grating turret for 1, 2 or 3 gratings, spherical mirrors, and a CCD detector 

(Princeton Instruments).  The second micrometer controlled entrance slit is used when 

other detectors (other than CCD) is coupled to the spectrograph.  Three different grating 

with different groove and efficiency were installed in the turret for detecting the signal 

with low or high resolution at different spectral region.  For obtaining a high resolution 

image, holographic grating with 1800 groove/mm which has approximately 50% 

efficiency in the 400-700 nm spectral regions was used.  This grating which provides 0.7 

cm
-1

/pixel resolution is ideal for acquiring the SFG spectra in the C-H stretching region 

where high resolution spectrograph is required to resolve different vibrational modes that 

are close to each other.  For time domain SFG measurements where the integrated signal 

(rather than the spectrum) was recorded, a blazed grating with 300 groove/mm was used.  

This grating provides close to 90% efficiency at 550-700 nm spectral region.          
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 The CCD has 256x1024 pixels.  To reduce the dark current which is one of the 

sources for the noise and it results from the thermal motion of CCD materials, the CC 

was cooled by liquid Nitrogen to keep the temperature at 90 K.  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.  For the time domain measurements where integrated signal was 

recorded, the binning of a region of interest was done by programming in Labview 

software. 
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3.5. SFG Set up 

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

3-8.     

 

 

 

 

Figure 3-8.  Schematic of the laser system and the experimental set up for frequency and 

time domain SFG measurements.  λ/2 and P are a half wave plate and prism polarizer, 

respectively, which are used to control the polarization of the visible pulse.  F is the band 

pass filter which is used for to narrow the bandwidth of the visible pulse for broad-band 

SFG measurements.  The two band pass filters (F) are removed in the time domain 

measurements.   

 

 

 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).  For the vibrational SFG 

spectroscopy two narrow band pass filters (F) were used.  The mid-IR energy after the 

DFG crystal was divided, using a silicon wedge, to produce the pump and probe IR 

pulses with the ratio of 4:1.  In order to take advantage of total internal reflection (TIR) 

for maximizing the electric at the interface, the angles of three beams were chosen to be 

close to or greater than theirs critical angles.  The IR pump, IR probe and visible beams 

with energies of ~8, 2 and 2 µJ/pulse, incident at the surface with angles of 72
 o

, 58
 o

 and 
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65
o
, were focused to beam waists of 250, 200 and 200 µm, respectively.  The beam 

waists were measured via a knife edge technique by monitoring the SFG signal from 

GaAs.  

 There are three delay lines which control the time delays between three beams.  

The delay line for the IR pump beam is controlled by the computer and this is the delay 

line that moves during the time domain SFG measurements.  The delay line for the 

visible and IR pump beams are manually controlled.   The position of the zero time delay 

was determined by the third-order cross-correlation between IR pump, IR probe and 

visible.    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.).  A prism polarizer was used 

to select the detected polarization component of the SFG signal.   

 

3.6. Hybrid Tuning-Scanning SFG 

 Because of the limited bandwidth of the IR pulse from DFG (~170 cm
-1

), it is not 

possible to obtain the SFG spectrum of the broad vibrational modes, e.g., the OH 

stretching of water that covers more than 600 cm
-1

, in a single shot.  In order to acquire 

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

approach [2] has been applied to access the entire spectral region of the vibrational modes 

of interest.  In this approach broad band SFG spectra from sample and reference are 

obtained with different IR wavelength and then the spectra are “stitched” together to get 

the spectrum of the broad vibrational mode.  With the advance in the generation of 

ultrabroad mid-IR pulses [3, 4] it may be possible to get the vibrational SFG spectrum of 
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a broad vibrational mode in a single shot and hence no need for hybrid tuning-scanning 

SFG.     

 

3.7. Surface Treatments and Solution Preparation 

3.7.1. Cleaning of the Silica Surface 

 The number of silanol groups (Si-OH) at the silica surface is important for 

formation of alkylsilane SAMs as the Si-OH groups are believed to be the intermediate 

species when coupling alkylsilane molecules with the silica surface [5-7].  The number 

density of Si-OH groups at the silica surface also controls the surface charge at the 

surface since the origin of the surface charge at the silica surface is associated with the 

dissociation of these Si-OH groups [7].  Silica surface pretreatment (surface cleaning) 

affects the number density of the Si-OH groups at the surface [5-7].  It is therefore 

important to apply a cleaning method which provides a reproducible surface with a 

desirable number of Si-OH groups.  There are different methods for cleaning of the SiO2 

surface ranging from wet to dry cleaning.  The wet cleaning methods include alkaline 

solution, Piranha solution, acetone, ethanol and ultra pure water.  Dry cleaning is usually 

performed with O2 plasma, UV/O3 and ultra vacuum violet.  Contact angle measurement 

is used to evaluate the effectiveness of the cleaning method; the smaller the contact angle, 

the more effective the method for generating a surface with higher density of the silanol 

groups.        

We used the piranha cleaning method as it gives a reproducible contact angle of 

less than 5°.  All glassware and the IR fused silica prism (ISP optics) and Teflon sample 

holder were then placed in piranha solution (3:1(v/v), concentrated sulfuric acid and 30 % 
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hydrogen peroxide) for at least 30 minutes (Caution! Piranha solution is a very strong 

oxidant and is extremely dangerous to work with; gloves, goggles, and a face shield 

should be worn).  After removing from the piranha solution, the glassware and silica 

prism were rinsed with distilled Millipore water (>18.2 MΩ.cm resistivity) and finally 

dried with a stream of pure nitrogen gas.  

 

3.7.2. Preparation of pH Solution, Salt Solution and Diluted Mixture of H2O:D2O 

Solution of different pH were prepared using HCl (Fisher, ACS Certified) and NaOH 

(Fisher, ACS certified).  All the pH solutions were prepared at the constant ionic strength 

by adding NaCl. In order to remove impurities, the as-received NaCl was heated at ~550 

ºC overnight [17]. Salt solutions were prepared using NaCl (Fisher, ACS certified).  

Isotopic mixture of H2O:D2O were prepared using D2O (Cambridge Isotope Laboratories, 

Inc., purity 99.9%).   
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CHAPTER 4 

4. TIME and FREQUENCY DOMAIN SFG for MORE COMPLETE  

STRUCTURAL CHARACTERIZATION of SAMS 

4-1. Introduction 

 Self-assembled monolayers (SAMs) are ordered molecular structures that form on 

the solid surface by adsorption of an amphiphilic molecule with different head and tail 

groups.  Self assembly of molecular films from solution has been extensively employed 

to construct thin organic monolayers because a molecularly ordered structure can be 

prepared very easily and without the expensive and sophisticated equipment essential for 

organic layer formation in ultra high vacuum [1].  A wide variety of functionalities have 

been integrated into surfaces by self assembly.  The diverse applications of molecular 

self-assembly range from simple corrosion resistant layers to more complex integrated 

functionalities such as organic light emitting diodes [2, 3] and molecular electronics [4, 

5] 

 Modification of surface properties of metals, semiconductors and insulators by 

SAMs has various applications in the field of science and technology.  Among different 

adsorbate/substrate combinations for SAM formation, thiols on noble metals (Au, Ag, Pt, 

Pd) and alkylsiloxanes on oxides have gained most attention in this field in the past two 

decades [6, 7].  There are many successful reports on the formation of functionalized 

thiol molecules on metals [1, 8-13], metal oxide [14-18], and semiconductor surfaces [19-

21].   

 Formation of SAMs on silicon oxide substrates is of great important due to 

technological applications ranging from wetability, adhesion, tribology and read-out 
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methods in spectroscopic techniques [6, 22].  The commonly used SAM on silica 

surfaces is alkylsiloxane based [6, 23-25].  Construction of stable and ordered monolayer 

of alkylsiloxane on silica strongly depends on the environmental conditions such as 

humidity and temperature [7, 26].  As many applications depend on the degree of 

molecular ordering, it is important to develop methods to analyze surface structures of the 

SAMs.  Of different surface analyzing tools for the characterization of the structure of 

alkysiloxane SAMs, vibrational spectroscopy of C-H stretching region of the SAMs has 

been a promising technique.  As it was mentioned in chapter 1, vibrational spectroscopy 

can be done by IR, Raman or SFG.  Each technique is sensitive to different vibrational 

modes as the selection rules for each technique are different. 

 The IR spectrum of the SAMs in the C-H stretching region is dominated by the 

symmetric and asymmetric stretching methylene groups at ~2850 and ~2920 cm
-1

 

respectively [27].  From the frequency position and the intensity of these peaks one can 

deduce the structural information such as how densely packed is the SAMs or estimate 

the tilt angle of the alkyl chain with respect to the surface normal [27].  In a long alkyl 

chain SAMs, the intensity of terminal methyl peak is small compared to the methylene 

peaks as the number of methylene groups are greater the one single terminal methyl.  The 

vibrational SFG spectrum, on the other hand, is dominated by the methyl peaks [27-29].  

An all-trans alkyl chain has local centrosymmetry and therefore the methylene groups are 

either IR or Raman active but not SFG active [27-29].  The presence of methylene peaks 

in the SFG spectrum of the SAMs is then an indication of gauche defect and disorder in 

the monolayer [27].  



 58

 SFG spectroscopy with ultrashort laser pulses can also be applied for probing the 

ultrafast surface dynamics [28, 30-45].  For example, the vibrational population 

relaxation time (T1) and vibrational dephasing time (T2) of surface species can be 

measured by time domain SFG.  A number of frequency domain SFG measurements, i.e., 

SFG spectroscopy, have been reported for various interfaces [46-49] since the first 

reported application of this technique [50].  However, obtaining dynamics information 

from frequency domain spectroscopy is not trivial.  Furthermore, frequency domain 

spectroscopy is often congested by overlapping vibrational modes, making it difficult to 

identify, assign and analyze each of the features contributing to the spectrum.    

 Time domain SFG measurements, e.g., SFG free induction decay (SFG-FID), 

offer an alternative way to measure the same parameters as are obtained from frequency 

domain measurements.  However, different features are emphasized in FID as compared 

to spectroscopy measurements as is known from the comparisons of time- and frequency 

domain NMR [51] or ESR [52] spectroscopy.  Some features which are not clear in the 

frequency domain could be observed in time domain measurements. 

The first SFG-FID measurement was reported by Guyot-Sionnest in 1991 from Si-H 

vibration on a hydrogen terminated silicon (111) surface [53].  FID of other systems, such 

as CO on a metal surface, has been reported [32, 54-56].  FID of Langmuir Blodgett (LB) 

films on CaF2 support has been reported by the Leech group[33] and more recently by the 

Benderskii group [28].   

 In the present investigation, we have studied the SFG-FID and spectra of 

octadecylsilane (OTS) on a fused silica surface in the C-H stretching region.  The SFG-

FID displays a long coherence that is shown to involve six frequency components as 
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demonstrated by the simultaneously fit the SFG-FID and SFG.  Details of the fitting 

process and mode assignment are discussed.  DFT calculations help to assign one of the 

modes to a terminal CH2, most likely next to the Si.  The possible correlation of the 

structure of OTS SAMs to the dephasing of the different oscillators is discussed.     

 

4.2. SFG Spectra and SFG-FID of OTS/Silica Interface 

 The SFG-FID and SFG spectrum of OTS SAMs on silica in the C-H stretching 

region are shown in Figure 4-1 (a) and (b) respectively.  The SFG-FID of the OTS SAMs 

in the C-H stretching region shows relatively long coherence accompanied with 

oscillations that persist for over 1 ps (Figure 4-1a).  The first peak in the FID appears at 

ca. 0.1 ps, and not at 0.0 ps, because of the finite duration of the infrared excitation pulse.  

The oscillation in the SFG-FID is caused by interference between the multiple oscillators 

which alternately beat in phase and out of phase in time due to the mismatch of their 

natural frequencies.  The Fourier transform of the oscillatory components in the FID is 

also shown in the inset of Figure 4-1(a).  The Fourier power spectrum shows a peak at ca. 

60 cm
−1

, which corresponds to the peak separation of two major peaks due to methyl 

stretching modes in the frequency domain spectrum (Figure 4-2 (b)) and the oscillation 

period of the FID trace (0.6 ps).   
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Figure 4-1. SFG FID (a) and normalized SFG spectrum (b) of OTS 

SAMs.  The open circles represent the experimentally observed SFG 

signals with simultaneous fit curves using six frequency components 

represented by red solid lines, respectively.  Inset of Figure 4-2 (a) shows 

the Fourier transform of the oscillatory components in the FID trace 

which is obtained by subtracting a double exponential decay fit to the FID 

trace.  The SFG spectrum was normalized by dividing the raw spectrum 

of the OTS sample by a spectrum obtained from a sample of GaAs 

(Arbitrarily scaled).   
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4.3. Theory and Details of the Fitting Procedure 

 The frequency domain SFG intensity generated by a broadband IR pulse can be 

expressed as a modification of the well-known SFG equation as [28, 47, 57]: 
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where An, Гn and ωn are the amplitude, damping constant and the surface vibration 

frequency of n
th

 mode respectively.  The ωIR is the frequency of the incident IR pulse and 

χNR, and ε are the vibrationally non-resonant susceptibility component, and the phase 

between the resonant and non-resonant contributions, respectively.  In the SFG 

spectroscopy fitting, ε is often set to be a free variable. However, according to 

electromagnetic theory ε must be zero for electronically non-resonant substrate such as 

silica glass.  Indeed, non-resonant phases for silica glass and water surfaces were 

determined to be zero in the phase-sensitive techniques [58, 59].   Thus, ε is fixed to be 

zero in the present fitting.   The exponential term describes the Gaussian shaped spectrum 

of the incident IR pulse, where ω0 and ∆ωIR represent the center frequency and spectral 

width of the IR pulse, respectively.   

 |χNR
(2)

| is divided by ∆ωIR because the non-resonant polarization spreads over the 

whole spectral region in the frequency domain measurement while it is summed up in the 

time domain measurement.  As the spectral resolution of the SFG spectrum is limited to 

14 cm
-1

, by the bandwidth of the visible pulse (∆ωvis), the full widths at half maxima (2Г) 

of the vibrational bands determined from the spectrum are broadened by the limited 

resolution of the spectral measurement.  Previously, this was taken into account by 

deconvoluting a Gaussian ωvis spectral shape, of width ∆ωvis, from a measured 
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spectrum[28].   Alternatively, ∆ωvis/2 is simply added to Гn , i.e. Г ~ Гn + ∆ωvis/2.  Here, 

the Fresnel factors and pre-factors are ignored as they are the same in all the experiments.    

 In the SFG-FID measurements, a short IR pulse creates a coherent superposition 

of vibrational modes and a short, time-delayed visible pulse, probes the remaining surface 

coherence by generating a response at the sum-frequency as a function of the time delay.  

Since the FID and spectrum are related to each other by Fourier transform, the FID and 

spectroscopy measurements, in principle, should contain identical information.  In 

practice, however, because time domain measurement, as long as it captures all of the 

response, is free from spectral resolution limitations, the FID measurement allows us to 

determine the vibrational linewidth with better spectral resolution than the frequency 

domain measurement.  In other words, because the SFG spectrum is taken with short 

pulses (τvis~ 0.6 ps and τIR ~ 0.1 ps) it undersamples the vibrations that have long 

dephasing times.  This is demonstrated in the Fourier transformation of the spectrum 

shown in Figure 4-2 (red line) where the FFT of the spectrum decays faster than the FID 

measured in the time domain.  On the other hand, measurement in the frequency domain 

is advantageous to probe spectrally broad (temporally sharp) features, i.e the only way to 

faithfully reproduce a spectrally broad feature in the time domain is to measure its 

response in the time domain with a very short pulse [37].    

 The basic theory of the SFG-FID was outlined in chapter 2.  The first order 

induced polarization after excitation by IR pulse (equation 18 in chapter 2) which has 

resonant and non-resonant contributions can be written as: 

ccPPP RNR ++= )1()1()1(
        (2) 
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Figure 4-2. FFT of the OTS spectrum (red line) and the measured FID (blue circles). The 

FID trace was arbitrarily scaled so that the first peak has about the same amplitude as the 

FFT.  The more rapid decay of the FFT of the OTS spectrum is a consequence of the 

undersampling of modes with long dephasing times.   
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where ε is the phase of resonant and non-resonant term, and  τ and ω0 are the pulsewidth 

and center frequency of the IR pulse respectively.  

 Similarly, the resonant term can be written as: 
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Here, we assume that the dephasing time of the vibrational mode is longer than the pulse 

width so that the decay part in equation 4 is independent of the pulse width.  In modeling 
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the FID measurements, equation 4 accounts for the Gaussian shaped spectral profile of 

the IR excitation pulse.  The amplitude, AR, is multiplied by the Gaussian shaped 

spectrum.  The pulse width of the visible pulse was taken into account in the convolution 

function where a Gaussian function was used to represent the pulse shape.  

 The fitting of SFG FID is extremely sensitive to the position of time zero, the 

position of maximum overlap between visible and IR pulses.  The maxima of the FID 

trace actually appears at a time later than the zero time determined by the cross 

correlation maximum by typically 0.1 ps.  This is because of the non-instantaneous build 

up of the resonant polarization [60, 61].  In addition, an experimental error may possibly 

occur when a sample is replaced by the reference sample (gold film) for the cross-

correlation measurement.  The former is expressed by the integration (known as error 

function) in equations 3-4.  To address the latter source of error, t in equations 3-4 is 

replaced by (t-t0) and t0 is treated as a variable.  As an illustration of the critical role of t0, 

Figure 4-3 shows the same FID trace as shown in Figure 4-1 but with fitting curves with 

different fixed values of t0.  The results show that unless t0 is fixed at values near the 

maximum of FID, the fit is poor.    

 The spectrum and FID were simultaneously fit using equations 1-4.  Although 

two components roughly reproduce the FID and the spectrum, a simultaneous fit of the 

spectrum and FID allows us to resolve spectral feature in more detail.  The quantitative fit 

requires that the contributions of a larger number of modes be included.  Increasing the 

number of the frequency components improves the reduced χ2
 value as tabulated in Table 

4-1.  The best fit curves obtained with 6 vibration modes are shown in Figure 4-2.     
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Figure 4-3.  The same SFG-FID as shown in Figure 4-1 (open circles). The lines 

represent the fit curves assuming two frequency components with different fixed values 

of t0.   

 

 

 

 

# of modes χχχχ2
red Modes included 

2 0.95 r
+
, r

+
FR 

3 0.46 r
+
, t-d,  r

+
FR 

5 0.78 d
+
, r

+
, d

-
,  r

+
FR, r

-
 

6 0.39 d
+
, r

+
, t-d, d

-
,  r

+
FR, r

-
 

Table 4-1.  The reduced chi squared (χ2
red = χ2

 / (number of data points-number of free 

variable)) obtained from simultaneous fitting of the OTS spectrum and FID with 2, 3, 5 

and 6 frequency components.  
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4.4. Peak Assignment 

 Two major frequency components at 2874 and 2938 cm
−1 

have been assigned to 

the symmetric stretch and Fermi resonance of the methyl (r
+
 and r

+
FR) [62-65].  Three 

additional frequency components at 2849, 2925 and 2950 cm
−1

 have been assigned to the 

symmetric (d
+
) and antisymmetric (d

−
(π)) stretch of the methylene, and antisymmetric 

stretch of the methyl (r
−
) groups [62-65].  The fact that the amplitude of the d

+
 and d

−
(π) 

peaks are small implies that the OTS molecules in the monolayer are essentially in an all-

trans conformation, where the vibrations due to CH2 groups are SFG inactive due to local 

inversion symmetry.  The 6
th

 vibrational mode at 2881 cm
−1

 has been often neglected but 

its amplitude is larger than the amplitude of the d
+
, d

−
(π), and r

−
 modes.  Furthermore, 

inclusion of the 6
th

  peak (t-d) improves the reduced chi square more effectively than 

adding other minor contributors, i.e., d
+
, d

−
(π), and r

−
 (Table 4-1).(comparison of the 

reduced chi square for 2 versus 3 and 5 versus 6 frequency components clearly shows the 

importance of t-d mode) The amplitude, frequency and dephasing time of each 

vibrational mode, as well as the amplitude of the non-resonant term, that were determined 

from the simultaneous fit of the SFG-FID and spectrum are tabulated in Table 4-2.     

 

 

 

 

 

 

 



 67

Mode ωωωω (cm
-

1
) 

A(a.u) Г(cm
-1

) T2 (ps) χχχχNR(a.u) φφφφNR(rad) t0 

d
+
 2849 0.07 6 0.88 -0.34 0 0.01 

r
+
 2874 1.00 9 0.59 

t-d
-
(0) 2881 -0.68 9 0.59 

d
-
(ππππ) 2925 -0.14 6 0.88 

r
+

FR 2938 1.50 17 0.31 

r
-
 2950 -0.15 13 0.41 

Table 4-2. Parameters obtained from the frequency and time-domain SFG measurements 

of the OTS SAMs.  The amplitude parameter A and χNRare given in a relative scale 

with respect to the r
+
 mode.  Note that the bandwidth (FWHM) is given by 2 Г.  T2 values 

are calculated from Г.   

 

 

 The assignment of the sixth peak at 2881 cm
−1

 involves a number of 

considerations.  A band at around 2890 cm
−1

 was observed in bulk alkane crystals by 

infrared and Raman spectra and was assigned to the Fermi resonance of symmetric CH2 

stretching (d
+

FR) and antisymmetric CH2 stretching (d
−
(0)), respectively [66-68].  A 

vibrational mode at, or near, 2884 cm
−1

 has been observed in SFG spectra of surfactants 

previously [69].  Lu et al. observed a peak at around 2884-2908 cm
−1

 in SFG spectra of 

the air/1-alcohol (n=1-8) interface, and assigned it to a d
−
 mode according to the observed 

polarization dependence [70].  One source of asymmetric (d
−
) modes is gauche defects in 

the alkyl chain.  However, in contrast to the air/1-alcohol interface, where a significant 

gauche defects were identified by observation of a d
+
 band, our SFG spectrum and SFG-

FID showed little d
+
 intensity suggesting that the OTS molecules are essentially in all-

trans conformation.  Given the apparent all-trans conformation of the SAM in these 
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experiments, one would expect the d
−
 (both π and 0) mode to be SFG inactive or very 

weak.  

  Due to a lack of local centrosymmetry, the methylene groups next to either the 

terminal CH3 group or the anchor moiety, i.e., Si(-O-)3, can be SFG active even when the 

alkyl chain has as all-trans conformation.  Therefore, a possible assignment for the 2881 

cm
−1

 peak is the asymmetric stretching mode of the terminal CH2 group.  This assignment 

is consistent with the one previously reported in high resolution VSFG and phase 

sensitive VSFG spectra.   Chow et al. suggested the presence of a small band at 2886 

cm
−1

, assigned to the asymmetric stretching of the terminal CH2 next to CH3 (t2-d
−
 or ω-

d
−
), in their high resolution SFG spectra of OTS and ODT SAMs [71].  Recently, Shen 

group reported a phase sensitive SFG spectrum of OTS, which showed a small negative 

peak at 2883 cm
−1

, again assigned to t2-d
−
 mode [58].  In addition, the symmetric 

stretching band associated with terminal methylene groups (t-d
+
) was observed in SFG 

spectrum of a well-packed alkanethiol SAMs in all-trans conformation [72].     

 To examine the validity of this assignment, Density Functional Theory (DFT) 

calculations were performed for a simplified model molecule, CH3(CH2)5Si(OH)3.  

Density Function Theory (DFT) calculations were performed using the B3LYP level of 

theory with the 6-31G(d,p) basis set contained in Gaussian 03.   The results showed that 

the d-(0) type vibrations of methylene groups next to Si (t1- d
-
(0)) and CH3(t2-d

-
(0)), 

respectively, have non-zero IR intensity at a frequency 30-40 cm
-1

 lower than the d
-
(π) 

mode (Table 4-3).  This is consistent with the assignment of the mode we observe at 2884 

cm
-1

.  The observation of a strong d
-
(0) mode in Raman spectra at around 2880 cm

-1 
[66] 

and the fact that the frequency of the d
-
(π) mode is known to be in the 2915-2925 cm

1
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range for n-alkyl chains,[73, 74] suggest that the observed antisymmetric stretching of 

terminal methylene groups in our study should be the t-d
-
(0) mode, which is strongly 

Raman active [66] and weakly IR active, and not the t-d
-
(π).   A rigorous assignment of 

the 2884 cm
-1

 peak to either t1-d
-
(0) or t2-d

-
(0) is challenging but based on the peak 

frequencies and the calculated IR intensities for the terminal methylene, and observing 

the exclusive vibration of methylene next to silicon  in the DFT results, the t1-d
-
(0) mode 

(or α-d
-
(0)) is more likely to be the source of the 2881 cm

-1
 peak observed by time- and 

frequency domain SFG.  The vibrational modes of OTS molecule discussed above are 

illustrated in scheme 4-1.    

 

 

Frequency 

(cm
-1

) 

Scaled Frequency 

(cm
-1

) 

IR intensity Assignment 

3008 2892 1.9 d
+
(0) 

3012 2896 9.6 d
+
(0) 

3018 2902 7.6 t1-d
+
(0) 

3024 2907 48 t2-d
+
(π) 

3032 2915 3.4 d
-
(0) 

3036 2919 26 d
+
(π) 

3037 2920 72 r
+
 

3044 2927 3.5 d
-
(0)* 

3056 2938 8.2 t1-d
-
(0) 

3065 2947 25 d
-
(π) 

3084 2965 77 d
-
(π) 

3105 2985 66 r
-
(op) 

3109 2989 43 r
-
(ip) 

Table 4-3. Vibrational frequencies of CH3(CH2)5Si(OH)3 molecule calculated by B3LYP 

(6-31G(d,p)) using Gaussian 03.  A scaling factor of 0.9614 was used to correct the 

frequencies [75].  This calculation does not include Fermi resonance, which causes 

further complexity and frequency shifts of symmetric modes.  Asymmetric stretching 

modes are not allowed to enter the Fermi resonance interaction [68].  The t1 and t2 

denotes terminal methylene next to Si and CH3, respectively. * This mode includes 

motion of t2-d
-
(0). 
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Scheme 4-1.  Schematic drawing of OTS molecule 

and the vibrational modes discussed in the text. 

d
+
(0) and d

-
(π) have the almost same frequency 

[30].  Thus, they are unresolved in the spectrum. 

  

         

4.5. Dephasing of the Vibrational Modes 

 The SFG-FID experiments enable the dephasing time of each of the modes 

contributing to the response to be determined.  The dephasing times of the methyl 

symmetric bands (0.6 and 0.3 ps) are in agreement with the one previously reported for 

the methyl symmetric band of LB film [28].  However, the methyl stretching frequency is 

not sensitive to the local structural environment and thus not indicative of the SAM 

structure.  The identification of the mode at 2881 cm
-1

 as the t1-d
-
(0) mode sheds light on 

the relatively long dephasing time of this mode (~0.6 ps) and how this dephasing 

correlates with the structure of the OTS SAMs.  Owing to the relatively large amplitude 

r+ r−

d+(π)
d+(0) d−(π)

t1-d−(0)

t2-d
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of the mode, the combination of time and frequency domain SFG data can determine the 

dephasing time of the t1-d
-
(0) mode with an accuracy of ~0.1 ps.  Since, to best of our 

knowledge, this is the first direct observation of the dephasing (T2) of a terminal CH2 

vibration in a SAMs, we compare the dephasing of t1-d
-
(0) with that of methylene modes 

(d) observed previously.   

 The T2 of  the d
-
(π) modes of an LB film in an ordered super-liquid phase and a 

disordered lower pressure mesophase were found to be 1.04 and 0.18 ps, respectively, 

although the accuracy of the fit parameters was not available [28].  The T2 of the bulk 

CH2 stretching has been reported to be ~1 ps for averaged dephasing of symmetric and 

asymmetric CH2 stretching of liquid cyclohexane by time domain coherent anti-stokes 

Raman spectroscopy [76].  The spectral widths of the d
-
(0)  mode of bulk n-C36H74 in 

Raman spectra have been reported to be 7-9 cm
-1

 in a crystalline phase and 25 cm
-1

 in the 

liquid phase [68].  Assuming homogeneous broadening, the corresponding T2 of d
-
(0) is 

estimated to be 1.48-1.15 ps in the crystalline phase and 0.42 ps in the liquid phase. 

These previous studies suggest that CH2 vibrations are sensitive to local order of the alkyl 

chains.  The T2 of the t1-d
-
(0) of the OTS SAM (~0.6 ps) is in between the T2 of the d

-
0) 

mode of  the bulk n-C36H74 in the crystalline phase and the T2 in the liquid phase [68].  

The T2 measured for the t1-d
-
(0) as well as r

+
 suggests that the alkyl chains of the OTS 

SAM are in an ordered crystalline phase but not a perfect crystalline phase, i.e., the 

structure is similar to the liquid condensed phase of LB [28].  This is consistent with the 

small (but non zero) amplitude of the d
+
 and d

-
 modes in the SFG spectrum and SFG-FID, 

which suggests mostly all-trans configuration of the alkyl chains in the SAM. 
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4.6. Conclusions 

 We have measured the SFG-FID and SFG spectrum of an OTS SAM on a fused 

silica substrate.  The simultaneous fit of the SFG-FID and spectrum shows that at least 

six C-H stretching modes are involved in the vibrational response in the 2800-3100 cm
-1

 

region.  Furthermore the coherence time of each of these modes, some of which last more 

than one picosecond, is determined.  The combination of SFG-FID and spectrum clearly 

reveals the presence of a mode at around 2881 cm
-1

 for the all-trans conformation OTS 

SAMs.  This mode is assigned to an 0 type (i.e., neighboring methylene groups displacing 

in opposite directions) antisymmetric stretching mode of the terminal methylene group, 

presumably the CH2 next to Si (t1-d
-
(0)).  Our experiments measure the dephasing time of 

the t1-d
-
(0) mode for the first time, to our knowledge.  The dephasing time (~0.6 ps) of 

the t1-d
-
(0) implies liquid condensed phase structure of the alkyl chain which is consistent 

with the small amplitude of of d
+
 and d

-
 modes in the SFG spectrum.   
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CHAPTER 5 

5. STRUCTURE and DYNAMICS of H2O at NEUTRAL and CHARGED  

SILICA INTERFACE 

5.1. Introduction 

 The interaction of water with electrically charged surfaces is of great importance 

to areas such as heterogeneous catalysis, electrochemistry, biophysics, colloidal and 

environmental science [1, 2].   Silica is one of the most widespread and important oxides 

on the planet.   It has been the subject of much research mainly because of its applications 

in geochemistry and in semiconductor technology [3, 4].  In aqueous media, the origin of 

the surface charge at the oxide layer is known to result from protonation-deprotonation of 

surface hydroxyls at the oxide surface [5, 6].  The surface charge density at the 

silica/water interface is known to be close to zero at pH range of 2-4 and becomes 

increasingly negative at higher pH [7, 8].  At pH>10 most of the surface silanols are 

deprotonated leading to a large negative charge density  and surface potential resulting in 

strong interfacial electric fields (Appendix) [7, 8]  The structure and dynamics of water 

molecules close to the oxide can substantially modify the reactivity and functionality of 

the oxide surface[9].  Bulk properties, such as pH and ionic strength of the aqueous 

solution close to the oxide can greatly affect the structure and the dynamics of interfacial 

water following protonation-deprotonation of the surface hydroxyl groups [6]. 

The hydrogen bond network of water is responsible for many distinct properties 

of water[10].   Fast molecular rearrangement of this dynamic network, resulting from the 

breaking and reforming of hydrogen bonds on the femto-to picosecond time scale, is 

responsible for many fundamental processes that take place in aqueous media[11].  This 
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has motivated the search for detailed knowledge of the structure and dynamics of 

hydrogen bonded network of water [12-15].  The vibrational spectroscopy of OH 

stretching is a good candidate because of the strong correlation of OH stretching mode 

with the strength of hydrogen bonding[10].  Linear vibrational spectroscopy, however, 

does not provide information on the dynamics of water because of the inhomogeneous 

broadening resulting from large variation of hydrogen-bond strengths[16].  Nonlinear 

time-resolved vibrational spectroscopy has therefore become a versatile tool for the study 

of bulk water dynamics [12, 13, 15, 17].   

Despite the broad impact of interfacial water, the lack of experimental techniques 

with interface specificity has been an obstacle to expanding our molecular level structural 

and dynamical understanding.  In the past two decades, however, sum-frequency 

generation (SFG) has developed as a versatile vibrational spectroscopic tool to probe the 

structure of interfacial water [18-21].  SFG can be conducted either in the frequency 

(static SFG) or time domain (time-resolved SFG).  The frequency domain SFG 

vibrational spectrum provides information on the structure, orientation, concentration and 

chemical signature of the surface species.  In the past, SFG spectra of water at the silica 

interface have been acquired by many research groups providing information on the 

structure and orientation of interfacial water as a function of the electrolyte and/or pH [6, 

22-29].  Two prominent peaks at ~3200 and 3400 cm
-1

 were observed in the vibrational 

sum-frequency generation (VSFG) spectra of silica/water interface [6, 24, 25, 30].  

Increasing the bulk pH results in deprotonation of silica surface hydroxyl groups, creating 

an electric field which enhances the intensity of the SFG signal by inducing structural 

ordering of interfacial water up to several molecular layers [6, 25].   
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Time domain SFG probes the rates and pathways of vibrational energy transfer 

and vibrational dephasing.  While the structure of water at various interfaces has been 

investigated via static SFG spectroscopy by numerous research groups [18-20], 

information on the interfacial vibrational dynamics is limited [31-34].  The vibrational 

relaxation and thermalization in the hydrogen bonded network of interfacial water at the 

hydrophilic surface of fused silica at neutral pH (~5.6), were determined to proceed with 

time constants of 300 and 700 fs, respectively, using IR pump, SFG probe spectroscopy 

[33].  The dynamics of hydrogen bonded OH species at the air/water interface were 

reported to involve fast (100 fs) and slower (~500 fs) time constants, assigned to 

vibrational relaxation and thermalization, respectively [31].  The similarity between the 

time constants reported for vibrational relaxation of hydrogen bonded OH at the air/water 

[31] and water/fused silica [33] interfaces with those of bulk studies, led to the general 

conclusion that, despite the difference in ordering of interfacial and bulk water, ultrafast 

dynamics are same because ultrafast energy transfer is the limiting factor for the 

dynamics [31, 33]. 

The measured vibrational dynamics of the silica/water interface was at pH=5.6 

where the silica surface is negatively charged.  In order to probe the effect of surface 

charge, its associated electric field, and also the penetration of the electric field into bulk 

water, we studied the dynamics at two different pH namely 2 and 12 where the silica 

surface is neutral and negatively charged respectively.  IR Pump-SFG probe dynamics of 

the H2O/silica interface in two spectral regions of hydrogen bonded water, namely 3200 

and 3450 cm
-1

, was studied in a one color setup where the IR pump and IR probe have 

the same frequency.   
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5.2. IR Pump-SFG Probe of the H2O/Silica Interface at pH=2 and pH=12 

 The magnitude of the decrease in the VSFG signal (bleach) after IR pump 

excitation of the red (3200 cm
-1

) or blue (3450 cm
-1

) side of the hydrogen bonded OH 

region of the H2O/fused silica interface is approximately the same at pH=2 and 12 

(Figure 5-1).   
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Figure 5-1. IR pump-SFG probe trace of O-H stretching of H2O/silica for νprobe = 

νpump=3200 cm
-1

 (left) and νprobe = νpump=3450 cm
-1

 (right) at pH=2 (blue square) and 

pH=12 (red triangle). The green solid lines are the bi-exponential fit (see text). The third-

order cross-correlation between IR pump, IR probe and visible is shown by the dashed 

line. The polarization combination for SFG, visible, and IR is S,S,P. 
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However, the recovery of the bleach to equilibrium values shows significantly 

different behavior for pH=2 and 12.  A four level system which has been extensively used 

in the interpretation of the vibrational dynamics of bulk [35] and, more recently, surface 

water [31, 33], was employed to analyze the dynamics.  As shown in scheme 5-1, the 

energy of the excited state of the OH stretch is first transferred to an intermediate state 

(υ*
) with relaxation time of T1 attributed to the vibrational lifetime.  This intermediate 

state involves the hydrogen bond stretch or the overtone of bending mode [36, 37].  The 

energy of the intermediate state is then transferred to the so called hot ground state (υ’
) 

with a time constant Tth (thermalization time constant).  The thermalization process may 

involve hydrogen bond breaking and re-formation and other structural dynamics [38].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5-1. The four-level system for the analyzing the vibrational dynamics. 
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  Similar to previous analyses of dynamics at the silica water interface [33], the 

recovery of the SFG signal was fit to the following expression: 

)1()1(1)(
/)(/)(

0
010 thTttTtt

eSeStS
−−−− −∆+−−=  (1) 

where S0 is the SFG signal at t=t0 and |∆S| is the SFG signal offset at long delay times 

(equilibrium).  The value of t0 which corresponds to the minimum of the SFG signal was 

>0 (~100 fs) in the observed dynamics, indicating that the coherent artifact resulting from 

overlap of pump and probe is negligible [31].   For a given pH, the dynamics at 3200 and 

3450 cm
-1

 were fit simultaneously to get a common set of T1 and Tth values.  For a given 

pH and IR excitation wavelength we acquired at least two data sets from independent 

experiments performed on different days.  For each set of data at 3200 and 3450 cm
-1

 at a 

given pH a simultaneous fit was performed.  The pump-probe data shown in Figure 5-1 is 

one of these data sets and the fit is the simultaneous fit to that data.  As can be seen the 

simultaneous fit describes the data very well, suggesting a similar T1 and Tth at 3200 and 

3450 cm
-1

, i.e. very rapid spectral diffusion.  The bi-exponential fit reveals that the value 

of T1 at pH=2 (570 ± 70 fs) is more than two times longer than at pH=12 (255 ± 25 fs).  

Tth is longer than T1 and occurs with a similar time constant for pH=2 (700 ± 50 fs) and 

pH=12 (800 ± 30 fs).   

 

5.3. SFG Spectra of the H2O/Silica Interface as a Function of pH 

 The change in the vibrational lifetime of hydrogen bonded OH should in principle 

be related to the structural change of interfacial water observed in the SHG and VSFG 

spectra of the water/silica interface [5, 6, 24, 30].  The SFG spectra of H2O/silica 

interface at different pH are shown in Figure 5-2.  The spectra at different pH were 
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acquired at constant ionic strength (0.01 M) by adding NaCl to the pH solutions.   

Because of the limited bandwidth of the IR pulse (~170 cm
-1

), a hybrid tuning-scanning 

broad-band SFG approach [39] was used to access the entire spectral region of the O-H 

stretching of water.  Briefly, eight broadband SFG spectra with different IR input 

frequencies centered at 3000, 3100, 3200, 3300, 3400, 3500, 3600 and 3700 cm
-1

 were 

acquired for the sample and reference.  The sample and reference were a H2O in contact 

with an infrared grade fused silica prism and a gold coated infrared fused silica prism, 

respectively.  Each broadband SFG spectrum of the sample was normalized to the 

corresponding reference spectrum and then all the normalized spectra were summed 

together.  In order to minimize spurious noise at the high and low frequency extremes of 

each of the spectra, essentially due to division by zero in the normalization, the intensity 

of reference SFG spectra was offset before normalization [39, 40].  
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Figure 5-2.  SFG spectra of H2O/silica at different pH and constant ionic strength. 

 

 

 Similar to the previously reported SFG spectra of H2O/silica, two peaks at ~3200 

and 3450 cm
-1

 observed in the SFG spectra [5, 6, 24, 30].  Although the assignment of 

these two peaks is under the debate [41-43], it is generally accepted that the 3200 cm
-1

 is 

related to the water molecules with stronger hydrogen bonds whereas 3400 cm
-1

 peak is 

assigned to the water molecules with a somewhat weaker hydrogen bond network.  In 

addition, the intensity of SFG spectra increases by increasing the pH.  However, the peak 

positions (at around 3200 and 3400 cm
-1

) does not change by increasing the pH.  As was 

mentioned earlier, the increase in the SFG spectra by increasing the pH is believed to be 

due to the electric field, resulting from the deprotonation of the silica surface with 
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increasing pH, penetrates into the bulk water and extends the anisotropic interfacial 

regions into the initially centrosymmetric bulk phase resulting in the contribution of the 

third-order nonlinear susceptibility (χ(3)
) to the VSFG, in addition to the second order 

term (χ(2)
) [5].   

 

5.4. Effect of Surface Electric Field on Polarization and Orientation of Water 

 The third order processes involve the interaction of three electric fields with the 

materials.  The third electric field (in addition to the electric fields from IR and visible 

pulses) is the static electric at the charged silica.  Assuming dissociation of all Si-OH 

groups at the silica surface (e.g, 5 Si-OH/nm
2
), the associated electric field at ionic 

strength of 10mM can reach the value of 1.3 * 10
5
 V/cm.(Appendix)  The SFG electric 

field due to the third order process can be written as 
[5]

: 

  dcVisIR EEEE
SFG

)3(' χ∝         (2) 

where 
)3(χ  is third order nonlinear susceptibility and the Edc is the static electric field at 

the charged silica interface.  As mentioned, this static electric field penetrates into the 

liquid, polarizing and orienting several layers of water.  The contribution of water 

molecules that are subjected to the static electric field can be estimated by integrating the 

static electric field from the surface (z=0) to deep into the bulk water (z= ∞ ) as 
[5]

: 

0
)3(

0
)3(

0

)3(' )( φχφφχχ VisIRVisIRdcVisIR EEEEdzEEEE
SFG

=−=∝ ∞

∞

∫  (3) 

where 0φ is the potential at the silica surface and the potential far into the bulk ( ∞φ ) 

assumed to be zero.   
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Different models have been applied to describe the relation between the surface 

potential, surface charge and the ionic strength of the solution at the charged solid oxide 

interface [44].  At low ionic strength the relation between the surface charge and the 

surface potential is described by Guoy-Chapman model where the surface charge 

neutralization is assumed to occur via a layer of diffusely held counterions whose 

distribution is obtained by solving the Poisson-Boltzmann equation [44].  The relation 

between the surface charge, surface potential and the ionic strength according to the 

Guoy-Chapman model is 
[1]

: 

)
8

(sinh
2

0

1

INkTze

kT

A

d

d
εε
σφ −=       (4) 

where 
dφ and 

dσ are the surface potential and surface charge at diffuse layer, k and NA 

are the Boltzmann constant and Avogadro number respectively, T is the temperature, 

0ε and ε are the permittivity of free space and dielectric constant of the electrolyte and 

I is the ionic strength of the solution and z is the (signed) charge.  The length over which 

the surface charge is neutralized is called the Debye Length (
1−κ ) and can be 

estimated as 
[1]

: 

INez
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22
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εε
κ =−

         (5) 

 At high ionic strength, a so called triple layer model (TLM) is used to describe the 

neutralization of surface charge by the distribution of counter ions next to the surface [44].  

In this model, in addition to the diffuse layer, there is a so called Stern layer, which is 

thought to be the result of specific adsorption of counterions, that contribute in 



 89

neutralizing the surface charge (Scheme 5-2).  The counterions specifically adsorb to the 

Stern layer (β plane in scheme 5-2) and their contribution in neutralizing the surface 

charge is thought to occur via the forming of a molecularly thick layer of constant 

capacitance.   

At pH=12 where the silica surface is negatively charged, the total electric field of 

SFG can be written as: 

dcVisIRVisIR EEEEEE
SFG

)3()2( χχ +∝      (6) 

At high pH, therefore, the SFG probes water molecules that may in principle be as far as 

the Debye length from the interface, resulting in dynamics that is similar to bulk water.   

At low pH the surface is neutral and therefore no charge induced electric field is present 

at the surface.  In this situation SFG probes only the dynamics of the few non-

centrosymmetric layers of water molecules at the silica surface.  According to the four 

level system, the rate of vibrational energy transfer depends on the availability of inter 

and intra molecular modes (intermediate state) to dissipate the vibrational energy.  

Compared to the bulk, water molecules at the interface have lost part of their solvation 

(Scheme 5-3) which leads to a decrease in the number of accepting modes for the excess 

vibrational energy, less efficient inter and intra molecular coupling and ultimately the 

lengthening of the vibrational lifetime.   
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Scheme 5-2. Schematic drawing illustrating the decay of surface potential as a 

function of distance from the silica surface assuming a triple layer model 

(TLM).  σ0 is the surface charge at the plane of Si-OH groups.  σβ is the charge 

associated with the adsorption of counter ions (Na
+
) at Stern or β plane.  σd and 

φd are the charge and potential associated with the diffuse layer surface and 

they change as a function of ionic strength according to the Guoy-Chapman 

model (equation 4).  This schematic assumes a condition where the silica 

surface is placed in an electrolyte (NaCl) at a pH value that is different from 

the pH of zero charge. 
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Scheme 5-3: Schematic representation of structure of water at neutral (σ =0) and charged 

(σ ≠0) surface of SiO2.  The solid blue arrows, in both neutral and charged surface, show 

the first layer of water that is in contact with the silica surface.  At the charged surface 

there are several layers of water that are oriented and/or polarized by the surface electric 

field and therefore contribute to the SFG.  The dashed green arrow shows these water 

molecules, which are absent at the neutral surface.  Disordered bulk water lies just below 

the first layer monolayer of water (in the case of neutral surface) or oriented/polarized 

water (in the case of charged surface).  These water molecules, spanning the region 

indicated by red dotted arrows in both neutral and charged surface, do not contribute to 

the SFG.  

 

 

While the major step in T1 relaxation is the transfer of energy to a single 

accepting mode through an intramolecular process, the density of states of intermolecular 

modes plays a role too.  The density of intermolecular states accessible to the molecules 

probed at high pH is greater because under those conditions most of the water molecules 

detected by SFG are completely solvated whereas at low pH interfacial water molecules 

are incompletely solvated and experience a reduced density of low frequency hydrogen 

bond and libration modes.  After the initial vibrational relaxation (T1), additional 

relaxation channels (e.g., thermalization), for both high and low pH, proceed with similar 

time constants (700-800 fs) as in the bulk.   
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5.5. Similarity between the Vibrational Dynamics of H2O/Silica  

and Water Confined in Reverse Micelles 

 The slowing down of the vibrational dynamics at low pH (where the silica surface 

is neutral) is analogous with the vibrational dynamics of water confined in reversed 

micelles where a slow component to the dynamics, in addition to a component with bulk 

like timescales, was observed [45-51].  A commonly accepted model for explaining the 

behavior of water in reversed micelles is the so called core-shell model [47, 48, 52].  In 

this model, two distinct components are invoked to describe the dynamics of the confined 

water (Figure 5-3) [52].  One component is associated with the water molecules that are 

near the surfactant head groups (interfacial or shell water).   The second component, 

called core water, is associated with the water molecules that populate the interior (core) 

of the reversed micelle structure.  Vibrational spectroscopy in the form of transient IR 

spectroscopy and two dimensional IR spectroscopy revealed that the vibration lifetime of 

shell water is longer (~800 fs) compared to the core water (~200 fs) [49].  Vibrational 

dynamics of water in reversed micelles with different surfactants, including ionic and 

nonionic head groups, suggests that it is the presence of the interface rather than the 

nature of the head groups that leads to the lengthening of the vibrational lifetime of shell 

water compared to core water [53]. 
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Figure 5-3. Structure of reversed micelle where the polar head groups of the surfactant 

are attracted to the aqueous liquid and the non polar tail group facing away from the 

aqueous liquid phase.  The water molecules that are near the surfactant head groups are 

called shell or interfacial water and those that populate the interior of the reversed micelle 

are called core water.  This figure is taken from the reference [52]. 

 

 

5.6. Similarity between the Vibrational Dynamics of H2O/Silica 

and Solutes at Air/Interface 

 The longer vibrational lifetime observed at low pH at the silica/water interface is 

also consistent with the simulations of the vibrational dynamics of neutral solutes at 

aqueous interfaces[54].  In these simulations, the vibrational relaxation of different 

molecules including neutral molecules and negatively charged anions was calculated in 

the bulk water and at the air/water interface.  Table 5-1 shows few examples of the 

calculated vibrational lifetimes using non-equilibrium trajectories for neutral and charged 

iodine and chlorine monoxide in the bulk and at the air/water interface.  It is clear that the 
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vibrational lifetime is longer at the interface compared to the bulk for both iodine and 

chlorine monoxide.  Furthermore, the ratio of vibrational lifetime at the air/water 

interface to the bulk water is greater for neutral compared to the charged iodide or 

chlorine monoxide [54].   The longer vibrational lifetime of solutes at the air/water 

interface compared to the bulk was justified by the reduced number of solvent molecules 

(nearest neighbor) for transfer of energy at the interface compared to the bulk [54].  The 

fact that ionic solutes (contrary to neutral molecules) preserve their solvation shell was 

thought be the reason for greater ratio of vibrational lifetime of neutral molecules at the 

interface compared to the bulk (Scheme 5-4) [54]. 

 

 

 

Table 5-1.  Calculated vibrational lifetimes of different solutes in the bulk and at the 

air/water interface [54]. 

 

 

 

solute bulk lifetime (ps) air/water lifetime (ps) interface/bulk life time ratio 

I2
-
 0.6 0.9 1.5 

I2 5.4 16.6 3.1 

ClO
-
 0.64 0.69 1.1 

ClO 7.9 28.2 3.5 
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Scheme 5-4.  Schematic representing that negatively charged iodide preserves its 

solvation shell at the air/water interface whereas neutral iodine has an incomplete 

solvation shell at the interface. 

 

 

5.7. Conclusion 

 Comparison of the vibrational dynamics of H2O at silica interface at two extreme 

situations, where the silica surface is either neutral or negatively charged, demonstrates 

that there appears to be a fundamental difference between the vibrational dynamics of 

bulk and surface water in the absence of surface charge.  The primary reason for the 

longer vibrational lifetime of O-H at the H2O/silica interface at the neutral surface is 

attributed to the decrease in the density of states of the low frequency modes 

(intermolecular forces) due to incomplete solvation of the first layer of interfacial water 

molecules, resulting from the decreased number of neighboring water molecules, probed 

by SFG.  At high pH (where the silica surface is negatively charged) the majority of 

water molecules probed by SFG are completely solvated and therefore shows bulk-like 

dynamics.  In order to test the hypothesis that is the penetration of the electric field into 

the bulk liquid that makes the measured vibrational dynamics to be similar to bulk water, 
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we will investigate the effect of screening the electric field to shorter distances by adding 

a salt. 



 97

5.8. References 

1. Bockris JOM and Reddy AKN, Modern Electrochemistry. 1970, New York: 

Plenum Press. 

2. Somorjai GA, Introduction to Surface Chemistry and Catalysis. 1994, New York: 

Wiley. 

3. Hayes, P.L., Malin, J.N., Konek, C.T., and Geiger, F.M., Interaction of nitrate, 

barium, strontium and cadmium ions with fused quartz/water interfaces studied 

by second harmonic generation. Journal of Physical Chemistry A  112(4), 660-

668 (2008) 

4. Zhang, L.N., Singh, S., Tian, C.S., Shen, Y.R., Wu, Y., Shannon, M.A., and 

Brinker, C.J., Nanoporous silica-water interfaces studied by sum-frequency 

vibrational spectroscopy. Journal of Chemical Physics  130(15) (2009) 

5. Ong, S.W., Zhao, X.L., and Eisenthal, K.B., POLARIZATION OF WATER-

MOLECULES AT A CHARGED INTERFACE - 2ND HARMONIC STUDIES OF 

THE SILICA WATER INTERFACE. Chemical Physics Letters  191(3-4), 327-335 

(1992) 

6. Du, Q., Freysz, E., and Shen, Y.R., Vibrational-Spectra Of Water-Molecules At 

Quartz Water Interfaces. Physical Review Letters  72(2), 238-241 (1994) 

7. Bolt, G.H., DETERMINATION OF THE CHARGE DENSITY OF SILICA SOLS. 

Journal of Physical Chemistry   61(9), 1166-1169 (1957) 

8. Dove, P.M. and Craven, C.M., Surface charge density on silica in alkali and 

alkaline earth chloride electrolyte solutions. Geochimica et Cosmochimica Acta  

69(21), 4963-4970 (2005) 

9. Wang, J.W., Kalinichev, A.G., and Kirkpatrick, R.J., Effects of substrate structure 

and composition on the structure, dynamics, and energetics of water at mineral 

surfaces: A molecular dynamics modeling study. Geochimica Et Cosmochimica 

Acta  70(3), 562-582 (2006) 

10. Jeffrey, G.A., An Introduction to Hydrogen Bonding 1997, New York:  

Oxford University Press. 

11. Hochstrasser, R.M., Hofacker, G.L., Trommsdorff, H.P., and Chandler, D., 

Special issues of chemical physics. Chemical Physics  262(1), VI-VI (2000) 

12. Kropman, M.F., Nienhuys, H.K., Woutersen, S., and Bakker, H.J., Vibrational 

relaxation and hydrogen-bond dynamics of HDO : H2O. Journal of Physical 

Chemistry A  105(19), 4622-4626 (2001) 

13. Stenger, J., Madsen, D., Hamm, P., Nibbering, E.T.J., and Elsaesser, T., Ultrafast 

vibrational dephasing of liquid water. Physical Review Letters  8702(2) (2001) 

14. Laage, D. and Hynes, J.T., A molecular jump mechanism of water reorientation. 

Science  311(5762), 832-835 (2006) 

15. Steinel, T., Asbury, J.B., Corcelli, S.A., Lawrence, C.P., Skinner, J.L., and Fayer, 

M.D., Water dynamics: dependence on local structure probed with vibrational 

echo correlation spectroscopy. Chemical Physics Letters  386(4-6), 295-300 

(2004) 

16. Woutersen, S., Emmerichs, U., Nienhuys, H.K., and Bakker, H.J., Anomalous 

temperature dependence of vibrational lifetimes in water and ice. Physical 

Review Letters  81(5), 1106-1109 (1998) 



 98

17. Eaves, J.D., Loparo, J.J., Fecko, C.J., Roberts, S.T., Tokmakoff, A., and Geissler, 

P.L., Hydrogen bonds in liquid water are broken only fleetingly. Proceedings of 

the National Academy of Sciences of the United States of the America  102(37), 

13019-13022 (2005) 

18. Shen, Y.R. and Ostroverkhov, V., Sum-frequency vibrational spectroscopy on 

water interfaces: Polar orientation of water molecules at interfaces. Chemical 

Reviews  106(4), 1140-1154 (2006) 

19. Richmond, G.L., Molecular bonding and interactions at aqueous surfaces as 

probed by vibrational sum frequency spectroscopy. Chemical Reviews  102(8), 

2693-2724 (2002) 

20. Gopalakrishnan, S., Liu, D.F., Allen, H.C., Kuo, M., and Shultz, M.J., Vibrational 

spectroscopic studies of aqueous interfaces: Salts, acids, bases, and nanodrops. 

Chemical Reviews  106(4), 1155-1175 (2006) 

21. Wang, H.F., Gan, W., Lu, R., Rao, Y., and Wu, B.H., Quantitative spectral and 

orientational analysis in surface sum frequency generation vibrational 

spectroscopy (SFG-VS). International Reviews In Physical Chemistry  24(2), 191-

256 (2005) 

22. Kim, J. and Cremer, P.S., IR-Visible SFG investigations of interfacial water 

structure upon polyelectrolyte adsorption at the solid/liquid interface. Journal of 

the American Chemical Society  122(49), 12371-12372 (2000) 

23. Ye, S., Nihonyanagi, S., and Uosaki, K., Sum frequency generation (SFG) study 

of the pH-dependent water structure on a fused quartz surface modified by an 

octadecyltrichlorosilane (OTS) monolayer. Physical Chemistry Chemical Physics  

3(16), 3463-3469 (2001) 

24. Kim, J., Kim, G., and Cremer, P.S., Investigations of polyelectrolyte adsorption at 

the solid/liquid interface by sum frequency spectroscopy: Evidence for long-range 

macromolecular alignment at highly charged quartz/water interfaces. Journal of 

the American Chemical Society  124(29), 8751-8756 (2002) 

25. Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., Vibrational spectra of 

water at water/alpha-quartz (0001) interface. Chemical Physics Letters  386(1-3), 

144-148 (2004) 

26. Ostroverkhov, V., Waychunas, G.A., and Shen, Y.R., New information on water 

interfacial structure revealed by phase-sensitive surface spectroscopy. Physical 

Review Letters  94(4) (2005) 

27. Jena, K.C. and Hore, D.K., Variation of Ionic Strength Reveals the Interfacial 

Water Structure at a Charged Mineral Surface. Journal of Physical Chemistry C  

113(34), 15364-15372 (2009) 

28. Yang, Z., Li, Q.F., and Chou, K.C., Structures of Water Molecules at the 

Interfaces of Aqueous Salt Solutions and Silica: Cation Effects. Journal of 

Physical Chemistry C  113(19), 8201-8205 (2009) 

29. Eftekhari-Bafrooei, A. and Borguet, E., Effect of Hydrogen-Bond Strength on the 

Vibrational Relaxation of Interfacial Water. Journal of the American Chemical 

Society  132(11), 3756-3761 (2010) 

30. Nihonyanagi, S., Ye, S., and Uosaki, K., Sum frequency generation study on the 

molecular structures at the interfaces between quartz modified with amino-



 99

terminated self-assembled monolayer and electrolyte solutions of various pH and 

ionic strengths. Electrochimica Acta  46(20-21), 3057-3061 (2001) 

31. Smits, M., Ghosh, A., Sterrer, M., Muller, M., and Bonn, M., Ultrafast 

vibrational energy transfer between surface and bulk water at the air-water 

interface. Physical Review Letters  98(9), 098302 (2007) 

32. Smits, M., Ghosh, A., Bredenbeck, J., Yamamoto, S., Muller, M., and Bonn, M., 

Ultrafast energy flow in model biological membranes. New Journal of Physics  9, 

390 (2007) 

33. McGuire, J.A. and Shen, Y.R., Ultrafast vibrational dynamics at water interfaces. 

Science  313(5795), 1945-1948 (2006) 

34. Eftekhari-Bafrooei, A. and Borguet, E., Effect of surface charge on the 

vibrational dynamics of interfacial water. Journal of the American Chemical 

Society  131(34), 12034-12035 (2009) 

35. Lock, A.J., Woutersen, S., and Bakker, H.J., Ultrafast energy equilibration in 

hydrogen-bonded liquids. Journal of Physical Chemistry A  105(8), 1238-1243 

(2001) 

36. Lawrence, C.P. and Skinner, J.L., Vibrational spectroscopy of HOD in liquid 

D2O. VII. Temperature and frequency dependence of the OH stretch lifetime. 

Journal of Chemical Physics  119(7), 3840-3848 (2003) 

37. Nibbering, E.T.J. and Elsaesser, T., Ultrafast vibrational dynamics of hydrogen 

bonds in the condensed phase. Chemical Reviews  104(4), 1887-1914 (2004) 

38. Rey, R., Moller, K.B., and Hynes, J.T., Ultrafast vibrational population dynamics 

of water and related systems: A theoretical perspective. Chemical Reviews  

104(4), 1915-1928 (2004) 

39. Voges, A.B., Stokes, G.Y., Gibbs-Davis, J.M., Lettan, R.B., Bertin, P.A., Pike, 

R.C., Nguyen, S.T., Scheidt, K.A., and Geiger, F.M., Insights into heterogeneous 

atmospheric oxidation chemistry: Development of a tailor-made synthetic model 

for studying tropospheric surface chemistry. Journal of Physical Chemistry C  

111(4), 1567-1578 (2007) 

40. Ma, G., Chen, X.K., and Allen, H.C., Dangling OD confined in a Langmuir 

monolayer. Journal of the American Chemical Society  129(45), 14053-14057 

(2007) 

41. Tian, C.S. and Shen, Y.R., Comment on "Vibrational response of hydrogen-

bonded interfacial water is dominated by intramolecular coupling". Physical 

Review Letters  101(13), 139401 (2008) 

42. Sovago, M., Campen, R.K., Wurpel, G.W.H., Muller, M., Bakker, H.J., and Bonn, 

M., Sovago et al. Reply to comment on"Vibrational response of hydrogen-bonded 

interfacial water is dominated by intramolecular coupling". Physical Review 

Letters  101(13), 139402 (2008) 

43. Sovago, M., Campen, R.K., Wurpel, G.W.H., Muller, M., Bakker, H.J., and Bonn, 

M., Vibrational response of hydrogen-bonded interfacial water is dominated by 

intramolecular coupling. Physical Review Letters  100(17) (2008) 

44. Brown, G.E., Henrich, V.E., Casey, W.H., Clark, D.L., Eggleston, C., Felmy, A., 

Goodman, D.W., Gratzel, M., Maciel, G., McCarthy, M.I., Nealson, K.H., 

Sverjensky, D.A., Toney, M.F., and Zachara, J.M., Metal oxide surfaces and their 



 100

interactions with aqueous solutions and microbial organisms. Chemical Reviews  

99(1), 77-174 (1999) 

45. Cringus, D., Bakulin, A., Lindner, J., Vohringer, P., Pshenichnikov, M.S., and 

Wiersma, D.A., Ultrafast energy transfer in water-AOT reverse micelles. Journal 

of Physical Chemistry B  111(51), 14193-14207 (2007) 

46. Dokter, A.M., Woutersen, S., and Bakker, H.J., Inhomogeneous dynamics in 

confined water nanodroplets. Proceedings of the National Academy of Sciences 

of the United States of America  103(42), 15355-15358 (2006) 

47. Moilanen, D.E., Piletic, I.R., and Fayer, M.D., Tracking water's response to 

structural changes in Nafion membranes. Journal of Physical Chemistry A  

110(29), 9084-9088 (2006) 

48. Piletic, I.R., Moilanen, D.E., Spry, D.B., Levinger, N.E., and Fayer, M.D., Testing 

the core/shell model of nanoconfined water in reverse micelles using linear and 

nonlinear IR spectroscopy. Journal of Physical Chemistry A  110(15), 4985-4999 

(2006) 

49. Cringus, D., Lindner, J., Milder, M.T.W., Pshenichnikov, M.S., Vohringer, P., 

and Wiersma, D.A., Femtosecond water dynamics in reverse-micellar 

nanodroplets. Chemical Physics Letters  408(1-3), 162-168 (2005) 

50. Dokter, A.M., Woutersen, S., and Bakker, H.J., Anomalous slowing down of the 

vibrational relaxation of liquid water upon nanoscale confinement. Physical 

Review Letters  94(17) (2005) 

51. Deak, J.C., Pang, Y.S., Sechler, T.D., Wang, Z.H., and Dlott, D.D., Vibrational 

energy transfer across a reverse micelle surfactant layer. Science  306(5695), 

473-476 (2004) 

52. Levinger, N.E. and Swafford, L.A., Ultrafast Dynamics in Reverse Micelles. 

Annual Review of Physical Chemistry  60, 385-406 (2009) 

53. Moilanen, D.E., Levinger, N.E., Spry, D.B., and Fayer, M.D., Confinement or the 

nature of the interface? Dynamics of nanoscopic water. Journal of the American 

Chemical Society  129(46), 14311-14318 (2007) 

54. Benjamin, I., Solute dynamics at aqueous interfaces. Chemical Physics Letters  

469(4-6), 229-241 (2009) 

 

 



 101

CHAPTER 6 

6. EFFECT of IONIC STRENGTH and SCREENING of the ELECTRIC FIELD on 

the VIBRATIONAL DYNAMICS of H2O/SILICA INTERFACE 

6.1. Introduction 

 In the previous chapter, it was shown that when the silica surface is negatively 

charged (pH~12) the vibrational dynamics of water at the silica interface is similar to the 

vibrational dynamics of bulk water, that is, the vibrational relaxation proceeds with the 

time constant of 250 fs, similar to the T1 of bulk water (~200 fs).  However, when the 

silica surface is neutral (pH~2) the vibrational lifetime is more than two times longer and 

it proceeds with the time constant of ~570 fs.  On the other hand, the previous vibrational 

dynamics study of the H2O/silica interface at pH~5.7, where the silica surface is 

negatively charged, showed that the T1 of the O-H stretching of H2O is ~300 fs, similar to 

bulk water.  One of the fundamental questions that arises from these studies is why there 

is such a difference of behavior at pH=2 on the one hand and pH =6 and 12 on the other.  

Is it is the presence of the electric field, or its penetration into the bulk water, that leads to 

the observation of vibrational dynamics similar to bulk water at pH =6 and 12 [1]?   

 The explanation for faster vibrational dynamics at the negatively charged surface, 

that was given in the previous chapter, is based on the consideration that in this case the 

major contribution to the SFG response comes from water molecules that are ordered and 

polarized by the static electric field near the surface but still experience bulk-like 

solvation,.  If this is the case, then screening the electric field so that it acts over a smaller 

distance should lead to the observation of slower vibrational dynamics characteristic of 

interfacial water because the number of water molecules in bulk-like solvation 
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environments that contribute to the signal can be reduced.  A common method to screen 

the electric field in solution is to add salt.  According to the equation 5 in chapter 6, 

increasing the ionic strength (I) reduces the penetration depth of electric field into the 

aqueous bulk. 

 In the past, the effect of salt on the SFG spectra of water at silica interfaces has 

been investigated [2-5].  Shen et al. studied the effect of NaCl on the SFG spectrum of 

the H2O/quartz interface [2].  At pH=1.5, where the quartz is neutral, the addition of 0.5 

M salt did not affect the SFG spectrum [2].  At pH=5.6, the SFG spectrum of H2O/quartz 

changes in the presence of 0.1 M NaCl solution [2].    At higher pH (12.3), adding NaCl 

induced a decrease in the SFG intensity.  In addition, the spectrum changed in a manner 

that was interpreted as the increasing relative contribution of more ordered water with 

increasing ionic strength, a consequence of the stronger electric field experienced by the 

water molecules in the thinner double layer [2].  Recently, more detailed studies of the 

effect of alkali halides on the SFG spectra of the water/silica interface suggest that the 

SFG intensity starts to decrease at NaCl concentrations as small as 1x10
-4

 M and reaches 

a saturation value in the range of 0.01 to 0.1 M [4, 6].   Again the reduction in the 

intensity of the SFG was attributed to the thinning of the interface due to the shrinking of 

the Debye length [4, 6].    

It is, however, not clear from the decrease in the SFG spectra, by increasing the 

salt, to what extent the surface electric field perturbs the structure and dynamics of water 

next to the silica surface.  In addition, important information is missing regarding the 

depth through which the SFG, as a probe of the interfacial water, is sensitive.  

Specifically speaking, due to the contribution of polarized and ordered water molecules 
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by the surface electric field, it is not very straightforward to rely on the SFG spectroscopy 

as a surface specific technique, because under these conditions the monolayer surface 

specificity of the SFG is perturbed by the electric field.  In the present study we applied 

IR pump-SFG probe to investigate the effect of screening of the electric field on the 

vibrational relaxation of H2O at a silica interface at pH=6 where the silica surface is 

negatively charged.  Our results confirm our hypothesis that the reason for faster 

vibrational dynamics at negatively charged surfaces is due to the penetration of the 

electric field into the bulk water, and consequent sampling of bulk-like water response.   

 

6.2. IR Pump-SFG Probe of H2O(pH~6) /Silica Interface  

as a Function of NaCl Concentration 

 The IR pump-SFG probe  experiments were performed as described in Chapters 3 

and 5.  The IR pump (~3200 cm
-1

) and IR probe (~3200 cm
-1

) were p-polarized, whereas 

the visible and SFG beams were either s- or p-polarized as noted.  Therefore, at each 

NaCl concentration the SFG as a function of delay between IR pump and the pair of IR 

Probe and visible was recorded in both ssp and ppp polarization combinations.  The IR 

pump-SFG probe of vibrational dynamics of O-H stretch at 3200 cm
-1

 at the H2O/silica 

interface at pH=6 for NaCl concentrations including 0, 0.0001, and 0.001 M for ppp and 

ssp are shown in Figure 6-1.  The IR pump-SFG probe for the NaCl concentrations of 

0.005 and 0.0075 M are shown in Figure 6-2.  Similarly, the IR pump-SFG probe for 

NaCl concentrations including 0.01, 0.025, 0.05, 0.075, 0.05, 0.1, 0.233, 0.366 and 0.5 M 

are shown in Figure 6-3.    
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Figure 6-1. IR pump-SFG probe trace of O-H stretching of H2O/silica for νprobe = 

νpump=3200 cm
-1

 at pH=6 with NaCl concentrations of 0, 0.0001, and 0.001 M. The solid 

lines are the single exponential fit (see text). The polarization combination for SFG, 

visible, IR is p,p,p (left) and s,s,p (right) respectively. 
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Figure 6-2. IR pump-SFG probe trace of O-H stretching of H2O/silica for νprobe = 

νpump=3200 cm
-1

 at pH=6 with NaCl concentrations of 0.005, and 0.0075 M. The solid 

lines are the single exponential fit (see text). The polarization combination for SFG, 

visible, IR is p,p,p (left) and s,s,p (right) respectively. 
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Figure 6-3. IR pump-SFG probe trace of O-H stretching of H2O/silica for νprobe = 

νpump=3200 cm
-1

 at pH=6 with NaCl concentrations of 01, 0.025, 0.05, 0.075, 0.1, 0.233, 

0.366 and 0.5 M. The solid lines are the single exponential fit (see text). The polarization 

combination for SFG, visible, IR is p,p,p (left) and s,s,p (right) respectively. 
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 A three level system, and therefore a single time constant, assigned to the 

vibrational lifetime, T1, was used to fit the data.  It is noted that in analyzing the 

dynamics of pure H2O (or D2O) a bi-exponential decay with time constants T1 (assigned 

to vibrational lifetime) and Tth (assigned to thermalization processes) is usually used [1, 

7-9].  We applied both three and four level system to fit the pump-probe data.    The trend 

in T1 as a function of NaCl concentration was the same for both kinetic models, although 

the value of T1 at each NaCl concentration was slightly (within the error bars) different 

for three level and four level systems.  In addition, the value of Tth (four level system), 

which accounts for at most 20% of the dynamics did not significantly change with salt 

concentration, i.e, the Tth varied from ~500-700 fs for the NaCl concentration ranging 

from 0-0.5 M.   However, we did not see any evidence in the data for bi-exponential 

decay (when fitting with deconvolution, i.e, two times constants were identical or very 

close to each other) and a single exponential decay time constant was sufficient to fit the 

dynamics.  To account for the instrumental response function, we convolved the single 

exponential decay time constant with a Gaussian function (with the FWHM of ~190 fs 

determined from the third-order cross-correlation between IR pump-IR probe and visible 

pulses) representing the cross-correlation of the pump-probe pulses. 

 The extracted values of T1 from the fit (which are the average of more than two 

separate measurements) are shown in Figure 6-4.  There are three distinct regions in 

Figure 6-4 in terms of the NaCl concentration dependence of the T1.  At concentrations of 

0-0.001 M, the value of the T1 is apparently constant ( ~200 fs).  There is a transition 

region between 0.001 and 0.01 M.  Finally at concentrations between 0.01-0.5 M, the T1 
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is again apparently constant (~550 fs).  In the next three sections, the interpretation and 

explanation for the concentration dependence of the T1 is given for each region.       
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Figure 6-4.  Vibrational lifetime (T1) extracted from the fit to the IR pump-

SFG probe of O-H stretching of H2O/silica for νprobe = νpump=3200 cm
-1

 at 

pH=6 with different NaCl concentrations.  The T1 for two polarization 

combinations for the SFG, Vis and IR probe are p,p,p (red circles) and s,s,p 

(blue triangles) are shown.  The error bars for the dynamics at ppp 

polarization combination are the standard deviation of at least two 

independent measurements.  The solid dashed line is a linear fit to the data 

for concentrations of 0.01 M and greater.  



 109

 

6.2.1. Vibrational Dynamics in Region 1 (CNaCl = 0.0 – 0.001 M) 

 In the absence of salt, the vibrational lifetime (T1~200 fs) is similar to the T1 of 

bulk water (~200 fs) [7], the T1 reported for the H2O/silica interface at pH=12 (~250 fs) 

[1], and also the previous report for the H2O/silica interface at pH=5.7 (~300 fs) [9].   A 

faster T1 in the present study compared to the previous report [9], is a result of the 

deconvolution of the instrument response function in the present analysis.  In the absence 

of NaCl, the electric field polarizes water molecules over a large distance, in principle as 

long as the Debye length, into the bulk.  The SFG then monitors the dynamics of water 

molecules that are, for the most part, completely solvated [1].    Hence, the observed SFG 

vibrational dynamics reflect bulk-like water dynamics.   

 Increasing the NaCl concentration up to 10
-3

 M does not change T1 significantly, 

i.e., T1 remains approximately 200 fs.  The observation that T1 does not change with 

increasing salt concentration up to 10
-3

 M suggests that the majority of water molecules 

sampled by SFG have bulk-like behavior.  There are approximately 30 layers of water 

molecules within a Debye length of 10 nm (corresponding to the salt concentration of 

~0.001 M) of the silica surface.  Assuming that SFG probes all these water molecules, the 

dynamics are dominated by completely solvated water molecules with bulk-like behavior.  

For Debye lengths greater than 10 nm the dynamics does not change because the SFG 

probes mainly bulk-like water that have the same dynamics.   
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6.2.2. Vibrational Dynamics in Region 2(CNaCl = 0.001– 0.01 M) 

 Above 10
-3

 M NaCl, the vibrational dynamics starts to slow down.  T1 increases 

from ~270 fs at 0.005 M and reaches ~600 fs at 0.01 M NaCl concentration.  In this 

region, we suggest that increasing the salt concentration decreases the contribution of 

completely solvated water molecules to the observed dynamics.  As a consequence, the 

measured vibrational lifetime is longer than in the absence of the NaCl and/or in the low 

NaCl concentration.  In this region, the penetration depth of the electric field and the 

depth profiling of the SFG is approximately on the same order.    

 

6.2.3. Vibrational Dynamics in Region 3(CNaCl = 0.01– 0.5 M) 

 Further increase in NaCl concentration (up to 0.5 M) results in an apparent slight 

decrease in the T1, indicated by a straight doted line fit to the data, but is similar to the 

value of T1 (~570 fs) that was observed at the H2O/silica interface at pH=2 [1].   The 

Debye length at 0.01 M NaCl is 3 nm, i.e., approximately 10 layers of water molecules.  

Compared to 0.001 M, the number of completely solvated water molecules that 

contribute to the SFG signal at 0.01 M has been reduced.  As a result, the dynamics 

samples fewer of the completely solvated bulk-like water, increasing the relative 

contribution of water molecules that are near the silica surface and have longer T1, as in 

the case of H2O/silica interface at pH=2 [1].  

 The reason for the longer T1 at pH=2 was attributed to the incomplete solvation of 

first layer of water molecules near the silica surface which provide the dominant 

contribution to the SFG response [1].  However, at pH=6 the classical Debye length is 

~3.0-0.4 nm (i.e., 10-1 layers of water molecules) in the concentration range of 0.01-0.5 
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M respectively.  The observation of T1 of 600-500 fs for concentrations of 0.01 M and 

greater may then imply that the true depth probed by the SFG is less than predicted by the 

classical Debye length.  It should be noted that apart from screening of the electric field 

to smaller distances, adding salt can also result in the dissociation of intact SiOH groups 

by hydrated cations, creating extra surface charge (Appendix 3 ) [4, 10].  In addition, the 

cations can also form ion pairs with the SiO
-
, effectively neutralizing them and reducing 

the overall charge.  However, although the surface charge can increase, the surface 

potential and its penetration depth both decrease at higher salt concentration which results 

in the sampling of fewer water molecules by SFG (Appendix 3). 

 

6.3. Enhanced Concentration of the Cations at the Silica Surface 

 The difference between the classical Debye length and the depth profiling 

revealed by the SFG response can be explained if one assumes that the surface 

concentration of cations near the silica surface is enhanced (Scheme 6-1).  The hydrated 

cations may retain their solvation shell or specifically adsorb to the silica surface with 

loss of part of their solvation shell.  The excess concentration, compared to bulk, of the 

cations near the silica surface then reduces the penetration distance of the electric field 

into the bulk water because the excess cations screen the surface potential by specifically 

or nonspecifically adsorption in the Helmholtz layer.  At 0.01 M NaCl concentration and 

beyond, the long T1 suggests that the dynamics is therefore dominated by the first few 

layers of water molecules.  It is noted that extensive experimental results from 

spectroscopic techniques such as X-ray photoelectron spectroscopy (XPS) [11], second-

harmonic generation (SHG) [12, 13] and SFG [14, 15] as well as MD simulation [16] 
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have predicted enrichment of halide anions at the air/water interface.  However, the 

negative charge at the silica surface at pH=6 suggests that it is the accumulation of 

cations near the surface that occurs.   

 As mentioned earlier, the accumulation of cations near the silica surface prevents 

the penetration of the surface electric field into the bulk, leading to the observation of 

long vibrational lifetimes even thought the classical Debye length is still several nm.  

Cations can also specifically adsorb onto the silica surface by losing their solvation shell 

[17].  By assuming that the variation of vibrational lifetime as a function of NaCl (Figure 

6-4) is due to the adsorption of Na
+
, we can extract the adsorption energy.  The reason 

why T1 might scale with Na
+
 surface coverage is that the specific adsorption of Na

+
 

would effectively neutralize the surface charge (SiO
-
) providing a mechanism for 

screening of the electric field, essentially rendering the SFG sensitive to only the first one 

or two layers of interfacial H2O.   
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Scheme 6-1.  Cartoon of penetration of the surface electric field, Edc, (classical 

Debye theory) and depth profiling of the SFG, dSFG, for the H2O/silica interface 

at pH=6 for neat H2O (top panel), for the NaCl concentration range of 0.0001-

0.005M (middle panel) and for the NaCl concentration range of 0.01-0.5 M 

(bottom panel).  
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 By assuming a simple Langmuir model for the adsorption of Na
+
, and relating the 

T1 to the surface coverage (equation 1), the adsorption energy of Na
+
 at silica (∆Gad) at 

room temperature was found to be ~22 ± 4 kJ/mol (Figure 6-5).  In equation 1, T1 (C=0) 

is the vibrational lifetime in the absence of the NaCl, C is the bulk concentration of NaCl 

and T1 (Cmax) is the vibrational lifetime at saturation and Keq is the equilibrium constant 

for the adsorption of ions to the surface (Keq=-RT ∆Gad). 
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Figure 6-5.  Variation of the T1 as a function of NaCl concentrations up to 0.366 M.  The 

red line is a fit to the data based on equation 1.  
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 The value of ∆Gad is similar to the value that was recently reported for the H
+
 at the 

water in contact with OTS coated silica surface but smaller than that of Cl
-
 and OH

- 
at the 

same interface 
[18]

.  The value of ∆Gad for the adsorption of Na
+
 is also close to the ∆Gad 

of adsorption of divalent cations to the silica surface at near neutral pH (~30 kJ/mol) [19, 

20].  It should be noted that the Gouy-Chapman model can predict some enhanced 

concentration of salt in the EDL volume (Appendix 3).  The Estimated value of ∆Gad 

(Appendix 3) from the surface concentration as opposed to bulk concentration is ~18 

kJ/mol which is slightly smaller than the value obtained assuming the bulk concentration 

(22kJ/mol).  The smaller value of ∆Gad compared to adsorption of common cations to the 

silica suggests that there should be more enhancement in the concentration of cations at 

EDL than that is predicted by the Gouy-Chapman model.  This enhancement is not 

predicted by the Gouy-Chapman model but we propose it as a plausible mechanism for 

further screening of the surface potential.   

 

6.4. Comparison of the Vibrational Dynamics of Interfacial  

and Bulk Water in the Presence of Salt 

 Although the average value of T1 at concentrations greater than 0.01 M is 

approximately ~550 fs, we observed shorter T1 (~400 fs) at 0.5 M, where the Debye 

length is ~0.4 nm (1-2 layers of water molecules).  The decrease in T1 at high salt 

concentration observed here is in contrast to the increase in T1 observed in the dynamics 

of bulk water by adding salt.  The surface electric field at the silica surface at pH~6 can 

be determined by the gradient of surface potential at EDL thickness (Appendix 3). 

Compared to 0.01 M, interfacial water molecules at 0.5 M experience an order of 
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magnitude greater electric field, which results in more ordered structure [2] and can 

partially explain the shorter vibrational lifetime [22, 23].  However, measurements of 

higher precision, and greater electric fields, would be needed to conclude definitively as 

to the effect of the electric field.  It is noted that the dependence of the vibrational 

lifetime on the surface potential (surface charge) has been observed for CN
-
 at electrode 

surfaces, where up to a factor of two change in lifetime was reported for surface 

potentials that were an order of magnitude greater than at the silica/water interface 

system investigated here [24].   

 In the bulk vibrational dynamics of HDO, fast and slow components were 

observed for the vibrational dynamics of HDO:D2O or HDO:H2O  in aqueous salt 

solution [25-28].  It should be noted that in the vibrational dynamics of HDO:D2O in the 

absence of salt only one time constant was observed.  While the time constant of the fast 

component is similar to the T1 of the HDO in neat water,  the time constant of the slow 

component was 3-4 times longer (compared to neat water) in the salt concentration 

ranging from 0.5-10.0 M [26-28].  The slow component, which accounts for 

approximately 10% of the total dynamics, was attributed to the perturbation (weakening) 

of the hydrogen bond network by the anions with negligible effect from cations [26-28].   

 The concentration of salt in the experiments explored here is considerably smaller 

(especially in the range CNaCl<0.005 M) than those used in the bulk water.  Thus, the 

weakening of the hydrogen bond by anions should have negligible contribution to the 

dynamics.  Besides, rapid resonant vibrational energy transfer between the H2O 

molecules in the current experiment (in contrast to the bulk dynamics where 

HDO:D2O(or H2O) was used [25-28])  would smear out any salt effect.   
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 At higher concentration (CNaCl>0.01 M), because of the limited depth profiling of 

the SFG, the majority of the dynamics probed by SFG should reflect contributions from 

solvated cations (rather than anions that were considered responsible for the bulk effects) 

accumulated at the negative silica surface.  The cations are known to induce some 

polarization of the hydrogen bond [26], making the hydrogen bond stronger.  A faster 

vibrational lifetime at the high salt concentration can then be interpreted as a result of 

contribution of water molecules that are part of a stronger hydrogen bond network.  The 

contribution of such water molecules that are bounded to the cations increases by 

increasing the salt concentration from 0.01 to 0.5 M which in turn leads to the faster T1.  

 

6.5. Effect of Orientational Dynamics on the Observed Vibrational Lifetime 

 The recovery of the SFG signal as a function of time delay between IR pump and 

the pair of IR probe-Visible in the IR pump-SFG probe can reflect contributions from 

both the vibrational relaxation and the orientational dynamics.  In the bulk, polarization 

anisotropy is used to separate these two contributions.  However, because of the 

symmetry at the interface, a different scheme should be applied in order to get insight 

into the surface orientational dynamics as has been recently suggested [29].  In a first 

approximation, the different polarization combinations sample different orientational 

distributions of the water molecules which could show different orientational dynamics, 

e.g. for in-plane and out of plane motions [30].   Within the error bars the T1 at different 

salt concentrations are almost the same for PPP and SSP polarization combinations 

(Figure 4).  Although the comparison of the T1 at PPP and SSP does not give any 

quantitative measure of the orientational dynamics, it qualitatively suggests that the 



 118

orientational dynamics is not significant on the time scale of explored here.  This is 

reasonable as the bulk water orientational timescale is >3 ps [25, 31].  Thus unless a 

considerable acceleration in the interfacial dynamics occurred we would not expect to see 

an orientational relaxation contribution to the observed dynamics.  It should be noted that 

the orientational dynamics of water at micellar interfaces was observed to be even longer 

than in the bulk [32].   

 

6.6. Conclusion 

 The results presented here suggest that the primary reason for the similarity 

between the dynamics of interfacial water at the charged surface and that of bulk water is 

the dominant contribution of the completely solvated water molecules to the SFG 

response due to the penetration of the electric field into bulk water.  By decreasing the 

number of completely solvated water molecules sampled by SFG, the true vibrational 

relaxation rate specific to the interface can be obtained.  This can be done either by 

limiting the penetration of the electric field to the first few layers of water next to the 

charged surface (by adding salt) or removing the surface electric field (when the silica 

surface is neutral).  The fact that the dynamics at the neutral silica surface and at the 

charged silica surface in the presence of salt concentrations greater than 10
-2

 M are the 

same supports the hypothesis that it is the interface rather than its chemical composition 

that leads to the longer vibrational lifetime of interfacial water compared to the bulk [32].   
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CHAPTER 7 

7. MECHANISM of VIBRATIONAL RELAXATION of INTERFACIAL WATER:  

VIBRATIONAL DYNAMICS at the HDO/SILICA INTERFACE 

7.1. Introduction 

 Predicting and engineering chemical and biological processes requires a deep 

understanding of the pathways and mechanisms of vibrational energy flow within the 

system.  A vital step in chemical reactions is the accumulation of internal energy in the 

reactant molecules which can lead, for example, to the breaking of old bonds and the 

formation of new bonds.  The study of chemical reactions is therefore inevitably 

connected with vibrational energy relaxation processes [1, 2].  In mode selective 

chemistry, where one would like to break a specific bond, it is important to know how 

fast and to which modes the excess energy of an initially excited state redistributes [3].  

For molecules in the gas phase the study, and therefore the control, of energy relaxation 

is less complicated; there is essentially no intermolecular relaxation.  In the condensed 

phase, however, where a larger number of modes compete to accept the excess energy, it 

is more critical to know the mechanisms of relaxation processes [1, 3].   

 In the previous chapters, the vibrational dynamics was measured for pure H2O.  

The coupling of vibrational modes in H2O implies that the O-H stretching vibration is not 

localized on a single O-H bond, or even a single molecule, resulting in rapid spectral 

diffusion and fast intermolecular energy transfer [4-6].  In order to decouple O-H groups 

within an individual water molecule, on the one hand, and between surrounding water 

molecules, on the other, steady state and ultrafast spectroscopy of bulk water has focused 

on the O-H (O-D) stretching vibration of dilute HDO in D2O (H2O) [7-9].  While steady 
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state SFG spectroscopy has been used to investigate such systems, there have been no 

investigations of the dynamics of interfacial water stretching vibration of isotopically 

dilute HDO [10-12].  The rate of inter and intramolecular energy transfer from excited 

OH modes of dilute HDO in D2O decreases compared to pure H2O since the frequency of 

the O-D stretching mode is far below that of the O-H mode.  Furthermore, decoupling the 

O-H and O-D oscillators within a single HDO species reduces intramolecular energy 

transfer so that information on the intrinsic lifetime of the decoupled O-H vibration can 

be obtained.  Thus by investigating HOD rather than H2O, we simplify the dynamics. 

 In the present study, using steady state and time resolved SFG, we probe the 

vibrational dynamics of the O-H stretching mode in the hydrogen bonded region at the 

HDO:D2O/silica interface at low and high bulk pH.  The decoupling of OH (OD) of HDO 

helps to observe the frequency dependent vibrational dynamics.  The frequency 

dependent vibrational dynamics is then correlated with the molecular dynamics 

simulations and theoretical studies on the vibrational dynamics to get insight into the 

mechanism of the vibrational energy relaxation and the intermediate states for the transfer 

of energy from the excited state, the OH stretching mode.  In addition, SFG spectroscopy 

of the HDO/silica interface at different pH, can help explain the observation of fast and 

slow vibrational lifetimes at charged and neutral surfaces, respectively.   

 

7.2. IR Pump-SFG Probe of the OH Stretching of HDO/Silica Interface 

 The ratio of H2O:HDO:D2O in the experiment reported here was 1:11:32.  HOD 

was sufficiently dilute to reduce the intermolecular energy transfer rate and yet provide 

sufficient signal be able to investigate the interfacial vibrational spectroscopy and 



 124

dynamics.  The order of magnitude higher concentration of HDO compared to H2O, and 

the fact that the SFG signal is proportional to the square of the molecular density, ensures 

that the SFG signal in the O-H stretching region predominantly comes from the HDO 

species and that the contribution of H2O is negligible.  With this understanding, we write 

HDO/silica interface, instead of H2O:HDO:D2O/silica interface, throughout.    The results 

of IR pump-SFG probe of O-H stretching vibrational dynamics at the HDO/silica 

interface at pH=12 and pH=2 with pumping at three different frequencies centered at 

3200, 3300 and 3450 cm
-1

 are shown in Figures 7-1 and 7-2.  

 In both the 3200 and 3450 cm
-1

 regions, the SFG signal does not recover to its 

initial value in the timescales explored in these experiments.  This offset is attributed to 

the temperature jump resulting from the dissipation of excess energy to the hydrogen 

bond network and has been observed in previous surface and bulk studies of vibrational 

dynamics of water [6, 13].  The instantaneous temperature jump, which is estimated to be 

less than 5 K (neglecting heat diffusion out of the excited volume on the picosecond 

timescale) in our set up, leads to a weakening of the hydrogen bond network and 

therefore a decrease/increase in the relative density of water molecules with strong/weak 

hydrogen bonds.  Since the number of water molecules with a stronger hydrogen bond 

network is higher at 3200 than at 3450 cm
-1

, the SFG signal at long time delays (2-6 ps) 

is lower/higher than its initial values at 3200/3450 cm
-1

 region, respectively.  At 3300 cm
-

1
, because the excitation (and probe) wavelengths are in between the region with 

more/less hydrogen bond network, the offset is not significant.   
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Figure 7-1.  IR pump-SFG probe vibrational dynamics of the O-H stretch at the 

HDO/silica interface at pH=12 with different pump (and probe) frequencies. The solid 

line is the single exponential fit consistent with a three-level system.  The third-order 

cross-correlation between IR pump, IR probe and visible is shown by the dashed line.  

The polarization of IR pump is p and  that of SFG, visible and IR probe are p,p,p.  
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Figure 7-2.  IR pump-SFG probe vibrational dynamics of the O-H stretch at the 

HDO/silica interface at pH=2 with different pump (and probe) frequencies. The solid line 

is the single exponential fit consistent with a three-level system.  The third-order cross-

correlation between IR pump, IR probe and visible is shown by the dashed line. The 

polarization of IR pump is p and  that of SFG, visible and IR probe are p,p,p. 
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7.3. Data Analysis 

 A three level system (Figure 7-3) and therefore a single time constant describing 

the vibrational lifetime (T1), is sufficient to capture the dynamics.  A similar analysis was 

used to describe the intramolecular relaxation of bulk dilute HOD in D2O [14] and of 

membrane bound H2O [13].  The intermediate state in Figure 7-3 can be the overtone of 

the bending and/or the combination of the hydrogen bond stretch and other low frequency 

modes such as libration modes.  The values of T1, that are the average of more than three 

independent measurements, are given in table 1.  The errors bars are estimated from the 

average of more than two data sets from independent experiments.   

 There are two interesting observations from the variation of T1 with pH and the 

excitation IR frequencies.  The first observation is that, in contrast to H2O/silica interface, 

the T1 is frequency dependent, i.e., faster for excitation at 3200 cm
-1

 than 3450 cm
-1

.  The 

second observation is that, similar to H2O/silica interface, the T1 is longer at pH=2 

compared to pH=12.  In what follows a detailed explanation for these observations is 

given. 

 

 

Figure 7-3.  Three level system for describing the vibrational dynamics of the 

HDO/silica interface.  After excitation by the IR pump (red arrow), the energy is 

transferred from the excited state (υ=1) to an intermediate state (υ=0*) with the time 

constant of T1, the so called vibrational lifetime.  
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 IR= 3200 cm
-1

 IR= 3300 cm
-1

 IR= 3450 cm
-1

 

pH=12 200 ± ± ± ± 50 fs 540 ± ± ± ± 50 fs 750 ± ± ± ± 100 fs 

pH=2 420 ± ± ± ± 50 fs 1020 ± ± ± ± 50 fs 1200 ± ± ± ± 60 fs 

 

Table 7-1.  Vibrational lifetime (T1) of O-H stretch at the HDO/silica interface at pH=2 

and pH=12 with IR excitation at 3200, 3300 and 3450 cm
-1

.   The values of T1 are the 

average of more than three independent measurements. The errors bars are estimated 

from the standard deviation of more than two data sets from independent experiments.    

 

 

7.4. Frequency Dependent Vibrational Lifetime, T1 

 The O-H vibrational dynamics of the HDO/silica interface show remarkable 

frequency dependence.  Frequency dependent vibrational lifetimes were also observed for 

0.5% bulk solution of HOD in D2O [15].  The T1 decreased from 1 ps at ~3600 cm
-1

 to 

<0.5 ps at 3270 cm
-1

 and was explained by intramolecular energy transfer between the 

excited state O-H and the overtone of the bending mode of HDO (~2900 cm
-1

) [15].  

Recent molecular dynamics simulations also predict the frequency dependence of bulk 

vibrational lifetimes based on energy-gap-law considerations [16], where the determining 

factor for the rate of vibrational relaxation is the energy gap between the excited state and 

the intermediate state energy levels.  The smaller the energy gap between these two states, 

the shorter the vibrational lifetime will be.  The intermediate state can be the hydrogen 

bond stretch or the overtone of the bending mode.  We consider both possibilities.   

 If the hydrogen bond stretch (O-H...O) is the accepting mode, the theoretical 

model of Hynes et al. predicts that the dependence of the vibrational lifetime (T1) on the 

strength of the hydrogen bond is proportional to (δω)
-1.8

, where δω=ω(free OH) – 
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ω(hydrogen bonded OH) [17].  The variation of the vibrational lifetime as a function of 

the IR excitation frequency for both pH=12 and pH=2 is plotted in Figure 7-4.  It is clear 

that the experimental vibrational lifetime at both pH values is well described by the 

theoretical model (dotted line).  At 3300 cm
-1

, however, there is a deviation of the 

experimental value of T1 from the predicted theory.  This deviation can be accounted for 

by noting that, due to 170 cm
-1

 bandwidth of the IR pulse, when exciting at 3300 cm
-1

 

there is a contribution from the blue (>3300 cm
-1

) and red (<3300 cm
-1

) side which 

causes the T1 to have larger value than the theoretical model predicts.  If, on the other 

hand, the overtone of the bending mode is considered as the intermediate accepting mode, 

the energy gap difference between the excited state O-H stretch and the first overtone of 

the HDO bend ( 2900 cm
-1

) is smaller when pumping at lower frequency (3200 cm
-1

) 

than higher frequency (3450 cm
-1

).  The smaller energy gap between the two states then 

facilitates energy relaxation, consistent with the faster relaxation at 3200 cm
-1

 compared 

to 3450 cm
-1

.  

 Predicting the exact channel for vibrational energy transfer is not straightforward 

as illustrated in the case of the bulk dynamics studies of HDO:D2O.  Kropman et al [6] 

suggested the hydrogen bond stretch modes as the main accepting mode, with smaller 

contributions from the bending mode.  On the other hand Deak et al [5] proposed the 

bending mode of HDO as the dominant channel for the energy relaxation of the excited 

O-H stretch, although some of the energy can relax via hydrogen bond modes.  Yet 

another view is provided by the experimental study of  HDO:D2O by Gale et al [15] and 

the theoretical models by Skinner group [16] that have suggested the overtone of the 

bending mode as the important channel for the vibrational energy transfer of the excited 
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state O-H.  We show that the observed dynamics can be explained by both the Hynes 

model [17] (with the hydrogen bond stretch as the main channel for accepting the 

vibrational energy) and the energy gap law (with the overtone of the bending as the main 

channel for accepting the vibrational energy).  As the dynamics is consistent with both 

models, we can not distinguish whether the hydrogen bond stretch or the overtone of the 

bending is the main accepting mode, or even if both play a significant role. 
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Figure 7-4.  Frequency dependent vibrational lifetime (T1) of the O-H stretch at the 

HDO/silica interface at pH=2 (red triangle) and pH=12 (blue square).   The dashed lines 

are the theoretical model which describes the frequency dependence of T1.  The error bars 

are estimated from the average of more than two data sets from independent experiments. 
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7.5. Effect of Surface Charge on the Vibrational Lifetime, T1 

 Comparing the vibrational lifetime at different pH, it is apparent that the 

vibrational lifetime at a given IR frequency is faster at pH=12 than at pH=2.  In order to 

explain the dynamics, the VSFG spectra of the HDO/silica interface at different pH, and 

constant ionic strength, were measured (Figure 7-5).  Similar to the VSFG of the 

H2O/silica interface[18], the VSFG intensity increases with increasing bulk pH.  

However, in contrast to VSFG of the H2O/silica interface where two peaks were observed 

[18], a single peak is observed in the VSFG of the HDO/silica interface (Figure 7-5).  

Furthermore, unlike the H2O/silica interface, where the peak positions remained 

unchanged with changing pH, increasing the pH results in the redshift of the peak in the 

VSFG of the HDO/silica interface. The increase in the intensity and the redshift of the 

peak in the VSFG spectra suggest an increasingly ordered structure of interfacial water 

with a more developed and stronger hydrogen bond network that is induced by the 

electric field resulting from the surface charge at high pH.  

 Given the small VSFG intensity at pH=2 compared to pH=12 one may argue that 

the pump-probe response at pH=2 could be due to the non-resonant response.  We 

repeated the VSFG spectra at pH=2 and pH=4 more than two times and in all cases we 

observed very small VSFG signals at pH=2 and pH=4 compared to higher pHs.  We also 

acquired the VSFG spectra of H2O/silica at different pH (Figure 2 in chapter 5), at 

constant ionic strength.  The overall features of the spectra (increase in the VSFG 

intensity as pH increases, appearance of two peaks at ~3200 and 3400 cm
-1

 with no peak 

shift with change in pH) were similar to the previous reported VSFG of the H2O/silica 

interface [19-22].  However, even in the case of H2O/silica, the VSFG at pH=2 was very 



 132

small compared to higher pH.  In the pump-probe traces, the magnitude of the SFG signal 

before excitation (at negative time delay where the pump arrives at the sample after the 

probe) is a factor of ~4 smaller at pH=2 compared to pH=12.  To test the possibility of a 

non-resonant contribution in the time-resolved experiment, the IR pump- SFG probe 

response of the silica/D2O system was measured at 3200 cm
-1

 and there was no observed 

bleach at pH=2 or 12.  
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Figure 7-5. VSFG spectra of the HDO/silica interface at different pH, and constant ionic 

strength. (The ratio of H2O:HDO:D2O is 1:11:32) 
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 The static electric field, due to the surface charges generated at the silica interface 

at high pH, penetrates into the bulk water and extends the anisotropic interfacial regions 

into the initially centrosymmetric bulk liquid phase which results in a contribution of the 

third-order nonlinear susceptibility (χ(3)
) to the SFG, in addition to the second-order term 

(χ(2)
) [23].  As a result, the number of water molecules contributing to the VSFG 

increases, enhancing the intensity of the VSFG.   The electric field (EDC) orients some of 

the water via the molecular dipole moment (µ), basically those species for which µ.EDC > 

kT, resulting in a more ordering environment for the near interface species.  This is 

reflected in the redshift of the VSFG peak as the pH, and interfacial electric field, 

increases.  The redshift in the vibrational spectrum of water is associated with increased 

H bonding [24].  The contribution of these ordered water molecules to the faster 

dynamics at pH=12 can be justified by the theoretical model of Hynes described above.  

According to the Hynes model, the further the frequency of O-H of hydrogen bonded 

water molecules is from the free OH, the shorter the vibrational lifetime [17]  The VSFG 

spectra of the HDO/silica interface at different pH (Fig. 4) show a substantial redshift of 

frequency of O-H with increasing pH.  This redshift can partially explain the faster 

dynamics at high pH as T1∝ (δω)
-1.8

.   

 In addition to the ordering effect, due to the penetration of electric field into the 

bulk water, the SFG probes water molecules that may in principle be as far as the Debye 

length from the interface, resulting in dynamics that is similar to bulk water.  The 

contribution of these polarized water (which are not necessarily ordered) to the faster 

dynamics at pH=12 can be explained by the hypothesis that these polarized water 

molecules are completely solvated.   In contrast, when the surface charge is zero, SFG 
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principally probes water molecules in the first layer at the interface.  These molecules 

have lost part of their solvation shell, leading to a decrease in the number of 

intermolecular accepting modes for the vibrational energy transfer.  The consequence is 

less efficient inter and intra molecular coupling and ultimately an increase in the 

vibrational lifetime.  It is noted that although the major step in the vibrational relaxation, 

from the excited state to the intermediate state, proceeds via intramolecular energy 

transfer, intermolecular modes are vital to make up the energy gap between the accepting 

mode and the excited state O-H.   

 

7.6. Comparison with the Vibrational Dynamics of Bulk Water 

 Another interesting observation is that although at high pH SFG probes the 

dynamics of bulk-like water, the value of T1 is shorter for interfacial HOD at pH=12 than 

for bulk HDO (>700 fs at IR=3400 cm
-1

).  The shorter T1 of the interfacial HDO at high 

pH is most likely the result of the increased ordering/hydrogen bonding of interfacial 

water at the charged surface, as revealed by the SFG spectra (Figure 7-5).  It is known 

from the temperature dependence dynamics of bulk HDO that the dynamics of more 

ordered HDO ice is faster than disordered HDO liquid[25].  Observing the effect of 

ordering on the vibrational dynamics of interfacial water at high pH would not be 

possible in pure H2O because of rapid resonant energy transfer, which is significantly 

reduced in diluted HDO.  It is noted that according to bulk dynamics studies of HDO in 

D2O, at a concentration of HDO (~10 M) similar to the present measurements, there still 

remains some contribution of intermolecular energy transfer to the dynamics [4, 5].  

However, compared to bulk water, the intermolecular energy transfer is expected to be 
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less efficient at the interface as water molecules have a lower density of neighbors to 

transfer energy to.  Nevertheless, even with some contribution of intermolecular energy 

transfer, the overall picture remains the same; the slower rate of intermolecular energy 

transfer in HDO compared to H2O helps to resolve the spectral diffusion in the dynamics 

of HDO:D2O at the silica interface.  

 

7.7. Comparison with the Vibrational Dynamics of H2O/Silica 

 The vibrational lifetimes observed here (Figure 7-4) are significantly longer than 

those reported previously for pure H2O at the water/silica interface at pH=5.7 (~300 fs) 

[26], for the H2O/silica at pH=2 (570 fs) and pH=12 (255 fs)[27], the air/water interface 

(~100 fs) [28] and the membrane-water interface (100-570 fs) [13].  The behavior of 

dilute HDO at the silica/water interface is similar to the vibrational dynamics of dilute 

bulk HDO where the vibrational lifetime of the O-H stretching of HDO:D2O (740 fs) was 

more than three times slower than that of O-H of pure H2O (~200 fs) [6, 14].  We 

attribute the increase of the vibrational lifetime of O-H of HDO, compared to O-H of 

H2O, to the energy-gap-law argument.  For H2O, the overtone of the bending mode is 

centered at ~3280 cm
-1

.  The energy gap difference between the first excited state O-H 

stretch and the first overtone of the bending mode is ~± 100 cm
-1

 for pumping at either 

3200 cm
-1

 or 3400 cm
-1

, i.e. the difference between these excitation wavenumbers and the 

overtone of the bending mode is the same for H2O.  Hence, no frequency dependent 

vibrational lifetime was observed for the H2O/silica interface [26, 27] or the H2O/air 

interface [28].  In other word, the spectral diffusion in the case of H2O occurs in time 

scale faster than the vibrational lifetime so that it is not possible to resolve the frequency 



 136

dependent dynamics.  For HDO, however, the overtone of the bending mode is ~ 2900 

cm
-1

.  The energy gap between the O-H stretch and the bending overtone is then ~300 - 

500 cm
-1

 (depending on whether pumping occurs at 3200 or 3450 cm
-1

).  The larger 

energy gap in the case of HDO can partially explain the longer vibrational lifetime.  It is 

noted that in the dynamics of bulk water the frequency dependent T1  was found to be the 

result of the contribution of the hydrogen bond breaking to the observed vibrational 

excited state dynamics [29].  By decomposing the transient vibrational spectra of the 

HDO:D2O system into two components one associated with the vibrational excited state 

lifetime and the other with the effect of hydrogen bond breaking on the vibrational 

excited state, a frequency independent vibrational lifetime of the O-D stretch was 

observed [29].  Although hydrogen bond breaking may contribute to the frequency 

dependent T1 observed here, more experimental and theoretical studies would be required 

to make a definitive statement.  

 

7.8. Conclusion 

 It is apparent that a wealth of information on the details of the local environment 

of the hydrogen bond network of interfacial water can be obtained by studying dilute 

solutions of HDO in D2O.   Frequency dependent dynamics, and the change in the O-H 

frequency with changing pH, suggest that the O-H stretching of HDO is an excellent 

probe of the local hydrogen bond environment.  Such information is hidden in the 

spectroscopy and dynamics of pure H2O due to the intermolecular coupling between the 

O-H of individual H2O and intramolecular coupling with its neighbors, as well as 

inhomegenous brooadening.    
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 The dynamics observed here is in stark contrast with the previous studies of the 

interfacial vibrational dynamics of water which concluded that the vibrational dynamics 

of bulk and interfacial water are similar.  It is now clear that the structural differences 

between the surface and the bulk result in noticeably different vibrational dynamics.  Our 

results shed light on, and open a new window for, the characterization of interfacial water 

especially when an external field modifies the interfacial structure.  
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OUT LOOK and FUTURE DIRECTIONS 
 

 The results presented here show that SFG spectroscopy is a versatile technique to 

measure the ultrafast vibrational dynamics at the interface.  However, one has to be 

cautious on relying on the often claimed surface specificity of SFG, especially at charged 

interfaces.  This work illustrates this via the significant difference observed in the 

vibrational dynamics of water at neutral and charged interface and gives insight into the 

fundamental difference between the ultrafast vibrational dynamics of bulk and interfacial 

water.  Furthermore, it was concluded that the depth profiling of the SFG depends on the 

penetration depth of the static electric field at charged solid/liauid interfaces.   

 It was hypothesized that the penetration of the electric field from the charged 

interface results in the sampling of water molecules that are far from the interface, 

leading to the observation of the dynamics that is similar to the bulk.  However, at the 

neutral surface, the SFG most likely probes the dynamics of water in the first layer next 

to the interface with incomplete solvation shell.   This hypothesis was tested by changing 

the screening length of the electric field via adding salt.  At the charged surface, where 

the electric field penetrates over several nm into the bulk water, the vibrational dynamics 

is fast.  However, by adding salt the penetration of the electric field is reduced to a few 

layers of water next to the surface which leads to the observation of slow vibrational 

dynamics. 

 In this study, however, effect of only one salt (NaCl) and at a single pH (6) was 

examined.  It would be interesting to observe the effect of different cations (Li, K, Rb and 

Cs) as well as different anions (F, Br and I) on screening of the surface charge and 

therefore the ultrafast vibrational dynamics.  The differences in their polarizability and 
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radius affects the size and structure of the hydration shell, which in turn is expected to 

affect the electrostatic interaction of cations with the surface, the screening of the surface 

potential, the depth profiling of the SFG and ultimately the ultrafast vibrational dynamics 

of water that is probed by SFG.  In addition, effect of di and trivalanent cations which 

have higher polarizability than monovalent cations can be examined.  Compared to 

monovalent cations, divalent cations have greater charge.  The surface charge is then 

expected to screened differently, leads to the observation of different dynamics.   

There is interest in the mineral water community as to what extent the surface 

charge density increases with changes in the bulk pH and ionic strength [1-4]. The 

ultrafast time resolved SFG of the hydrogen bond O-H stretching region of water can be 

extended to higher pH in order to observe the effect of screening of the electric field at 

those pH by altering the ionic strength of the solution.  Titration experiments suggest that 

at higher pH the surface charge density increases [5].  Furthermore, at a given pH the 

increase in ionic strength increases the surface charge.  The concentration of the salt 

solution that is required to change the dynamics at high pH is expected to be different 

than at pH~6.  The dependence of the vibrational dynamics on the concentration and the 

type of cations/anions in the salt solution (as was explained earlier) is expected to give 

insight into the surface potential, its penetration depth at higher pH and the structure and 

properties of the interfacial aqueous environment .   

 The study of ultrafast vibrational dynamics of water at the charged interface can 

be extended to other mineral surfaces such as alumina.  The pH of point of zero charge 

for the alumina is ~8 which provide a great opportunity to probe the vibrational dynamics 

at both negatively and positively charged interfaces.  
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 In this study the ultrafast vibrational dynamics was examined only in the 

hydrogen bond stretching region of water at the silica interface.  As was illustrated in this 

work, by self assembly of siloxane molecules on silica, one can study the interaction of 

water with hydrophobic interface whose most characteristic signature is the non-

hydrogen bonded (free) OH.  This system presents an opportunity to probe the ultrafast 

vibrational dynamics in the free OH region of water.  In extending such investigation, it 

would be interesting to probe the effect of electric field and ionic strength of the solution 

on the vibrational dynamics of free OH at neutral and negatively charged surface.  

Because free OH species are exclusively present at the interface and not the bulk, in 

contrast to hydrogen bonded region, the IR pulse excites only the free OH species.  In this 

case, the depth profiling of the SFG will not be an issue and it will be possible to 

investigate the direct effect of surface charge on the vibrational dynamics.    

 SFG spectroscopy is a novel surface spectroscopic technique. However, in this 

study we only measured the intensity of the SFG.  In this case, the phase information 

between different vibrational modes and also between the resonant and the non resonant 

term is lost [6]. To resolve both the amplitude and the phase information, a heterodyne 

detected SFG or phase sensitive SFG, which has been already applied in a few research 

groups, is desirable.  Heterodyne detected SFG will not only provide phase information 

but also boost the signal intensity.  This is particularly important in cases where the SFG 

intensity is very small.   

 With heterodyne detected SFG, it is then possible to extend the IR pump-SFG 

probe technique to two dimensional SFG.  The idea is similar to the two dimensional 

spectroscopy developed in the bulk.  To acquire two dimensional SFG, the IR pump 
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passes through a pulse shaper to generate to IR pulses with controlled phase and time 

delay.  The IR probe pulse then generate an echo signal which then can be upconverted to 

the SFG by the visible pulse.  With two dimensional SFG, one can get the information 

about the spectral diffusion and the frequency-frequency correlation between the 

hydrogen bond stretching OH and the free OH.   
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APPENDIX A 

Formation of Alkylsilane SAMs on Silica 

 Different alkylsilanes have been used to make self-assembled molecular 

monolayers on silica surfaces.  The most common alkylsilane for the formation of self-

assembled monolayers (SAMs) on silica is octadecyltrichlorosilane (OTS) [1].  The 

formation of a well ordered OTS SAMs demands a delicate control over laboratory 

conditions, such as ambient humidity, and reaction conditions including the solvent, 

water content, concentration of the OTS solution, immersion time and the final rinsing 

method [2-5].  In this work, two procedures were employed for the formation of OTS 

SAMs [6, 7].  In the first procedure, in order to silanize the glassware, a 0.1% (volume) 

of OTS in a mixture of hexadecane  and chloroform with the ratio of 3:1 was prepared at 

room temperature and left for 30 minutes in glassware, that was first cleaned in piranha 

solution then rinsed with DI water and dried by a stream of clean nitrogen gas.  The 

beaker then was rinsed with chloroform and was dried with a stream of clean nitrogen gas.  

The clean and dried silica substrate was placed in a new aliquout of the same solution 

(0.1% of OTS in hexadecane: chloroform, 3:1) in the silanized glassware for 30 minutes.  

The silica substrate was then removed and was rinsed with chloroform at least three times.  

The substrate was then dried by a stream of clean nitrogen gas.  In the second procedure, 

all conditions were the same as the procedure above, except that the solvent was a 

mixture of hexadecane (80%): carbon tetrachloride (12%): chloroform (8%) and the final 

rinsing was done by carbon tetrachloride.   

 The second procedure (where the solvent was the mixture of hexadecane (80%): 

carbon tetrachloride (12%): chloroform (8%) ) gave slightly better contact angle (~110
o
) 
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compared to the first procedure (~105
 o

), where the solvent was the mixture of 

hexadecane (75%) and chloroform (25%).  It should be noted that because we did not 

control the humidity of the reaction bath, the SAMs prepared in winter had higher contact 

angle and also the SFG spectrum showed smaller methylene peaks suggesting a more all 

trans conformation of the SAMs.  In summer, because of the higher humidity, the OTS 

molecules in the solution could polymerize which limits their reactivity with the silica 

surface leading to less uniform SAMs.  
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APPENDIX B 

Maximum Surface Potential at a Negatively Charged Silica Surface 

 The maximum number of Si-OH groups on various types of silica has been 

estimated to be ~4-5 Si-OH groups /nm
2
 [8, 9].  Assuming deprotonation of all Si-OH 

groups at high pH, the maximum surface charge density, σmax, is:  
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As discussed in chapter 5 (equation 4), the maximum surface potential, φ, at ionic 

strength of 0.01 M (corresponding to the concentration of counter ions at pH=12) can be 

estimated from the Gouy-Chapman model (the equations are discussed in further detail in 

chapter 5) as [10]: 
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 The drop of surface potential as a function of distance from the surface can be 

calculated by solving the Poisson-Boltzmann equation as: 
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where κ  is the inverse of Debye length (equation 5, chapter 5).  The Debye length at 

0.01 M is ~3 nm.  At 3 nm the ф(x) is -0.093 V.   The surface electric field within the 

Debye length is estimated to be: 
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APPENDIX C 

Effect of Cations on Surface Charge Development at Silica Surface 

 The surface charge density of silica is mainly governed by the acid-base equilibria 

of the silanol groups (Si-OH) as: 

+− +≡⇔≡ HSiOSiOH         (C-1) 

In salt solutions, the cations in the solution (especially at high ionic strength) will be 

involved in the establishing the interfacial charge by adsorption (specifically or 

nonspecifically) at the Helmholtz layer as:   

+−+− −≡⇔+≡ NaSiONaSiO        (C-2) 

 The immediate conclusion of C-2 is that the cations reduce the surface charge 

density and the associated electric field at silica interfaces.  However, the net action of 

electrostatic interaction of cations can be expressed by combing the two equilibriums as: 

++−+ +−≡⇔+≡ HNaSiONaSiOH       (C-3) 

 The equilibrium described by A3-3 shows that cations can promote the 

dissociation of surface silanols and thus increase the net effective surface charge, because 

SiO
-
-Na

+
 is a weakly bound complex ion pair [11].  The surface charge density of 

amorphous silica at various ionic strengths and pH has been experimentally measured and 

theoretically predicted [11, 12].  It was shown that at a given pH, an increase in the ionic 

strength (increasing the salt concentration) will indeed increase the surface charge. 

 With the experimental values of the surface charge density of silica at pH~6, the 

penetration of the surface potential (equation B-3) is estimated at different ionic strengths, 

at a temperature of 298 K and assuming that  the dielectric constant of water has its bulk 

value (78) (Figure C-1).  For the purposes of simplicity we can assume that the surface 
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charge is completely screened by the accumulation of counter ions in the electrical 

double layer (EDL).  (Of course this is not formally correct, but allows us to make a 

reasonable zero order approximation.).   

 

 

 

 

 

 

 

 

 

 

Figure C-1. Calculated surface potential (φ) as a function of distance (x) from a silica 

surface at pH~6.  The decay of the surface potential is based on the Gouy-Chapman 

model and the surface charge density at different ionic strength was taken from the 

experimental data (Table C-1) [11, 12].   
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 The EDL thickness is determined by the plane where the potential has dropped to 

1/e of its surface value (φ0), the excess concentration of salt (Cs) in the EDL volume can 

be estimated as σ0/dEDL, where dEDL is the distance over which the φ0 reaches φ0/e (Table 

C-1).  It is apparent that although the surface charge density increases by increasing the 

ionic strength, the surface potential decreases.  This can be understood by looking at 

equation B-2 which suggests the value of surface potential is the result of counterbalance 

between the surface charge density and the ionic strength.  The physical interpretation 

behind the fact that surface potential decreases with increasing the ionic strength is that at 

higher ionic strength, the work that needs to be done to bring the charge from infinity to 

the surface decreases as the corresponding distance over which the force acts decreases at 

higher ionic strength.   

   

 

 

I (M) σ0 (C/m
2
) 

(experimental) 

φφφφ0 (mV)  dEDL (nm) E(V/m) Cs (M) 

0.001 0.006 65 9 4.5*10
6
 0.0069 

0.01 0.009 36 3 7.7*10
6
 0.03 

0.1 0.02 27 1 1.7*10
7
 0.2 

0.5 0.03 18 0.4 2.8*10
7
 0.8 

1 0.04 17 0.3 3.6*10
7
 1.4 

Table C-1.  Estimated surface potential (φ0) and excess salt concentration (Cs) in the 

electrical double layer (EDL) volume at a silica surface at pH~6 and different ionic 

strengths (I).  The surface charge density (σ0) at different ionic strength are taken from 

the experimental data [11, 12]. 
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 The estimated excess concentration (Cs) of salt in the EDL volume suggests that 

there is not a significant difference between the bulk concentration and the concentration 

in the EDL volume.  Thus even at molar salt concentration, the majority of species in the 

EDL volume are solvent (water) and not the salt.  It is noted that this model does not 

account for the specific adsorption of cations on the Helmholtz plane.  However, the 

result of specific adsorption of the cation is the faster screening of the surface potential 

and not an increase in the excess salt concentration in the EDL volume, in fact it might 

lead to a decrease in the of excess salt as a smaller effective charge has to be neutralized.  

Thus, even with the inclusion of the specific adsorption of cations, the consluion that the 

majority of the probe molecules in the EDL volume are the solvent molecules remains 

valid.  

 By assuming a simple Langmuir isotherm (chapter 6, equation 1) we can estimate 

the adsorption energy of cations to the surface with taking into account the excess 

concentration in the EDL volume (Figure C-2).  The estimated ∆Gad is ~18 kJ/mol which 

is slightly smaller than if the bulk concentration is used for deducing the ∆Gad (~22 

kJ/mol). The smaller value of ∆Gad compared to adsorption of common cations to the 

silica suggests that there should be more enhancement in the concentration of cations at 

EDL than that is predicted by the Gouy-Chapman model.  This enhancement is not 

predicted by the Gouy-Chapman model but we propose it as a plausible mechanism for 

further screening of the surface potential.   
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Figure C-2.  Variation of the T1 as a function of enhanced NaCl concentrations in the 

EDL volume up to 0.366 M.  The red line is a fit to the data based on equation 1 in 

chapter 6. 

 

 

 It should be noted that the vibrational dynamics of bulk water shows a increase in 

the vibrational lifetime in the salt solution > 1 M compared to solution without salt.  The 

lengthening of the vibrational lifetime was attributed to the effect of anions which disturb 

the hydrogen bond network of water.  Those experiments were done at diluted (~0.5 M) 

mixture of HDO in D2O.  In the bulk dynamics, thus, the concentration of salt and the 

water (HDO) are comparable and so the disturbance of the hydrogen bond network by 

anions is significant.  This is not the case for the vibrational dynamics reported here as 

the concentration of salt (~ 0.5 M) is significantly smaller than the molar concentration of 

water (~55 M). Furthermore, in the EDL an excess of cations over anions is expected and 
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as was mentioned the effect of cations on the vibrational dynamics is not as significant as 

anions. 

 Table C-1 also shows that strength of surface electric field at different salt 

concentration which is determined by the gradient of the surface potential at the EDL 

thickness.  It is apparent that the surface electric field strength increases with increasing 

the salt concentration.  The increase in the surface electric field strength at high salt 

concentration (~0.5 M) can explain the slightly faster vibrational lifetime observed at 0.5 

M compared to 0.01 M. 
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APPENDIX D 

Effect of Value of Dielectric Constant of Solvent on the Surface Potential 

 According to equation B-2, the value of the dielectric constant of the solvent, 

ε, affects the surface potential.  The dielectric constant of bulk water at room temperature 

is ~78.  However, it has been shown that at close proximity of the charge surface, the 

dielectric constant of water decreases as [13]: 
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where n is the refractive index of index of water, N0 is the number of water molecules per 

unit volume, µ is the dipole moment of water, ε0 is the vacuum permittivity, E is the 

electric field, k is the Boltzmann constant and T is the temperature.  L(x) is the Langevin 

function given by L(x)=coth(x)-1/x.  According to equation D-1, the dielectric constant of 

water starts decreasing at surface charge density of σ0>0.1 C/m
2
 and reaches an 

asymptotic value of ~5 at σ0~0.4 C/m
2
.  The highest reported surface charge density at 

pH~6 and at 0.5 M salt concentration is ~0.03 C/m
2
 [12].  At this surface charge density, 

according to D-1 the dielectric constant of water is similar to the bulk value.   
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APPENDIX E 

Temperature Rise after Excitation by IR Pulse 

 The excitation of the O-H stretching mode of water by an IR pulse induces a 

temperature jump on the time scale of a few picoseconds which may affect the structure 

and dynamics of water.  The following calculation estimates the temperature rise after 

excitation by an IR pulse. 

The IR pulse centered at ~3 µm strikes the silica/water interface at an angle of 72° with 

respect to surface normal.  The penetration depth of the evanescent IR wave can be 

estimated as ~1.9 µm as: 

)(sin2
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1 nn

d p

−
=

θπ

λ
            (E-1) 

where n1 is the refractive index of medium 1 (silica) and n21 is n2/n1 [14].   The IR beam 

with the energy of ~8 µJ per pulse is focused to a beam waist (radius) of 200 µm.  The 

excitation volume is ∆V=π.a.b.h, where a and b are the semimajor and semiminor axes 

(200 and 650 µm) and h is the penetration depth (1.9 µm).   Ignoring the heat diffusion, 

the maximum instantaneous temperature jump of water in the excitation volume can be 

estimated as: 
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Considering the heat diffusion and the fact not all of the IR pulse energy is deposited in 

the O-H bond, the temperature rise will be even smaller than 2.5 K.  This estimate is 

consistent with a recent temperature jump measurement of liquid water of typical 

thickness of 100-500 nm following the IR excitation, centered at 3400 cm
-1

 with energy 
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of ~3µJ focused to a diameter of 100 µm.  The temperature jump was measured to be ~2 

K using IR pump-X-ray probe technique where spectra and time evolution of the 

transient X-ray absorption was used to calibrating the absolute temperature change [15].  

The small temperature jump of ~3 K is unlikely to change the ultrafast vibrational 

dynamics measured in this study. 
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