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1

Introduction

1.1 Background

The idea of nanotechnology was first proposed from Richard Feynman at a famous

lecture called ”There’s Plenty of Room at the Bottom” in the annual meeting

of the American Physical Society in 1959.1) He emphasized the advantages of

downsizing where he gave an example of recording all of the volumes of the

encyclopedia on a single pinhead. Downsizing is equivalent to densification and

is still the major approach in todays nanotechnology. The most famous example

can be found in the semiconductor industry; engineers and scientists have worked

hard to satisfy Moore’s law, which is a prediction that the number of transistors

on an LSI integrated circuit will be doubled in every 18 months.2) Densification

or downsizing is cost effective and in most cases enhances the performance of each

single device. Therefore, downsizing the whole system has been the main goal of

nanotechnology for a long time.

When the size length becomes under a hundred nanometers, downsizing does

not just enhance the performance of devices or materials. In these size scales,

quantum mechanical effects become evident and the physical properties of the

materials or devices derivate from their mesoscopic length properties. This is a

problem in the semiconductor industry and now intensive work is performed to

circumvent problems such as tunneling and short-channel effects.3) On the other

hand, the appearance of quantum mechanical effects is also a chance to utilize

materials into new applications. A good example are gold nanoparticles where

1



1. INTRODUCTION

new physical properties appear when they are under 100 nm such as surface

plasmon resonance (SPR),4) catalytic effects5) and even magnetism.6) The phys-

ical properties completely differ from their bulk states and the measurement of

nanomaterials is a crucial issue.

Although there are numerous methods to characterize the physical or chemical

properties of the material, the most fundamental measurement is to observe the

material itself. Since the interest is on nanomaterials within the size of several

nanometers, the ability to image in atomic-resolution is essential. So far, this

has been achieved mainly by transmission electron microscope (TEM)7,8) and by

scanning probe microscopes (SPMs).9–12) SPMs are a surface sensitive method

and can even achieve atomic-resolution images of the surface, which is impossible

in TEM.

The history of SPM starts with the invention of the scanning tunneling mi-

croscope (STM) by Binnig in 1981.13) The STM measures the tunneling current

between the metallic tip and the surface, and controls the tip-sample distance to

be constant to measure the topographic image of the surface. Numerous atomic-

resolution images have been reported from STM and is now a powerful tool to

characterize samples.14) However, STM has some disadvantages. The biggest

problem is that it can’t measure insulating samples due to the operation mech-

anism. This problem was also solved by Binnig in 1986, where he invented the

atomic force microscope (AFM). The AFM measures the interaction force acting

between the tip and sample and in principle, there are no limitations to the ap-

plication of AFM. Many techniques have derived from the AFM, making them

capable of measuring physical properties simultaneously as the topography is

measured. Some examples are kelvin probe force microscope,15) magnetic force

microscope,16) scanning impedance microscope17) and many more.

A huge advantage of SPM is that it’s a surface sensitive technique and is ca-

pable of achieving atomic-resolution images of the surface in real space. Other

surface sensitive techniques mostly depend on the diffraction phenomenon, such

as X-ray and electron diffraction (ED)18,19) and hence, the information obtained

are in reciprocal lattice space. Examining the surface with complex structures

is sometimes puzzling when diffraction measurements are only available. A rep-
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1.2 Purpose of Thesis

resentative example of this is the puzzeling Si(111)-( 7×7 ) structure which was

solved by real space imaging with the STM by Binnig in 1983.20)

In the last decade, frequency-modulation AFM (FM-AFM) has been proved to

be capable of atomic/molecular-scale imaging in liquid conditions.21,22) Recently,

a technique which visualizes the two-dimensional (2D) and three-dimensional

(3D) local hydration structures with a sub-nanometer scale resolution was de-

veloped based on the force mapping technique by FM-AFM.23,24) The interface

structure of the solid-liquid interface plays a crucial role in many applications

which contain solution such as batteries,25,26) catalysis27) and biosensors.28) When

water is the liquid medium, it’s widely known that the water molecule den-

sity oscillates with a period of about 0.3 nm, which matches with the size of

a single water molecule. This structure is called an hydration structure and

is now known to effect numerous phenomena, such as the chemical reaction at

an electrode,29) the stabilization and functional expression of biomolecules30,31)

and the growth process of crystals and nanoparticles.32,33) Many measurement

methods have been applied to measure the hydration structure so far, such as

X-ray/neutron reflectivity,34–36) sum frequency generation (SFG),37–40) and sur-

face force apparatus (SFA).41,42) These techniques measure the water molecule

density or force in the direction perpendicular to the surface, and lack informa-

tion about the in-plane local water molecule distribution. On the other hand,

the force mapping technique can measure the in-plane hydration structure in ad-

dition to the out-of-plane hydration structures on any surface areas of concern.

The hydration structures measured with the force mapping technique have been

reported for a wide variety of samples, such as minerals,24,43–45) alkali halides,46)

lipid membranes47,48) and biomolecules.49,50) From these studies, it is now un-

derstood that the in-plane water molecule distribution aren’t homogeneous and

water molecules are localized at the surface.

1.2 Purpose of Thesis

Although the force mapping technique has proved the existence of the in-plane

hydration structure, it’s hard to discover the factors that these structures de-

pend on. Numerous factors are suspected to influence the in-plane hydration

3



1. INTRODUCTION

structure, such as the hydrophilicity/hydrophobicity of the surface, topography,

surface charge, etc. Most of these factors vary between two different samples, and

it is usually impossible to deduce the factors that alter the hydration structures

between two samples. To circumvent this problem, the alkanethiol self-assembled

monolayer (SAM) was chosen as the model system. Forming alkanethiol SAMs on

a substrate is a famous method to modify the surface and is possible to change

the surface property or structure. This is an ideal sample as a model system,

since it’s possible to alter only one factor between two samples and emphasize

the impact of the factor on the hydration structure.

In this thesis, the hydration structure of alkanethiol SAMs were measured

with an FM-AFM based on the 2D force mapping technique. The influence of

hydrophilicity/hydrophobicity and atomic corrugation of the sample were inves-

tigated by changing the terminal functional group and surface structure of the

alkanethiol SAM. Also, an electrochemical AFM (EC-AFM) was developed and

combined with the force mapping technique to measure the influence of surface

potential on the in-plane hydration structure. The ultimate goal of this thesis

is to deduce the factors that alter the in-plane hydration structure and demon-

strate that FM-AFM is a powerful tool to investigate the local structure at the

solid-liquid interface.

1.3 Structure of Thesis

This thesis is composed of 6 chapters. Fig. 1.1 illustrates the structure of this

thesis.

In chapter 1, the background and purpose of this thesis was described. The

history of the development of nanotechnology, SPM and an overview about the

solid-liquid interface was summarized.

In chapter 2, a review of the solid-liquid interface and AFM measurements

were presented.

In chapter 3, the influence of hydrophobicity to the hydration structure was in-

vestigated by comparing the hydration structures of hydrophilic and hydrophobic

alkanethiol SAMs. Throughout the investigation, it was found that hydrophobic

SAMs showed peculiar frequency shift versus distance curves and the possibility

4
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of hydrocarbon contamination gathering to the vicinity of the hydrophobic SAM

was discussed. Also, the tip effect was neglected by measuring the hydration

structure over a binary phase separated SAM which was composed of hydrophilic

and hydrophobic alkanethiol molecules.

In chapter 4, the hydration structure of SAMs with different molecular ar-

rangements were compared to understand the impact of atomic-corrugation on

the local hydration structure. Two molecular structures, namely, the (
√

3 ×
√

3

)R30◦ structure and the c(4 × 2) superlattice structure are known to form on

alkanethiol SAMs which have a height difference under 50 pm. The hydration

structure of the (
√

3 ×
√

3 )R30◦ structure and the c(4 × 2) superlattice struc-

ture were measured and the influence of atomic corrugation was investigated.

Also, the experimentally obtained frequency shift versus distance curves were

converted to water molecule distributions, which matched with results achieved

from molecular dynamic (MD) simulations.

In chapter 5, a EC-AFM cell was developed and applied to hydration structure

measurements. An EC setup was introduced to the AFM by insetting electrodes

to the EC cell, which was achieved by redesigning the cantilever holder and sample

holder. The operation of the apparatus was confirmed by imaging mica substrates

in atomic resolution and by measuring the cyclic voltammetry of potassium fer-

rocyanide. Finally, the influence of surface potential on the hydration structure

of highly oriented pyrolytic graphene (HOPG) was investigated.

In chapter 6, the thesis is summarized and the conclusion is presented. Some

proposals for future work are also presented.
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1. INTRODUCTION

Figure 1.1: Schematic illustration of the structure of this thesis.
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2

Solid-Liquid Interface Studies by

AFM Measurements

2.1 Solid-Liquid Interface

2.1.1 Electrical Double Layer

In most cases, a solid surface gets charged when it’s immersed into solution. This

is due to the protonation or deprotonation of functional groups on the surface,

adsorption of ions from the solution or charge transfer between other surfaces.51)

The ions with the opposite charge, which are called counterions, gather to the

vicinity of the surface and shield the surface charge and form an EDL. Fig. 2.1

shows a schematic illustration of the EDL formed at solid-liquid interfaces. Al-

though several models have been proposed, the most popular structure of the

EDL is called the Guoy-Chapman-Stern (GCS) model. This model assumes that

the EDL is composed from the Stern layer and the diffusion layer. The counteri-

ons that construct the Stern layer (also called the Helmholtz layer) are strongly

adsorbed to the surface while the counterions in the diffusion layer follow a Boltz-

mann distribution. Take notice that rigorously, the Stern layer is defined between

the solid surface and the center of the adsorbing ions, and no ions exist ”inside”

the Stern layer. The Stern layer can be regarded as a flat plane capacitor and

the potential linearly decreases inside the Stern layer.

7
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MEASUREMENTS

Figure 2.1: Schematic illustration of the GCS model of the EDL formed at the

solid-liquid interface. The EDL is composed by the Stern layer and the diffusion

layer.

To start with, the relationship between the counterions and the potential of

the solution in the diffusion layer of the EDL will be discussed. Assume that

two electrodes with the same negative surface potential are inserted in a solution

containing 1:1 electrolytes. The electrodes are separated with a distance D. The

center position between the two electrodes is defined x = 0 and the positions of

the two electrodes are defined x = ±D/2. For simplicity, the argument will be

conducted in one dimension. At point x, the counterions are assumed to follow

the Boltzmann distribution

ρ(x) = ρ0 exp

(
−zeψ(x)

ε0ε

)
(2.1)

8



2.1 Solid-Liquid Interface

where ρ(x) is the number density of the counterions at position x, z is the valence

of the counterion, e is the elementary charge, ψ(x) is the potential at position

x, ε0 and ε are the dielectric constant of vacuum and the solution, respectively.

Assume that the two electrodes are separated enough so that ρ(0) = ρ0 and ρ0

is equal to the number density in bulk conditions. The surface charge due to the

potential is equal to the sum of the charge of the counterions and the system can

be stated by the Poisson equation.

d2ψ(x)

dx2
= −zeρ(x)

ε0ε
(2.2)

Hence, when the two equations are combined, the famous Poisson-Boltzmann

(PB) equation is obtained.

d2ψ(x)

dx2
= −zeρ0

ε0ε
exp

(
−zeψ(x)

kBT

)
(2.3)

where kB is the Boltzmann constant and T is the temperature of the system. This

is the fundamental equation when the EDL is analyzed and gives the potential

ψ(x), electric field E = −dψ(x)/dx and number density of the counterions ρ(x)

when the equation is solved. Assuming charge neutrality between the surface

charge of the electrode and the net charge of the counterions constructing the

EDL, the Grahame equation can be deduced which connects the charge density

σ0 and surface potential ψ0.

σ0 =
√
ε0εkBTρ0 sinh

(
eψ0

2kBT

)
(2.4)

A famous solution was presented by Derjaguin, Landau, Verwey and Overbeek,

and their theory is called the DLVO theory. According to the DLVO theory, when

the EDL of two flat surfaces with an equal surface potential overlap, it causes a

repulsive force and can be expressed by the following form.

F (r) =
32ε0ε(kBTκ)2

e2
tanh2

(
zeψ0

4kBT

)
exp(−κx) (2.5)

Where ψ0 is the surface potential. κ can be expressed by the following formula.

κ =

√
ρ∞e2z2

ε0εkBT
(2.6)

9
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Where ρ∞ is the concentration of the electrolyte in bulk conditions. Since the

attenuation length of eq. 2.5 is 1/κ, 1/κ is called the Debye length and char-

acterizes the length of the EDL. The DLVO theory gives a solution to the PB

equation, but eq. 2.5 can only be applied when the surface potential of the two

objects are the same. This is not the case in most AFM experiments and the

solution will be shown in section 2.3.2.

2.1.2 Hydration Structures

Although numerous studies have been explained by the DLVO theory, it’s not

complete in every condition. Experimentally measured force versus distance

curves (from now mentioned as only force curves) deviate from the DLVO theory

in short ranges such as several nanometers. This deviation was considered to be

due to non-DLVO forces and one of the most popular interaction is the hydration

force.

Hydration forces derive from the overlap of hydration structures. Fig. 2.2

illustrates the formation mechanism of the hydration structure at the solid-liquid

interface. Hydration structures are a specific structure of water molecules formed

on the solid-liquid interface and are due to intermolecular repulsion forces. To

explain the formation mechanism of hydration structures, think about a solid

surface which is introduced into water. The diameter of the water molecules is R.

In this case, the water molecules in the vicinity of the surface are restricted at the

interface. When the solid surface is rigid, the repulsion force from the solid surface

increase and the water molecules at the vicinity of the solid are more restrained.

This causes a peak in the water molecule distribution at a distance R/2 from

the surface and forms the first hydration layer. The center of the second layer of

water molecules have to be R away form the surface due to hard-ball repulsion of

the water molecules. Therefore, a valley in the water molecule distribution occurs

at a distance R from the surface and a peak at a distance 3R/2. The peak at

the second hydration layer decreases since the second hydration layer is next to

the first hydration layer, which is less rigid than the solid surface. This continues

layer by layer and hence, causes a oscillation in the water molecule distribution.

10



2.1 Solid-Liquid Interface

Figure 2.2: Schematic illustration of the formation mechanism of an hydration

structure at the solid-liquid interface.

The structures of the water molecules are different from their structure in a bulk

state, and are also different from ice.

The mechanism introduced above explains why the water molecule density

oscillates in the direction normal to the surface. This has been confirmed by

X-ray/neutron reflectivity measurements and SFA by many studies. It should

be emphasized that although hydration structures strongly depend on the sur-

face property (such as hydrophilicity and hydrophobicity), the oscillation in the

water molecule density will appear by just assuming a rigid solid surface. As

mentioned earlier, hydration structures are due to short-range intermolecular re-

pulsion forces, and more geometric aspects such as the size and shape of the

water molecules (or solvent molecules) are more important. The surface proper-

ties actually alters the in-plane distribution of the water molecules which will be

11
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investigated throughout this thesis. Hence, AFM is an ideal tool which is capa-

ble of measuring hydration structures in real-space, which is a unique advantage.

The operation principles of the AFM will be stated in section 2.2.

2.2 Operation Principle of AFM

The invention of the STM by Binning in 198113), opened up a completely new re-

search field in surface science and is the basis of all SPM methodologies developed

afterwards. The STM detects the tunneling current between the tip and surface

and because the tunneling current rapidly decays when the tip-sample distance

increases, atomic scale images were achieved soon after invention, represented by

the imaging of the Si(111)-7×7 surface.20) STM is still used as a powerful method

to obtain high resolution images, but has a drawback that it can’t be operated

on insulating materials due to the operation mechanism. This was solved by

the invention of the AFM, which was also developed by Binnig and coworkers

in 1986.52) The AFM measures the interaction force acting between the tip and

sample, which means there are no restrictions to the sample in principle. Sev-

eral operation modes have been developed in AFM and will be explained in the

following section.

2.2.1 Contact Mode AFM

The contact mode AFM is also called the DC mode or static mode. In the contact

mode, the deflection of the cantilever is detected and kept constant to obtain a

topographic image. Due to the operation principle, the spring constant needs

to be much smaller than the force constant of the interatomic bonds, which is

about 10-100 N/m for solids and about 0.1 N/m for biomolecules.11) Therefore

the typical spring constants of the cantilevers used in contact mode are around

0.01-5 N/m. Although atomic resolution have been achieved using contact mode

AFMs,53,54) the cantilever is perpetually dragged on the surface which damages

the surface and tip, suppressing the resolution of the images. To avoid this

problem, dynamic mode AFMs were invented which vibrates the cantilever during

12



2.2 Operation Principle of AFM

imaging. This decreases the contact time of the tip and sample and the damage

induced by the contact.

2.2.2 Oscillation Properties of a Cantilever

To understand dynamic mode AFMs, the oscillation properties of a cantilever are

first considered. The equation of motion of the oscillation of a cantilever can be

written by the following equation55)

m
d2z

dt2
+ γ

dz

dt
+ kzz = Fts + Ao cosωt (2.7)

where z is the position of the tip, m and kz are the effective mass and spring con-

stant of the cantilever, respectively, γ is the damping factor, Ao is the amplitude

of the oscillation, Fts is the tip-sample interaction and ω is the angular frequency

of the oscillation. A0 cosωt presents the external force applied to oscillate the

cantilever. When the tip-sample interaction is zero (Fts = 0) and the oscillation

is in a steady state, the following ansatz can be made.

z = A cos(ωt+ φ) (2.8)

By substituting eq. 2.8 to eq. 2.7, the amplitude A and phase φ of the oscillation

of the cantilever can be obtained by the following formula.

A =
QAo

kz
√
Q2(1− ω2/ω2

0)2 + ω2/ω2
0

(2.9)

φ = tan−1
−ωω0

Q(ω2
0 − ω2)

(2.10)

Where ω0 is the angular resonance frequency. The relationships ω0 =
√
kz/m

and γ = mω0/Q were used to deduce eq. 2.9 and eq. 2.10. Fig. 2.3 depicts

the frequency characteristics of the oscillating cantilever. The parameters were

ω0 = 2π× 140 kHz, Q = 10 and kz = 26 N/m. These parameters are typical

conditions when conducting AFM measurements in liquid environments.

13
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Figure 2.3: The frequency dependency of (a) amplitude and (b) phase of an

oscillating cantilever. The curves were obtained by solving eq. 2.9 and eq. 2.10,

respectively.

2.2.3 Outline of the Amplitude-Modulation AFM

In 1987, Martin et al.56) developed the amplitude-modulation AFM (AM-AFM)

which was the first application where the cantilever was oscillated during the

measurement. This suppressed the damage induced by the cantilever in static

mode AFMs. AM-AFM is operated by measuring the change of the amplitude.

Fig. 2.4 illustrates the scheme of the AM-AFM detection and the frequency

modulation AFM (FM-AFM) detection mentioned afterwards.. The cantilever is

enforced to oscillate near the resonance frequency. When some kind of interaction

acts on the cantilever, the resonance frequency shifts and in turn alternates the

amplitude of the oscillation. Practically, the excitation frequency is set slightly

off-resonance, in order to make the change of the amplitude directly correspond

to the frequency shift.

The minimum detectable force gradient of AM-AFM is given by the following

formula.56)

δFmin =
1

A

√
2kzkBTB

ω0Q
(2.11)

Where kB is the Boltzmann constant, T is the temperature of the system and

B is the measurement bandwidth. From eq. 2.11, a simple solution to increase

the quality of AM-AFM images is to use a high Q cantilever. However, the time

constant of the cantilever in AM-AFM is expressed as τ = 2Q/ω0, where τ is the
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time constant of the cantilever. This means that a high Q cantilever decreases

the bandwidth of the system. For example, in UHV conditions, the Q factor can

exceed 50,000 which corresponds to a bandwidth under 1 Hz, which is too slow for

application.55) On the other hand, AM-AFM have advantages in low Q environ-

ments, such as in liquid. In FM-AFM, the bandwidth of the system is restricted

to the bandwidth of the frequency shift detector unit, which is typically about 1

kHz. In AM-AFM, there are no limitation beside the time constant of the can-

tilever and high-speed AFM have been developed and have already observed the

movements of biomolecules in-situ, such as the conformation change in bacteri-

orhodopsin due to photoacitvation,57) the ”walking” like translocation of myosin

V58) and the dynamic rotation of the center ring in annexin V membranes.59)

Figure 2.4: Illustration of the AM and FM detection system. The resonance

frequency with no tip-sample interaction is depicted as f0, the excitation oscillation

in AM-AFM is depicted as fd and the shifted resonance frequency due to tip-sample

interaction is depicted as f . In FM detection, the frequency shift from f0 to f is

detected.
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2.2.4 Operation Principle of Frequency-Modulation AFM

The FM-AFM was developed by Albrecht et al.55) in 1991 to allow the usage

of high Q cantilevers. In FM-AFM the time constant of the cantilever can be

given by τ = 1/f0 and therefore can conduct AFM imaging in high Q conditions

such as UHV. The AFM apparatus operated in this study was developed from a

commercial AFM (SPM-9600, Shimadzu). The electronics were lab made and the

controller was written in LabVIEW (National Instruments).24) As shown in Fig.

2.4, in FM-AFM, the frequency shift is detected to measure the force acting on the

tip. Fig. 2.5 illustrates the block diagram of the FM-AFM utilized in this study.

The cantilever was excited by the photothermal excitation method,60,61) where

the intensity-modulated laser beam radiated on the beam induces mechanical

vibration to the sample. The oscillation of the cantilever was detected by the

optical beam deflection method62) and was converted to electrical signals by the

position sensitive photo diode (PSPD). The wavelength of laser diodes for the

photothermal excitation and optical beam deflection method were set to 670 nm

and 405 nm, respectively to prevent cross-talk of the two lasers. The deflection

signal was transferred to the phase locked loop (PLL) which detects the frequency

shift and converts to a DC voltage. The DC signal was transferred to the feedback

controller which controls the piezo scanner. This feedback circuit tracked down

the resonance frequency and adjusted the tip-sample distance in order to maintain

the same resonance frequency throughout imaging. As mentioned before, rapid

operation of FM-AFM is restricted due to the bandwidth of the PLL, which is

typically about 1 kHz. The deflection signal was also sent to the phase shifter

and automatic gain controller (AGC) circuit which maintains the amplitude of

the oscillation. The phase shifter shifts the deflection signal -90◦ to compensate

the phase shift caused in the cantilever oscillation as can be seen in eq. 2.10. This

is called a self-excitation loop and is a popular excitation method in FM-AFM. In

AFM, interaction forces acting on the tip can be classified into conservative and

non-conservative forces. FM-AFM measure conservative forces as the frequency

shift as mentioned before. On the other hand, by recording the driving force

of the AGC, the non-conservative dissipative force can also be recorded during

FM-AFM imaging.
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Figure 2.5: A schematic image of the FM-AFM apparatus used in this study.

The cantilever was oscillated by the photothermal excitation method and detected

by the optical beam deflection method. The deflection signals were transferred to

the feedback circuit and self-excitation loop.

The minimum force gradient detected in FM-AFM can be expressed in the

following formula.55)

δFmin =
1

A

√
4kzkBTB

ω0Q
(2.12)

It is clear that the expression is nearly the same for the minimum detectable

force gradient in AM-AFM. (eq. 2.11) However, as mentioned before, since the

use of high Q cantilevers are restricted in AM-AFM, the minimum detectable

force gradient is much lower in FM-AFM and results in high resolution images,

especially in UHV. The application of FM-AFM in UHV is one of the hottest

topics in the AFM research field. Leo Gross reported the chemical structure of

pentacene using a tip functionalized with a CO molecule63) and now many groups

have reported beautiful chemical structure images.64–67)
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2.2.4.1 Relationship Between the Force Gradient and Frequency Shift

When a weak tip-sample interaction exists (Fts 6= 0) and slightly perturbates the

system, it’s difficult to rigorously solve the equation. Giessibl derived the rela-

tionship between the frequency shift and the tip-sample interaction be applying

the Hamilton-Jacobi approach68)

∆f(z) = − f0
kzA2

0

1

T0

∫ T0

0

Fts(d+ A0(a+ cosω0t))× A0 cosω0t dt

= − f0
πkzA0

∫ 1

−1
Fts(z + A0(1 + u))

u√
1− u2

du (2.13)

where d is the tip-sample distance when the tip is closest to the surface. When

the amplitude is small and the force gradient of Fts is constant, eq. 2.13 can be

simplified to the following relationship.

∆f(z) = − f0
2kz

dF

dz
(2.14)

dF/dz denotes the force gradient of the tip-sample interaction. This means that

when the amplitude is smaller than the characteristic length of the tip-sample

interaction, the frequency shift is proportional to the force gradient.

On the other hand, the conversion from frequency shifts to forces is difficult

and only a few papers have been published.69,70) One simple solution is to use an

analytical deconvolution method introduced from J. E. Sader70)

F (z) =

∫ ∞
z

(
1 +

A1/2

8
√
π(t− z)

)
Ω(t)− A3/2√

2(t− z)

dΩ(t)

dt
dt (2.15)

where Ω(t) = ∆ω(z)/ω0.

2.2.4.2 Conversion of Experimental Frequency Shift Curves to Force

Curves

Practically, the frequency shift versus distance curves are recorded in discrete

data points. In order to deconvolute the frequency shift versus distance curves

to force versus distance curves, one has to integrate the values of the data points
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using the trapezoidal rule, for example to calculate the force acting on the tip Fj

at point j. 71)

Fj =
2kz
f0

{
C(j) +

N−2∑
i=j+1

(zi+1 − zi)
gi+1 + gi

2

}
(2.16)

Where f0 is the resonance frequency. C(j) is a correction term and can be

calculated by the following formula.

C(j) = ∆fj(zj+1 − zj) + 2

√
A

8
√
π

∆fj
√
zj+1 − zj − 2

A3/2

√
2

∆fj+1 − fj
zj+1 − zj

√
zj+1 − zj

(2.17)

Thus, gk can be calculated by the following formula.

gk =

(
1 +

√
A

8
√
π(zk − zj)

)
∆fk −

A3/2√
2(zk − zj)

∆fk+1 −∆fk
zk+1 − zk

(2.18)

Applying eq. 2.16 to 2.18, the experimental frequency shift curves were converted

to force curves. The process was conducted by lab-made programs, written in

LabVIEW (National Instruments) or Python.

2.3 Forces Acting on the Tip in Liquid Condi-

tions

In an AFM, the cantilever detects the interaction force acting between the probe

tip and sample. To elucidate the interactions that should be considered in liquid

conditions, the interactions that appear in ultra high vacuum (UHV) conditions

will be first introduced.

The simplest case is the interaction between two individual molecules or

atoms. The interaction potential between two atoms can be expressed by the

Lennard-Jones potential.

ULJ(r) = 4ε

[(σ
r

)12
−
(σ
r

)6]
(2.19)

Where ε is the cohesive energy, σ is the equilibrium interatomic distance and r

is the distance between the two atoms. The positive first term stands for Pauli
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repulsion and the attractive second term represents van der Waals attraction.

Both interaction forces will be reviewed in the following section. In UHV, chem-

ical bonding forces also act as attractive forces, but are often included in the van

der Waals force term. When the interaction force is integrated over a semi-infinite

plane, the interaction potential between an atom and a solid surface Uatom−sur(r)

can be obtained by the following expression.

Uatom−sur(r) = 4εn0

∫ ∞
0

2πxdx

∫ ∞
0

dx′

[(
σ√

r2 + x′2

)12

−
(

σ√
r2 + x′2

)6
]

= 4πεn0σ
3

[
1

45

(σ
r

)9
− 1

6

(σ
r

)3]
(2.20)

Where n0 is the number density of the atoms on the surface. To obtain the tip

sample interaction, Uatom−sur(r) has to be integrated over a paraboloidal tip. The

projection of the paraboloidal tip with a curvature radius of R0 can be expressed

as z = (1/2R0)x
2. Thus, the total interaction potential between the tip and

sample can be expressed as below.

Uts(r) = 4πεn2
0σ

3

∫ ∞
r

2πx× x
[

1

45

(σ
z

)9
− 1

6

(σ
z

)3]
dz

=
2

3
π2R0εn

2
0σ

5

[
1

210

(σ
r

)7
−
(σ
r

)]
(2.21)

Notice that r in eq. 2.21 denotes the distance between the tip apex and the

sample. The force acting on the tip can be calculated by differentiating eq. 2.21.

Fts(r) = −dUts(r)
dr

=
2

3
π2R0εn

2
0σ

4

[
1

30

(σ
r

)8
−
(σ
r

)2]
(2.22)

Fig. 2.6(a) presents the tip-sample interaction force derived from the Lennard

Jones potential. The tip sample interaction in UHV is often modeled by eq.

2.22. The operation region of the tip-sample distance differ in AM-AFM and

FM-AFM. In AM-AFM, the force is detected by the decrement of the amplitude

due to the contact between the tip and sample. On the other hand, FM-AFM

is highly sensitive to the frequency shift and is able to operate in the attractive

regime mainly caused by van der Waals forces. Thus, FM-AFM is a non-contact
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Figure 2.6: The interaction potential between the tip and sample in (a) UHV

conditions and (b) liquid conditions, respectively.

method in UHV and is also called non-contact AFM. The operation regimes of

FM-AFM is depicted in Fig. 2.6(a). However, in liquid conditions electrostatic

forces are screened due to EDL formation. Since van der Waals forces derive

from dipolar-dipolar interactions, they are also electrostatic interactions and are

screened by the electrolytes in the solution. Hence, it’s difficult to detect attrac-

tive forces in liquid conditions and instead, the frequency shift in the repulsive

regime is utilized. The tip-sample interaction in liquid conditions can be modeled

by multiplying the attractive force with a correction factor α in eq. 2.22.

Fts−liquid(r) =
2

3
π2R0εn

2
0σ

4

[
1

30

(σ
r

)8
− α

(σ
r

)2]
(2.23)

Fig. 2.22(b) displays the tip-sample interaction potential in liquid conditions

expressed by eq. 2.23, where α = 0.2 was chosen. The red line depicts the typical

region where FM detection is operated. In liquid conditions, other interaction

forces that aren’t expressed in the Lennard Jones potential also act on the tip

such as EDL and hydration forces. These interactions may appear as repulsive

forces and hence, it’s ambiguous whether the tip makes contact with the sample

surface. This is a typical problem in FM-AFM imaging in liquid conditions and

causes the interpretation of the results very complicated. In this thesis, the

threshold in the force mapping technique (the details will be stated in section

2.4) was set higher than many other publications, and thus it was concluded that

the tip retracted after it reached the sample surface.
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2.3.1 Pauli Repulsion and van der Waals Forces

When two atoms get extremely close, a strong repulsion force appears which

derives from the overlap of the electron cloud of the atoms. There are several

expressions for this repulsion force, such as Pauli repulsion, hard ball repulsion or

exchange repulsion. Though the force is a quantum mechanical effect, there are no

theoretical formula which express the relationship between the force and distance,

and a empirical expression is utilized such as the first term of the Lennard Jones

potential. From the steep increment in short range, a simple model is to assume

atoms and molecules as hard ball spheres, like billiard balls. The size of atoms

and molecules in this thesis follow this assumption. For example, water molecules

are assumed as hard ball spheres with a diameter of 0.28 nm. Pauli repulsion is

a short range force and plays an important role in hydration structure formation

as mentioned in section 2.1.2.

Van der Waals forces are composed of three interactions as presented below.

• Keesom interaction : The dipole-dipole interaction between two polar molecules.

• Debye interaction : The dipole-induced dipole interaction between a polar

molecule and a nonpolar molecule.

• London dispersion force : The interaction between instantaneous dipole

moments of nonpolar molecules.

Between two atoms or small molecules, all of these forces follow the r−6 power

law and are grouped together and called van der Waals forces. The van der Waals

force between a tip and plane can be expressed by the following equation.

FvdW (r) = −AR0

6r2
(2.24)

Where A is the Hamaker constant. The Hamaker constant is a specific value

which depends on the material of the tip and sample, and the medium. The

decrement of the van der Waals forces in aqueous conditions can be seen by the

decrease in the Hamaker constant, where typical values of decrease by about a

magnitude.72) The range of van der Waals forces are long and appear in distances

from 10 nm to several angstroms.51) This long range feature makes van der Waals
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forces act as a background in AFM imaging, reducing the resolution. Therefore,

imaging in solutions containing electrolytes with high concentration is effective

to improve the resolution.23)

2.3.2 EDL Forces

Achieving the mathematical solution of the EDL force acting between two sur-

faces with different potentials is very complicated. From the charge neutrality

condition, eq. 2.3 can be rewritten in the following expression.

d2ψ

dx2
=

2zeρ0
ε0ε

sinh

(
zeψ

kBT

)
(2.25)

When zeψ/kBT � 1 stands, eq. 2.25 can be expressed in the following form.

d2ψ

dx2
=

2(ze)2ρ0
ε0εkBT

ψ(x) (2.26)

Practically, eq. 2.26 is used when zeψ/kBT < 1 is fulfilled. For example, when

T = 298K, eq. 2.26 stands when the surface potential is under 25 mV.

Although a solution to the PB equation was derived in eq. 2.5, this expression

is accurate only when the distance between the two plates is larger than the Debye

length. When the distance gets closer than the Debye length, which is exactly

the situation in hydration structure measurements, the PB equation needs to be

numerically solved. In this case, the actual expression falls between two limits;

the constant potential approximation and the constant charge approximation.

Hogg et al., solved the formula against two spheres with the constant potential

approximation and found that the interaction potential V can be expressed in

the following formula.

V =
πR1R2

R1 +R2

[(
ψ2
1 + ψ2

2

)
ln(1− e−2κH0) + 2ψ1ψ2 ln

(
1 + e−κH0

1− e−κH0

)]
(2.27)

Where R1 and R2 are the radius of the two spheres, ψ1 and ψ2 are the surface

potential of the two spheres andH0 is the distance between the two spheres. When

zeψ/kBT � 1 stands, Grahame’s equation can be simplified to σ0 = ε0εκψ0 and

eq. 2.27 can be rewritten to the following expression.

V =
R1R2

π(ε0εκ)2(R1 +R2)

[(
σ2
1 + σ2

2

)
ln(1− e−2κH0) + 2σ1σ2 ln

(
1 + e−κH0

1− e−κH0

)]
(2.28)
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Where σ1 and σ2 are the charge density of two spheres and r is the distance

between the tip and sample. By differentiating eq. 2.28, the force derived from

EDL forces can be deduced. In AFM, the tip is often modeled as a sphere with

a radius, R0. Using the Derjaguin approximation,73) the tip-sample interaction

force due to EDL forces can be expressed as followed.

FEDL(r) =
2πR0

εε0κ

((
σ2
t + σ2

s

)
e−2κr + 2σtσs

) 1

1− e−2κr
(2.29)

Where σt and σs are the charge density of the tip and sample, respectively. Notice

that the EDL force is composed of two forces, osmotic pressure and electrostatic

forces. The osmotic pressure is due to the high concentration of electrolytes

where the EDLs overlap, which is an entropy loss and always causes a repulsive

force. The osmotic pressure is depicted by the σ2
t + σ2

s in eq. 2.29. On the other

hand, the electrostatic force is due to the electrostatic interaction between the

counterions of the EDL. Thus, this component can become either attractive or

repulsive and is expressed as 2σtσs in eq. 2.29. Though the name EDL force

associates an electrostatic interaction, actually the osmotic pressure component

is more dominant51) and EDL forces can become repulsive even when the surface

charge of the tip and sample have opposite signs. By adding the van der Waals

force and EDL force, the following expression is obtained.

FDLV O(r) = FEDL(r) + FvdW (r)

=
2πR0

εε0κ

((
σ2
1 + σ2

2

)
e−2κr + 2σ1σ2

) 1

1− e−2κr
− AR0

6r2
(2.30)

2.3.3 Hydration Forces (Solvation Forces)

Hydration forces are due to the overlap of the water molecules constructing the

hydration structure. It is said that the first paper which referred about hydration

forces was I. Langmuir in 1938.74) Due to the oscillation behavior in the water

molecule distribution, hydration forces are also known to oscillate and can be

expressed by the following empirical formula.

Fhyd(r) = A cos
( r
σ

)
exp(− r

σ
) (2.31)
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Where σ is the size of the solvent molecule.(in hydration structures σ = 0.3nm)

Practically, a background expressed by an exponential component sometimes ap-

peared in the force curves obtained in this thesis and has also been reported in

proceeding studies.75,76) The origin of the background are unknown and are sug-

gested to be caused by the tip effect, an entropic effect in order to exclude ions

from the solid-liquid interface76) or the fluctuation of the surface molecules.51) In

this thesis, it’s assumed that hydration forces appear as eq. 2.31 and the expo-

nential background doesn’t include information about the hydration structure.

2.4 Scanning Modes of AFM Measurements

Figs. 2.7(a) and (b) illustrate the two scanning methods applied in this study.

The constant force mode was applied to obtain the topographic image of the

sample surface while the two-dimensional (2D) force mapping technique was con-

ducted to achieve the local hydration structure atop the surface. In the constant

force mode, the frequency shift due to the tip-sample interaction is constant

throughout the measurement by controlling the tip-sample distance. The move-

ment of the piezo actuator is recorded as the topographic image.

Fig. 2.7(c) presents the details of the 2D force mapping technique. The force

mapping technique is an open-loop method. The x and y axes are parallel to the

solid surface and the z axis is normal to the sample, as depicted in Fig. 2.7(c).

The 2D force mapping technique is a collection of consecutive frequency shift

curves. First, the oscillating tip approaches the surface while the frequency shift

is recorded. (depicted as 1 in Fig. 2.7(c)) When the frequency shift exceeds the

threshold , (depicted as 2) the tip retracts to its original height and moves one

pixel next in the x direction (depicted as 3) and continues the sequence until a

2D frequency shift map of the ZX plane is achieved. The threshold is assumed

to be the sample surface in this thesis, though this interpretation is not always

clear as mentioned in section 2.3.
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Figure 2.7: A schematic illustration of the scanning modes of the FM-AFM used

in this study.

Correlation Between the 2D Frequency Shift Maps and Water Molecule

Distribution

Although 2D and 3D frequency shift maps have already been obtained on a wide

variety of samples, the physical interpretation of these images is not straightfor-

ward. In other words, the position of the water molecules in the images can’t

easily be defined. In many situations, a MD simulation is also conducted and the

experimental force curves are compared with the water molecule distributions

obtained from calculations.46,75,77) Similarities between the two curves can be

recognized and is often concluded that the experimental force curves are due to

hydration forces. Other calculation methods such as free energy calculations78,79)

and 3D reference interaction site model (RISM) theory23) have been conducted

and have also shown analogy with experimental results. Therefore, many re-

searchers now accept that the 2D frequency shift map holds some kind of infor-

mation about the hydration structure. However, this can’t give the position of the
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water molecules and is still a difficult problem in FM-AFM hydration structure

measurements. This problem will be considered in section 4.5.2.

2.5 Summary

In this chapter, an overview of measuring the solid-liquid interface with an FM-

AFM was presented. The formation mechanism of the EDL and hydration struc-

tures were described. The forces acting on the tip in liquid conditions were de-

scribed and simple calculations were conducted to explain the tip-sample forces

deriving from Lennard Jones potentials. Also, an overview of the AFM mea-

surement techniques were presented. Especially, the relationship between the

frequency shift and tip-sample interaction force were described and the deconvo-

lution method utilizing the Sader method was explained in detail. Furthermore,

the force mapping technique was described which was used to achieve local hy-

dration structures.
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3

Hydration Structures of

Hydrophilic and Hydrophobic

SAMs

3.1 Introduction

Hydrophobicity is a general conception recognized in daily life, but the micro-

scopic origin of this property is still not fully understood. Today, one of the

biggest goals in surface science is to elucidate the relationship between the macro

hydrophobicicty and the micro scale hydrophobic surface/water interface. The

hydrophobic surface/water interface is a result of minimizing the total free energy

of the system including the water molecules. To theoretically solve the problem,

all of the water molecules inside the system have to be considered which makes the

problem severely complex. Plus, in reality, hydrophobic solutes in the solution

such as gas molecules and hydrocarbon contamination easily effect the experi-

mental measurements and causes difficulties in obtaining reproducible results.

When two hydrophobic surfaces approach each other in an aqueous solution, a

strong attractive forces acts between the hydrophobic materials called hydropho-

bic interaction. This force is known to affect a wide variety of phenomena such

as protein folding80) and stabilization.81) Therefore, enormous amounts of re-

search have been conducted on investigating the hydrophobic surface/water in-

terface using sum-frequency generation (SFG),39) neutron/X-ray reflectivity35,36)
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and atomic force microscopy (AFM).82–84) A major topic about the hydration

structure on hydrophobic surfaces is whether the water molecules form an ordered

structure or not. Many SFG measurements on hydrophobic silane self-assembled

monolayers (SAMs) have indicated water molecules to form ordered, or some-

times explained as ”ice” like structures, due to the strong peak at about 3200

cm−1 usually labeled as hydrogen bonds.39,85) However, Tyrode et al., recently

pointed out the possibility of water molecules directly interacting with the sub-

strate through gauche defects in the silane SAM.39) The controversy is due to the

lack of lateral resolution from the experimental methods and real space measure-

ments are demanded to draw a more detailed picture of the hydration structure

on hydrophobic surfaces.

Alkanethiol self-assembled monolayers (SAMs) were chosen as a model system

to investigate the hydration structure. Alkanethiol molecules are famous to form

a well ordered monolayer with the sulfur head group facing the metal surface and

the functional group on the opposite side confronting the atmosphere. Therefore,

the functional group modifies the surface property. Another major advantage of

alkanethiol SAMs is its simpleness of fabrication, mostly just immersing metal

substrates into a solution containing alkanethiol molecules. When two molecules

are included in the solution, the molecules either form a mixed-up SAM, or a

phase separated SAM where the molecules gather and are homogeneous inside

the domains. The formation of phase separated SAMs rely on the functional

group and chain length difference of the two molecules.86) These phase separated

alkanethiol SAMs are an ideal sample to study the local hydration structure of

both hydrophilic and hydrophobic surfaces, where the hydration structures of

both phases can be measured in the same image, which invalidates the argument

of tip effects; an ineluctable problem in AFM imaging.

In this chapter, a 2D force mapping technique was conducted on hydrophilic

and hydrophobic alkanethiol SAMs to investigate the relation between the hy-

dration structure and the hydrophilicity/hydrophobicity of the substrate using

FM-AFM. To avoid the tip effect, a binary phase separated SAM composed of

both hydrophilic and hydrophobic molecules was also fabricated and a cross-

sectional 2D frequency shift map of the phases was measured. The results clearly

29



3. HYDRATION STRUCTURES OF HYDROPHILIC AND
HYDROPHOBIC SAMS

Figure 3.1: (a) Ball-stick model of a 1-hexadecanethiol molecule. (b) Schematic

image of a side view of an alkanethiol SAM. (c) Schematic image of the position

of the alkanethiol molecules over the Au(111) plane. The red spheres depict the

alkanethiol molecules and the yellow spheres represent the gold atoms.

demonstrate that the molecular composition of the surface dramatically alters the

hydrophilicity/hydrophobicity of the substrate and the local hydration structure.

3.2 Alkanethiol Self-Assembled Monolayers

The self assembly phenomenon of alkanethiol molecules on gold surfaces has been

known for decades called self-assembled monolayers (SAMs).87) These SAMs are

formed spontaneously when the alkanethiol molecules can access a bare gold sur-

face and also stops growing when the monolayer is formed. Thus, fabricating

alkanethiol SAMs is very simple and is applied in many research fields such

as electronics,88) lubrication89) and nanopatterning.90) The self assembly phe-

nomenon of alkanethiol molecules are due to the interaction between the surface

and the molecule, and between the alkane side chain themselves. Fig. 3.1(a)

shows a ball-stick model of a 11-mercapto-1-undecanol molecule (C11OH), which
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is a typical alkanethiol molecule forming SAMs. Fig. 3.1(b) presents a schematic

image of the side view of a C11OH SAM. Sulfur atoms of the mercapto moiety

form a covalent bond with the gold atoms on the surface. The alkane side chain

interact with themselves through van der Waals forces which stabilizes the SAM.

Hence, the longer chainlength of the alkanethiol molecule makes the SAM more

stable and rigid, which effects the whole structure of the SAM. This will be fur-

ther discussed in chapter 4. Fig. 3.1(c) displays a schematic image of the (
√

3 ×
√

3 )R30◦ structure which is frequently observed in alkanethiol SAMs. Molecules

are hexagonaly packed with a intermolecular distance of 0.5 nm. In general, long

chain alkanes are known to form crystals due to van der Waals interactions be-

tween themselves and the intermolecular distance is about 0.4 nm. In alkanethiol

SAMs, the molecules tilt for about 30◦91–93) to alter the intermolecular distance

from 0.5 nm to 0.5 × cos(30◦) = 0.43 nm, which matches the intermolecular

distance of alkane crystals.94) Back to Fig. 3.1(b), the functional tail groups of

the molecule protuberates toward the atmosphere. As a result, a surface mod-

ified with an alkanethiol SAM is covered with the functional tail group at the

surface and makes alkanethiol SAMs a powerful surface modification technique.

The ability to control the surface property and structure of a gold surface makes

alkanethiol SAMs a useful model system to study the influence of these properties

and the hydration structure above it.

3.3 Experimental

3.3.1 Materials

3-mercaptopropionic acid (C2COOH, purity 99%), 6-mercapto-1-hexanol (C6OH,

purity 97%), 1-decanethiol (C10, purity 95%), 11-mercapto-1-undecanol (C11OH,

purity 97%), 11-mercaptoundecanoic acid (C11COOH, purity 95%) and 1-hexa-

decanethiol (C16, purity 95%) were purchased from Sigma-Aldrich, ethanol (pu-

rity 99.5%) was purchased from Kishida Chemical and mica substrates were pur-

chased from Furuuchi Chemical.
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3.3.2 Fabrication of an Atomically Flat Au(111) Plane

Alkanethiol SAMs were formed on atomically flat Au(111) films, which were

fabricated according to a previous work by DeRose.95) First, mica substrates were

cleaved with adhesive tape to obtain clean surfaces in ambient condition. Then,

the mica substrates were quickly mounted to a lab-made evaporation apparatus

and were heated for more than a day at 430◦C, prior to evaporation. Deposition

was conducted when the vacuum was under 5 × 10−8 Torr. The typical deposition

rate was 1.0 Å/s and 150 nm of gold was deposited on the mica substrates. After

the deposition, the gold films were continued heated for more than 90 minutes to

allow the gold atoms to migrate on the gold surface which enlarged the terraces

of the film. This was a crucial step in fabricating gold films with wide terraces.

3.3.3 Fabrication of Alkanethiol SAMs

Alkanethiol SAMs were fabricated by immersing the gold films into ethanol so-

lution containing the alkanethiol molecules. Several concentration conditions of

the alkanethiol molecules were performed in this study from 1 µM to 1 mM, but

the concentration didn’t affect the quality of the SAMs much. The gold films

were either immersed in room temperature, or put in a oven and heated at 70◦

to 78◦C. The immersion was conducted for more than a day. The effect of the

immersion temperature on the topography will be discussed in section 4.4.2.

Binary phase separated SAMs were formed according to previous studies con-

ducted by Kakiuchi.96–98) Two alkanethiol molecules were mixed in an ethanol

solution and the total concentration was set to 1 µM. The combination of the

two molecules were chosen to have a difference in the chain length of at least 8

units. The tail end group of the longer molecule was always a methyl group and

a hydrophilic functional group was choosed for the shorter molecules. The con-

centration of the short chain alkanethiol molecule was three to four times higher

than the long chain alkanethiol molecule. The gold films were immersed for more

than a day in room temperature. In these conditions, binary phase separated

SAMs were reproducibly fabricated.
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3.4 Topography of the Au(111) plane

Figure 3.2: A typical wide view topographic image of the gold film fabricated on

a mica substrate. The image was obtained in 0.1 M KCl solution.

3.4 Topography of the Au(111) plane

Fig. 3.2 presents a typical wide view topographic image of the gold film deposited

on mica. Atomically flat wide terraces were formed which were crucial in fabri-

cating alkanethiol SAMs. Since the interatomic distance of the Au(111) plane is

0.29 nm, the atomic resolution topographic image of the Au(111) plane wasn’t

imaged in this study. However, from the hexagonal structures of the alkanethiol

SAMs formed on the gold film, the surface of the gold film was defined as the

Au(111) plane.

3.5 Influence of the Functional Group on Alka-

nethiol SAMs

3.5.1 Wide View Topographic Images of Alkanethiol SAMs

Fig. 3.3(a) shows a typical wide view image of a C11OH SAM fabricated in 70◦.

Fig. 3.3(b) presents a cross section profile depicted as a black line in Fig. 3.3(a).

In the wide view images, some regions in the SAM were lower than the global
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Figure 3.3: (a) A typical wide view topographic image of the C11OH SAM

fabricated on a Au(111) plane. The sample was immersed in 70◦C for a day. The

image was obtained in 0.1 M KCl solution. (b) Cross section profile depicted as a

black line in (a). (c) A schematic image of a side view of an etch pit formed on an

Au(111) plane.

plane. The height difference was 0.26 nm in this study which matches well with

the height difference of a single step in the Au(111) crystal. Therefore, these low

areas are concluded to be etch pits which are frequently reported on alkanethiol

SAMs99) and other organic molecular SAMs formed on metal substrates.100–102)

Fig. 3.3(c) displays a schematic image of an etch pit formed on an alkanethiol

SAM. The origins of these etch pits haven’t been disclosed so far. Early studies

from Poirier proposed that etch pits are formed to relax the surface stress when
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Figure 3.4: (a), (b) and (c) are molecular images of alkanethiol SAMs terminated

with the hydroxy group, carboxy group and methyl group, respectively. Each SAM

showed a hexagonal (
√

3 ×
√

3 )R30◦ structure. All images were achieved in 0.1 M

KCl solution.

surface reconstruction occurs during alkanethiol SAM formation on the herring-

bone structure,99) but recent papers have argued about the complex gold/sulfur

interface where calculations have confirmed that the interface is most stable when

gold adatoms are involved.103,104) In this case, the etch pits are formed to supply

gold adatoms to the etch pits. This scenario is also supported from SAM forma-

tion of perylene derivatives on Cu(111) substrates. Cu adatoms are also involved

in this system which results in etch pits, similar to alkanethiol SAMs.100,101) The

lines that connect the etch pits are domain boundaries. The molecular images

achieved throughout this study where obtained over these flat SAMs. The wide

view topographic images of methyl terminated and carboxy terminated SAMs

were also measured, but similar images were obtained independent of the tail end

functional group. It is worth noting that nanobubbles,105) frequently reported in

AFM imaging of hydrophobic substrates in aqueous solutions, were not observed

on methyl terminated SAMs throughout this study.

3.5.2 Influence of the Functional Group on the Molecular

Structure

Fig. 3.4 presents the molecular images taken over C11OH, C11COOH and C10

SAMs. The SAMs in Fig. 3.4 were terminated with (a) hydroxy (OH) group,
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Figure 3.5: 100 × 100 nm2 scale topographic images of the C11COOH SAM

imaged in aqueous solutions with different electrolytes. The conditions of the elec-

trolytes were (a) 0.1 M HClO4, (b) 50 mM K2CO3, (c) TE buffer (undiluted), (d)

0.1 M KCl, (e) 0.1 M NaCl and (f) 0.1 M KBr, respectively.
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Figure 3.6: Narrow view image of the C11COOH SAM measured in 0.1 M HClO4

solution. The molecules showed a (
√

3 ×
√

3 )R30◦ structure.

(b) carboxy group (COOH) and (c) methyl group (CH3), respectively. The chain

lengths were similar in all SAMs and the differences were concluded to derive from

the tail end functional group. All of the SAMs showed a hexagonal structure with

a intermolecular distance of 0.5 nm which are typical features of the (
√

3 ×
√

3

)R30◦ structure. The bulge found in the COOH SAM were repeatedly observed

on COOH SAMs in 0.1 M KCl solutions. The bulges appeared even if the KCl

solutions were renewed, so the possibility of hydrocarbon contamination was ruled

out.

Fig. 3.5 displays the 100× 100 nm2 scale topographic images of the C11COOH

SAM in different electrolytes. It was found that the images obtained in solutions

containing halogen ions (KCl, NaCl and KBr) were corrupted, while the images

achieved in solutions not containing halogen ions were clearly imaged. Fig. 3.6

shows the molecular image of the C11COOH SAM imaged in 0.1 M HClO4 solu-

tion. The image depicts a (
√

3 ×
√

3 )R30◦ structure, which is consistent with

previous STM studies observing the COOH terminated alkanethiol SAMs.106,107)

Hence, the bulges recognized in the molecular images of COOH terminated SAMs

(such as in Fig. 3.4(b)) were caused by the halogen ions in the solution. However,

since the isoelectric point of COOH terminated SAMs are reported to be 3.5,108)

the COOH functional groups are predicted to deprotonate and become negatively

charged. Therefore, it’s counterintuitive that the halogen anions interacted with
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the negatively charged COO− groups. Considering that clear topographic images

were obtained in a wide pH region in solutions free of halogen ions, it maybe

possible that a stronger interaction other than the repulsive electrostatic inter-

action occurred between the halogen anions and the COO− groups and caused

these problems. In this study, it wasn’t possible to clarify the mechanism why

the halogen ions corrupted the topographic images.

3.5.3 Hydration Structure Measurements

Figs. 3.7 (a) and (b) display the 2D frequency shift map taken over a C11OH

SAM and a C11COOH SAM, respectively. The yellow line in the images is the

position where the tip retracted in the force mapping technique and corresponds

to the surface of the sample. The yellow line showed a sinusoidal pattern which

is due to atomic corrugation of the SAM surface. The protrusions of the line (de-

picted in blue arrows) correspond to the positions where alkanethiol molecules

are positioned and the valleys (depicted in red arrows) stand for the position

between alkanethiol molecules. In the 2D frequency shift maps a dot like pattern

was observed on the C11OH and C11COOH SAM. The residence time of water

molecules inside the hydration structure of an alkanethiol SAM have been cal-

culated to be no longer than several tens of picoseconds,109,110) while the period

of the cantilever oscillation cycle is no more faster than several microseconds in

this experiment. Therefore, the 2D frequency shift maps reflects the time aver-

age or probability distribution of the water molecule density. Dot like patterns

mean that the water molecules are locally restricted to the surface due to hydro-

gen bonds with the hydroxy and carboxy functional groups. Figs. 3.7 (c) and

(d) depict the frequency shift versus distance curve extracted from Fig. 3.7 (a)

and (b), respectively. In Fig. 3.7(a) the curves were extracted from the valleys

and protrusions from three different points depicted in the blue and red arrows

in Fig. 3.7(a), while in Fig. 3.7(b) the curves were averaged from two points

depicted by the arrows. An oscillation was found on the frequency shift versus

distance curve with a period of 0.3 nm, which matches the size of a single wa-

ter molecule and is the biggest evidence that the oscillation is due to hydration

forces. Figs. 3.7(e) and (f) present the force versus distance curves converted from

38



3.5 Influence of the Functional Group on Alkanethiol SAMs

Figure 3.7: 2D frequency shift maps taken over (a) C11OH SAM and (b)

C11COOH SAM, respectively in 0.1 M KCl solution. The yellow line in the image

depicts the position where the tip retracted from the surface which corresponds to

the surface of the sample. The blue and red arrows show the valley and protrusions

of the sample. Both 2D frequency shift maps were measured over the (
√

3 ×
√

3

)R30◦ structure. (c) and (d) are frequency shift versus distance curves extracted

from (a) and (b), respectively. (e) and (f) are force versus distance curves converted

from (c) and (d), respectively, using the Sader method.70)
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Figure 3.8: (a) presents a 2D frequency shift map taken over a C10 SAM in 0.1

M KCl solution. The yellow line in the image depicts the position where the tip

retracted from the surface which corresponds to the surface of the sample. The 2D

frequency shift map was measured over the (
√

3 ×
√

3 )R30◦ structure. (b) is the

frequency shift versus distance curves extracted from (a). (c) is the force versus

distance curves converted from (b).
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Figs. 3.7(c) and (d), respectively, using the Sader method.70) The amplitude of

the hydration force of the C11OH SAM was larger than the amplitude of the

C11COOH SAM. It is known that hydrogen bonds between carboxy groups and

water molecules are stronger than the hydrogen bonds between hydroxy groups

and water molecules.111) Thus, the measured hydration force is inconsistent with

this fact. This is due to the variation in the quality of the cantilever, specifi-

cally the sharpness of the tip apex. This quality variation of a cantilever is the

biggest disadvantage in AFM and questions the reliability of quantitative values

and sometimes appears as artifacts in topographic images. Hence, to overcome

this problem the samples have to be imaged with the same tip and ideally, should

be measured at the same time to prevent the shape of the tip to alternate between

measurements. This problem will be argued in detail in section 3.6.

Fig. 3.8 (a) shows the 2D frequency shift map taken over a C10 SAM. Notice

that the 2D frequency shift maps obtained in Figs. 3.7(a), (b) and Fig. 3.8(a)

are all measured with different cantilevers. Fig. 3.8(b) displays the frequency

shift versus distance curve extracted from Fig. 3.8(a). The frequency shift versus

distance curve was averaged for all 256 lines in the 2D frequency shift map. In

Fig. 3.8(a), line patterns were observed which indicate that the water molecule

density is equal on any position on the C10 SAM. Thus, the water molecules are

not constrained and move around freely in a quasi 2D plane. This is consistent

with the fact that the methyl groups of the C10 SAM can’t interact with the water

molecules through hydrogen bonds or coulomb interactions. Previous studies

measuring the hydration structure on other hydrophobic surfaces such as HOPG

have also shown an in-plane homogeneous distribution of water molecules.82) The

period of the oscillation was 0.3 nm which matches the size of a single water

molecule. Fig. 3.8(c) presents the force versus distance curve converted from

the frequency shift versus distance curve using the Sader method.70) Comparing

the oscillation amplitude in the force versus distance curve of the C10 SAM

(Fig. 3.8(c)) with the oscillation amplitude in the C11OH SAM (Fig. 3.7(e)),

the amplitude was larger on the C11OH SAM than the C10 SAM. However, the

local water molecule density of the first hydration peak have been calculated

from MD simulations and show a higher density on methyl terminated SAMs,112)

which is contractive with this result. Again, as in the case of the C11OH and
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C11COOH SAMS, the quantitative values of the hydration force doesn’t agree

with proceeding works and shows the impact of using different cantilevers in AFM

measurements.

Besides the locality of the water molecules in the hydration structure, another

topic at the hydrophobic surface/water interface is whether ”depletion layers”

exist at the interface. As mentioned before, the hydration structure over hy-

drophobic surfaces have been intensively investigated using neutron and X-ray

reflection techniques. Many of these studies have suggested the existence of a

low water molecule density layer which are called a depletion layer.34,113) The

length of the depletion layer varies between publications from 2-5 Å to several

nanometers.34) Comparing the 2D frequency shift map of the C11OH and C10

SAMs, the boundary of the SAM and water phase has atomic corrugation in the

C11OH SAM while most of the boundary was flat and didn’t show any roughness

in the C10 SAM. This suggests that the tip reaches the surface in the hydrophilic

C11OH SAM, while the tip is restricted from reaching the surface with a certain

distance on the C10 SAM. This topic will be argued again later in section 3.6.

3.5.4 Effect of Hydrocarbon Contamination on Hydropho-

bic Surfaces

Though reproducibility was achieved, it was extremely difficult to measure the

hydration structure on hydrophobic substrates. Fig. 3.9 (a) displays a typical

2D frequency shift map taken over a C16 SAM. Figs. 3.9 (b) and (c) show the

frequency shift versus distance curve and the dissipation versus distance curve,

respectively. The influence of the frequency shift versus distance curves were

exceeded from the dissipation versus distance curves according to a previous

study.114) The frequency shift versus distance curve and dissipation versus dis-

tance curve were averaged over all lines in the image. (256 lines) Abnormal

features can be confirmed in Fig. 3.9 (a) compared to hydration structures on

hydrophilic substrates. (i) The period of the oscillations were 0.5 nm, (ii) a

dip in the frequency shift curve was found around 2 nm from the surface (iii) a

sharp peak in the dissipation signal found in the same position as the dip in (ii).

The same features were also reported recently by Schlesinger and Sivan, where
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Figure 3.9: (a) 2D frequency shift image measured over a C16 SAM. (b) 1D

frequency shift versus distance curve extracted from (a). (c) 1D dissipation versus

distance curve taken from the same position of (b) was extracted.

they used FM-AFM to study the hydration structures of HOPG and fluorinated

silane SAMs.83,84) There paper concluded these characteristics were due to gas

molecules accumulated on the hydrophobic surface, which form a condensed gas

molecule layer. The accumulation of gas molecules on hydrophobic surfaces have

also been predicted in MD simulations,115) and matches with the recent trend

that gas molecules are involved in hydrophobic interactions. However, this sce-

nario doesn’t explain the frequency shift dip observed in this study. Generally,

nitrogen molecules are mostly thought as a hydrophobic solute. If a hydrophilic

tip moves from a water layer to a hydrophobic layer, this should not energetically

favor the tip, causing a repulsive force and should result in a positive frequency

shift. Nonetheless, it is reasonable enough to think that the frequency shift dip

derives from some kind of hydrophobic molecule gathering on the hydrophobic

surface.
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Figure 3.10: (a) Topographic image of a C16 SAM observed in 0.1 M KCl solution.

(b) Cross-sectional profile of the contamination depicted by a black line in (a).

The height difference was 0.5 nm which matches the oscillation period measured

in frequency shift versus distance curves.

Another issue on the hydrophobic surface/water interface is the involvement

of hydrocarbon contamination. Although HOPG is considered as a typical hy-

drophobic substrate with a contact angle (CA) of about 90 degrees, recent studies

suggest airborne contamination strongly alters the CA and that a pristine HOPG

substrate is more hydrophilic than expected.116) In this investigation, the three

features mentioned above frequently occurred when the cantilever holder clean-

ing was inadequate. (i.e. only sonicating in pure water) The author also thinks

that this could be the same case in the previous reports.84) Besides the features

mentioned above, they also reported a periodic line pattern on HOPG with a

period of about 4-5 nm. Periodic structures were also observed on a hydrophobic

C16 SAM in 0.1 M KCl solution and is presented in Fig. 3.10. The height of

the periodic structure was 0.5 nm which matches the oscillation distance pointed

out in (i). The periodic pattern on HOPG have also been reported by several

groups in liquid84,117) and in ambient conditions,118,119) and are concluded to be

the result of gas enrichment of the surface,84,117) or the self-assembly of some

kind of hydrocarbon contamination.118) For example, the images well resemble

the self-assembly of alkanes on HOPG in aqueous solutions.120) From these rea-

sons, a hypothesis was made that the 2D frequency shift map features are strongly

correlated with contamination and not gas molecules dissolved in the solution.
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Although the negative frequency shift dip in Fig. 3.9 is peculiar, the behavior

has strong analogies with a recent work measuring the collapse of micelles with

FM-AFM.121) In this work, (1) an oscillation period of 0.4 nm was found which

is larger than a single water molecule, (2) a negative frequency shift dip was

found around 2 nm from the surface. When the cantilever penetrates the micelle

in the approach process, the surfactant molecules are forced to reconstruct and

the long chain of the molecule orientate parallel to the surface. Just after the

tip penetrates the micelle, there is not enough space for anything besides the

surfactant molecules to get into the space between the tip and sample. Therefore,

virtually ”nothing” is there and an attractive force occurs on the tip and causes

(2). After that, the cantilever shows a 0.4 nm oscillation which matches the size of

the diameter of long-chain alkanes.122) A similar phenomenon is hypothesized to

occur during this experiment. The alkanethiol molecules physisorbed to the SAM

or desorbed from the substrate gathered near the SAM surface and spontaneously

formed a structure, which reconstructs after the tip retracts from the surface.

Since the dissolvment of gas molecules wasn’t controlled in this experiment, it

can’t be ruled out the influence of gas molecules but in that case, the reason for

the negative frequency shift should also be taken into account.

The features mentioned above were measured frequently when a conventional

cleaning process was conducted to the cantilever holder, which was just sonicating

the holder with deionized water. Suspecting that the peculiar results were due to

hydrocarbon contamination, the cleaning process was reexamined to the following

procedure, 15 minutes of sonication in ethanol and deionized water and then 30

minutes of UV/ozone cleaning. In the conventional cantilever holder, an adhesive

agent was used to build the holder. This prevented conducting UV/ozone clean-

ing because the adhesive agent decomposed when the UV/ozone cleaning was

conducted. Thus, a new cantilever holder was designed and utilized in the AFM

measurements on hydrophobic samples. This decreased the measurement of the

peculiar results and 0.3 nm oscillations due to hydration forces were measured.

The design of the new cantilever holder will be presented in section 5.2.
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3.6 Measurements of Binary Phase Separated

SAMs

As mentioned in section 3.5.3, although the local hydration structure was imaged

with three different functional groups, the quantitative values were unreliable

due to the variation of the tip quality. To overcome this problem, a binary

phase separated SAM was fabricated which is composed of two different func-

tional groups. By measuring the local hydration structure crossing two different

phases, the hydration structure could be directly compared with the same tip,

which should enhance the reliability of the experiments. Binary phase separated

SAMs have been fabricated by several methods,97,123,124) but the simplest method

is to immerse gold substrates into an organic solution containing two alkanethiol

molecules mixed together.96) In this case, the interaction between the gold sub-

strate and the alkanethiol molecules, and the interaction between the different

alkanethiol molecules strongly effect the binary phase separated SAM. This means

that the coverage ratio of the two alkanethiol molecules aren’t equal with the con-

centration ratio of the two molecules in the solution and strongly depends on the

fabrication conditions. For example, the chain length, functional group, total con-

centration and concentration ratio of the two alkanethiol molecules have a huge

impact on the coverage ratio. Previous studies report binary phase separated

SAMs when the following conditions are satisfied; (a) the two molecules have

different chain length (usually more than 10) and (b) the longer molecule has a

methyl functional group. Based on these requirements, a binary phase separated

SAM composed of C6OH and C16 molecules were fabricated and the influence

of the surface hydrophilicity/hydrophobicity on local hydration structures was

investigated.

3.6.1 Single Phased SAMs

Figs. 3.11(a) and (b) present the narrow view topographic image of a C6OH

SAM and C16 SAM, respectively. Both images showed a hexagonal pattern with

a intermolecular distance of 0.5 nm which matches the features of a (
√

3 ×
√

3

)R30◦ structure. It should be noted that the (
√

3 ×
√

3 )R30◦ structure and the
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Figure 3.11: Molecular scale image of (a) C6OH SAM and (b) C16 SAM, respec-

tively. Both images showed a hexagonal pattern which represent the (
√

3 ×
√

3

)R30◦ structure.

c(4 × 2) superlattice structure were both observed on the C6OH SAM, while

the (
√

3 ×
√

3 )R30◦ structure was only found on the C16 SAM. (The molecular

image and hydration structure of the c(4 × 2) superlattice structure of a C6OH

SAM is discussed in section 4.5.1.)

Figs. 3.12(a) and (b) display the 2D frequency shift map obtained over a

C6OH and C16 SAM, respectively. The C6OH SAM presented a dot like pattern

which corresponds to a inhomogeneous in-plane distribution of water molecules.

On the other hand, the C16 SAM showed a line pattern which stands for the ho-

mogeneous in-plane distribution of water molecules. These results are consistent

with 2D frequency shift maps achieved over a C11OH and C10 SAM and are not

due to the variation of the tip quality.
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Figure 3.12: (a), (b) 2D frequency shift map measured over C6OH SAM and C16

SAM, respectively. (c), (d) Frequency shift versus distance curve extracted from

(a) and (b), respectively. The red and blue curves in (c) represent the frequency

shift versus distance curves extracted over the valleys and protrusion of the SAM

surface. The blue and red arrows in (a) depict the position where the frequency

shift versus distance curves were extracted. (e), (f) Force versus distance curves

extracted from (c) and (d), respectively, using the Sader method.70)
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Figure 3.13: (a) Wide view topographic image of a binary phase separated SAM

composed of C6OH and C16 molecules. (b) A magnified topographic image of (a).

(c) Cross sectional profile of the phase separated SAM depicted in the black line

in (b). The height difference was 1.0 nm which matches the values obtained from

molecular models.

3.6.2 Binary Phased Separated SAMs

Fig. 3.13 (a) displays a 200 × 200 nm2 scale topographic image of the binary

phase separation SAM composed of C6OH and C16 molecules. Fig. 3.13 (b)

presents a magnified topographic image of the area depicted by a black square

in Fig. 3.13(a). Fig.3.13 (c) shows the profile of the black line in Fig. 3.13(C).

The height difference was approximately 1.0 nm. The length of the alkanethiol

molecules was calculated to be 0.90 nm for C6OH molecules and 2.04 nm for C16

molecules, respectively. Thus, considering a 30◦ tilt, the height difference was
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predicted to be 0.99 nm, which well matches the measured height difference in

Fig. 3.13(c) Hence, it was confirmed that the binary phase separated SAM was

composed of C6OH and C16 molecules were successfully fabricated.

Fig. 3.14 (a) shows the 2D frequency shift map taken over both the C6OH

and C16 SAM phase. Fig. 3.14 (b) displays the frequency shift versus distance

curves extracted from the C6OH and C16 phase in Fig. 3.14 (a). Fig. (c) shows

the force versus distance curve converted from Fig. 3.14 (b) using the Sader

method.70) Two features can be seen from Fig. 3.14 (a). (I) The hydration struc-

ture over the C6OH SAM displayed a dot like pattern while the C16 SAM showed

a line pattern (II) The height difference was 1.2 nm which is 0.2 nm longer than

the topographic image (Fig. 3.13) and the molecular model. (I) strongly sup-

ports the conclusion made in the one phase hydration measurements that OH

terminated SAMS have an inhomogeneous in-plane water molecule distribution

while CH3 terminated SAMs have a homogeneous in-plane water molecule distri-

bution. Since proceeding studies have shown the same trend on hydrophilic23,46)

and hydrophobic82,84) samples, the in-plane water molecule distribution can be

said to have a strong correlation with the overall contact angle. (II) is due to the

depletion layer formed over hydrophobic surfaces. The value 0.2 nm matches a

typical value reported from neutron/X-ray reflection measurements. Also, when

the force versus distance curve measured over the C16 SAM was fitted with van

der Waals forces, the fitting matched well when it was assumed that the tip was

0.2 nm apart from the surface when the tip retracted. This means that the C16

force versus distance curve was fitted with the following equation.

F
′

vdW (r) = − AR0

6 (r + 0.2[nm])2
(3.1)

In eq. 3.1, the Hamaker constant of the van der Waals force was 9.4 × 10−21 J

which matches with proceeding studies.84,125) To explain why the tip retracts at

the depletion layer, the relation between the water molecule distribution and the

force acting on the tip will be considered. A simple but yet, effective equation

to interpretate force versus distance curves obtained from FM-AFM was recently

demonstrated by Watkins and Amano called the solvation tip approximation
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Figure 3.14: (a) 2D frequency shift map obtained over a binary phase separated

SAM composed of C6OH and C16 moleucles. (b) Frequency shfit versus distance

curve extracted from (a). The blue and red curves were extracted over the C6OH

SAM and the C16 SAM, respectively. (c) Force versus distance curve converted

from (b) using the Sader method.70) The red and blue curves depict the force curve

obtained from the C6OH SAM and C16 SAM, respectively. The yellow curve

presents the van der Waals fitting with a Hamaker constant of 9.4 × 10−21 J.
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(STA).126,127)

f(z) =
kBT

ρ(z)

dρ(z)

dz
(3.2)

Where z is the distance between the tip and the sample, f(z) is the force acting

on the tip, ρ(z) is the local water molecule distribution, kB is the Boltzmann

constant and T is the temperature of the system. This formula assumes that the

tip is hydrated and the force acting on the tip is equal to the force acting on

the water molecule positioned at the apex of the tip. Recently, Miyazawa et al.

pointed out that a strong repulsive force should act on the tip when ρ(z) is small

and its gradient dρ(z)/dz is large.75) This situation occurs at the depletion layer

and causes a strong repulsive force to the tip without any contact between the

tip and sample. On the other hand, in topographic imaging, a larger amplitude

was set during imaging (1.0 nm peak-to-peak) which drives a stronger force to

the sample, penetrating the depletion layer and arriving to the SAM surface.

This is the reason why the topographic image didnt show a height difference with

the molecular model. Therefore, by measuring a 2D frequency shift map and

analyzing the force versus distance curve over a binary phase separated SAM,

the influence of the depletion layer was elucidated by FM-AFM.

3.6.3 Effect of Contamination on the Hydration Structure

of Phase Separated SAMs

The effect of contamination was also found on binary phase separated SAMs. Fig.

3.15 presents a 2D frequency shift map measured over a binary phase separated

SAM composed of C2COOH and C16 molecules. The C2COOH and C16 SAM

were fabricated by mixing the two alkanethiol molecules in a ratio of 3:1 to 4:1

with a total concentration of 1 µM. The peculiar features found in section 3.5.4

were also observed in Fig. 3.15; i.e. (i) an oscillation distance of 0.5 nm, (ii) a

dip in the frequency shift versus distance curve and (iii) a peak in the dissipation

versus distance curve found in the same position of (ii). In addition, the dip in

the frequency shift versus distance curve was measured in an arch like pattern

above the C16 SAM island. This is because the hydrocarbon contamination gath-

ered to the vicinity of the C16 SAM and formed a hemisphere like structure in
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Figure 3.15: (a) 2D frequency shift image obtained over a phase separated SAM

composed of C2COOH and C16 molecules. (b) 2D dissipation image simultaneously

obtained with the 2D frequency shift map. (c) Frequency shift versus distance curve

extracted over the CH3 SAM in (a). (d) Dissipation versus distance curve extracted

over the CH3 SAM in (b). (c) and (d) were extracted from the same position.

order to minimize the surface area in contact with water. Although the situation

is different for a homogeneous hydrophobic sample, from this result it can be

hypothesized that a similar phenomenon can occur on a homogeneous hydropho-

bic sample. The hydrocarbon contaminations form a self-assembled structure to

minimize the surface area which causes a frequency shift dip in force mapping

measurements.
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3.7 Summary

In this chapter, the hydration structure of hydroxy and methyl terminated alka-

nethiol SAMs were measured by the 2D force mapping technique using FM-AFM.

The hydration structure of hydrophilic SAMs showed dot like patterns, while line

patterns appeared on the hydrophobic SAMs. These patterns reflect the locality

of the water molecules on the surface. Strange frequency shift versus distance

curves were frequently obtained on hydrophobic SAMs which resemble results

measured by other research groups. The author suspects the features result from

hydrocarbon contamination, since conducting a thorough cleaning process to the

cantilever holder was effective. To neglect the tip effect which often causes arti-

facts in AFM images, the 2D frequency shift map on a binary phase separated

SAM which is composed of both hydroxy and methyl terminated alkanethiol

molecules were measured. The patterns were the same with the one phase SAMs,

which excludes the possibility of tip effects in this investigation. In addition,

the influence of the depletion layer on the methyl terminated SAM was found,

causing a 0.2 nm height difference from the topographic image. The assumption

of the depletion layer was also necessary to fit the force versus distance curves

with van der Waals forces.
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4

Hydration Structure

Measurements on Different

Surface Molecular Arrangements

of Hydroxy Terminated SAMs

4.1 Introduction

Hydration structures of various substrates have been intensively studied by X-

ray/ neutron reflectivity35,36) and SFG,38) but the relationship between the surface

and the hydration structures is quite complicated and still not fully understood.

The hydration structures result from a competition of two different interactions;

i.e., the interaction between water molecules and the surface, and the interaction

between the water molecules themselves. Since the former interaction is governed

by the electrostatic interactions between the surface charges and dipoles of the

water molecules, the arrangement of the water molecules at the interface are de-

termined by the atomic/ionic species of the outermost solid surface. However,

since water molecules have a finite volume, the hydration structures are signifi-

cantly influenced by the atomic-scale arrangement of the surface atoms and ions

with respect to the size and shape of the water molecules.51) Even for an atom-

ically flat surface, the corrugation of the surface atoms may range from ten to

several tens of picometers.35) Fig. 4.1 shows a schematic illustration of the atomic
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Figure 4.1: Schematic illustration of the impact of atomic corrugation on the

hydration structure. An atomically flat surface still has atomic corrugation in the

size of a fraction of a water molecule and can effect the total hydration structure.

corrugation of the surface effecting the hydration structure. Although the height

difference in the atomic corrugation is very low, they are comparable to a fraction

of the size of a single water molecule and large enough to reconstruct the entire hy-

dration structure. Till now, most researches have been conducted on hydrophilic

substrates which have functional groups or ions on the surface. Little work has

focused on the influence of the topography to the hydration structure.128)

Alkanethiol SAMs are stabilized by van der Waals forces between the alkane

chains, hence the molecular structure of the SAM deeply depends on the alkane

chain length. The relationship between the chain length and molecular struc-

ture of methyl terminated alkanethiol SAMs are well known. When an adequate

amount of thiol molecules are bonded to the surface, alkanethiol SAMs form a

closed-packed structure and the molecular arrangements are dominated by two

structures, namely the (
√

3 ×
√

3 )R30◦ structure and the c(4 × 2) superlattice

structure. Although the origin of the difference of these two structures are still

argued, it is an ideal sample to investigate the relation between the topography

and the hydration structure, because the topography of the surface can be altered

without changing the chemical composition of the sample. Therefore, there are

no extra hydrogen bonds or electrostatic interactions which had to be consid-

ered if the surface composition changed and simply concentrate on the surface

topography and how it affects the packing structure of the water molecules.
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In this chapter, the hydration structures of hydroxyl (-OH) terminated alka-

nethiol SAMs were investigated using an FM-AFM. Two molecular structures

were observed and the hydration structure were measured on both molecular

structures using the force mapping technique. The frequency shift versus dis-

tance curves were converted to local water molecule distributions and compared

with proceeding researches conducting MD simulations on OH terminated alka-

nethiol SAMs which matched well. By comparing the hydration structure of the

two molecular structures, the relationship between the atomic corrugation and

the local hydration structure were investigated.

4.2 Molecular Structures of the Alkanethiol SAM

It has long been known that methyl terminated alkanethiol molecules have two

molecular structures, namely, the (
√

3 ×
√

3 )R30◦ structure and the c(4 × 2)

superlattice structure. The (
√

3 ×
√

3 )R30◦ structure is a hexagonal structure

formed over a Au(111) plane with an intermolecular distance of 0.5 nm. The unit

cell is
√

3 times enlarged and rotated 30◦ against the unit cell of the Au(111)

plane. Early studies on the structure of alkanethiol SAMs reported the (
√

3

×
√

3 )R30◦ structure from transmission electron diffraction129,130) and infrared

(IR) spectroscopy131) However, the presence of a different structure was shown

from IR spectroscopy measurements.132) Afterwards, the existence of a larger or-

thorhombic unit cell was confirmed from helium diffraction133) and STM,93) and

the new structure was named the c(4 × 2) superlattice structure, defined over the

hexagonal (
√

3 ×
√

3 )R30◦ structure. The structure is also called the (3 × 2
√

3

) structure, due to the orthorhombic primitive unit cell. Further STM and AFM

experiments discovered that the c(4 × 2) superlattice structure possesses several

arrangements.134) Fig. 4.2 shows a schematic model of the different arrangements

typically found on alkanethiol SAMs. The α- phase depicts the (
√

3 ×
√

3 )R30◦

structure. The β-, γ-, δ-, ε- and ζ- phase are different arrangements found in

the c(4 × 2) superlattice structure.132–141) The thiol molecules inside the primi-

tive unit cell are known to show several height states which cause the different

arrangements.
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Figure 4.2: Schematic model of the different phases found on alkanethiol SAMs.

The yellow circles depict the gold atoms of the Au(111) plane while the black

to white circles depict the alkanethiol molecules forming the SAM. The brighter

alkanethiol molecules correspond to a higher arrangement than the neighboring

molecules. The rectangle in the β-, γ-, δ-, ε- and ζ- phase shows the (3 × 2
√

3)

primitive unit cell.

4.2.1 Origin of the different structures in alkanethiol SAMs

Although numerous amounts of research have been conducted to discover the ori-

gin of the (
√

3 ×
√

3 )R30◦ and c(4 × 2) superlattice structure, the issue is yet

to be solved. Most researchers now suspect that the interface between the sulfur

atom and gold surface is deeply related to these structures. When alkanethiol

SAMs were first found, the sulfur atoms were thought to be positioned on the

three fold sites on the Au(111) plane. However, this obviously can’t explain the

height modulation in the c(4 × 2) superlattice structure and early studies con-

cluded that the structures were derived from different tilt132) or twist angles133)

of the alkanethiol molecules. Fenter et al., stated from X-ray diffraction measure-

ments that the c(4 × 2) superlattice structure derives from the dimerization of the
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two neighboring sulfur atoms which form a disulfide moiety.140) The S-S distance

was 2.2 Å, which is shorter than the Au-Au distance on a Au(111) plane (2.8 Å)

which alters the binding site of the two alkanethiol molecules forming a disulfide.

Later, normal incidence X-ray standing wave measurements disclosed the fact

that gold adatoms are included in the gold/sulfur interface.142) The presence of

the gold adatoms were also confirmed from STM on short chain alkanethiol SAMs

and is now strongly believed that a gold adatom is included in the gold/sulfur

interface. The existence of the gold adatoms explains the appearance of the etch

pits which are necessary to supply gold atoms as adatoms. Etch pits are also

found in other organic molecule SAM/metal surface systems where the metal

adatoms also appear in the SAM/metal interface.100–102) From density functional

theory (DFT) calculations, it was found that two alkanethiol molecules bonding

with a single gold adatom is the most energetically favorable model.103,104) In

this case, it is thought that the steric hindrance between the neighboring alka-

nethiol molecules slightly alters the twist angle of the alkane chain and causes

the height difference in the unit cell.143) However, this model doesnt explain the

gold/sulfur interface structure of the (
√

3 ×
√

3 )R30◦ structure and still remains

an open question. The most important fact is that the c(4 × 2) superlattice

structure has been measured in various methods, such as helium diffraction,133)

low-energy electron diffraction,139) grazing incidence X-ray diffraction140,141) and

FM-AFM.135) Taking into account of these proceeding investigations, the height

difference observed in this experiment(Fig. 4.3 (b)) was concluded to actually

reflect the ”true” topography of the sample and are not caused by the nearest

hydration layer above the surface.

4.3 Sample Preparation and Experimental Pro-

cedures

The gold films were fabricated as mentioned in section 3.3.2. The gold films

were then immersed into ethanol solutions containing alkanethiol molecules with

a typical concentration of 10 µM and were heated in a oven at 78◦C for more

than a day, or kept at room temperature also for more than a day to fabricate
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Figure 4.3: (a) Wide view topographic image of a C11OH SAM. (b) A molecular

image and a cartoon showing the (
√

3 ×
√

3 )R30◦ structure. (c) A molecular

image and a cartoon showing the c(4 × 2) superlattice structure.

the alkanethiol SAMs. Heating the sample during SAM fabrication reduced the

number of defects and made wide domains.144) The samples were rinsed with

pure ethanol and deionized water and blown in nitrogen gas before observation.

Then, the samples were glued to a stainless plate or a teflon cup and mounted on

the AFM instrument within 1 hour from air exposure. The measurements were

performed in 0.1 M KCl solution to suppress long-range electrostatic forces.23)

Hydration structures were measured by a 2D force mapping technique as

mentioned in chapter 2. The frequency shift versus distance curves were converted

to force versus distance curves using the Sader method.70) 2D force maps were

obtained after the topographic images were acquired. The scan direction was

rotated to match the desired orientation of the 2D crystal. Data processing was

conducted using a free software WSxM145) or lab made Python programs.
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4.4 Topography of the C11OH SAM

4.4.1 Molecular Structure of C11OH SAMs

Fig. 4.3 (a) shows a wide view topographic image of the C11OH SAM. As men-

tioned in chapter 3, etch pits and domain boundaries can be observed in the image

which are typically found in alkanethiol SAMs.87) Fig. 4.3 (b) and (c) show the

molecular image of the C11OH SAM. The hexagonal structure shown in Fig. 4.3

(b) derives from the (
√

3 ×
√

3 )R30◦ structure. On the other hand, as depicted in

Fig. 4.2, some molecular images showed a ”zig-zag” like pattern or a rectangular

pattern which are known to derive from the c(4 × 2) superlattice structure.135)

Fig. 4.3 (c) shows the molecular image which the force mapping technique was

conducted in this study. Four height states can be recognized which strongly re-

sembles the ζ- phase of the c(4 × 2) superlattice structure.137) The c(4 × 2) super-

lattice structure has also been reported on hydroxyl-terminated alkanethiol SAMs

using electrochemical scanning tunneling microscopy (EC-STM)146,147) or FM-

AFM in aqueous conditions148,149). The maximum height difference was around

50 pm which matches the order of proceeding STM investigations on methyl and

hydroxyl terminated alkanethiol SAMs.136,150)

4.4.2 Influence of Temperature on C11OH SAMs

Figs. 4.4 (a) and (b) show a 100 × 100 nm2 size topographic image of a C11OH

SAM fabricated by immersing the sample in room temperature and in 70◦C, re-

spectively. As in Fig. 4.3 (a), etch pits and domain boundaries can be recognized

in both samples but there were many more etch pits in the sample fabricated in

room temperature. Plus, the area of the etch pits fabricated in 70◦ were larger

than fabricated in room temperature. Therefore,heating the sample during im-

mersion decreased the number of defects and etch pits and also enlarged the area

of each etch pit. Yamada reported the same trend on ex-situ STM measure-

ments on 1-decanethiol SAMs and suggested a Ostwald ripening growth process

of the etch pits.151) Ostwald ripening is a growth mechanism usually applied to

nanoparticles.152) The stability of nanoparticles depend on its size and when two

nanoparticles exist in a solution, the atoms consisting the smaller nanoparticle
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Figure 4.4: 100 × 100 nm2 size topographic image of a C11OH SAM fabricated

at (a) room temperature and (b) 70◦. The black rectangle in (a) displays the area

where the etch pits analysis was conducted. (c) and (d) are the binary images of

(a) and (b), respectively, which were used in the analysis. The red rectangle in (c)

shows the same area of the black rectangle in (a).

transfer to the larger nanoparticle. When the process finishes, the number of the

nanoparticles decrease and only large nanoparticles exist. Yamada et al. sug-

gested that the same phenomenon occurred to the etch pits on the alkanethiol

SAM. For proof, they showed that the ratio of the area of the etch pits were

constant and independent of the immersion temperature. In this experiment, the

ratio of the etch pits were analyzed by a free software, ImageJ.153) Since steps

existed in Fig. 4.4 (a), the ratio of the etch pits were analyzed in the area inside
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the black rectangle in Fig. 4.4 (a). Figs. 4.4 (c) and (d) displays the binary

image used in analyzing the etch pits. The black regions depicts the area which

are counted as etch pits. From the analyses, the ratio of the etch pits was 20% in

the sample fabricated in room temperature while the ratio was 16% in the 70◦C

fabricated sample. If the c(4 × 2) superlattice structure derives from the com-

plex RS-Au(adatom)-SR moiety mentioned earlier, and the adatoms were only

supplied from etch pits, the coverage ratio of the Au adatoms on a c(4 × 2)

superlattice structure SAM would be 16%, which matches well with the ratio of

Fig. 4.4 (b).154) The difference of the etch pit ratio in the sample fabricated in

room temperature may be due to statistical error, contribution of RS-Au(adatom)

moieties in the (3 × 2
√

3 ) structure155,156) or adatom diffusion from steps.154) In

AFM measurements, practically, it’s impossible to eliminate thermal drift in the

apparatus and therefore, it’s desirable to use SAMs with larger domains.

Although SAMs fabricated in 70◦C were suitable for the hydration structure

measurements, the (
√

3 ×
√

3 )R30◦ structure wasn’t observed in this method.

On C16 SAMs, annealing has been reported to increase the coverage area of the

c(4 × 2) superlattice structure,157) which is consistent with this study. Therefore,

the (
√

3 ×
√

3 )R30◦ structure was imaged by fabricating the SAMs at room tem-

perature while the SAMs with the c(4 × 2) superlattice structure were fabricated

at 70◦C.

4.4.2.1 Fluctuation of the Molecular Structure in the C6OH SAM

Although X-ray experiments, STM observations and DFT calculations have pre-

sented numerous results that the c(4 × 2) superlattice structure derives from

the complex gold/sulfur interface,103,104,142,158,159) there are still contrary opin-

ions that the structures are due to artifacts. For example, some believe STM

observations are measuring the difference of the electrical tunneling current of

the alkanethiol SAMs and not the true sample surface. In this study, the molec-

ular structure sometimes altered from the (
√

3 ×
√

3 )R30◦ structure to the c(4

× 2) superlattice structure, or vice versa when imaging the same location. Fig.

4.5 displays two topographic images taken over a C6OH SAM. Fig. 4.5 (b) was

imaged 50 seconds later than Fig. 4.5 (a) and both images were scanned from
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Figure 4.5: (a) and (b) are narrow view topographic images taken over a C6OH

SAM. (b) was obtained about 50 seconds after (a) was achieved. (c) and (d) depicts

the self-correlation image of (a) and (b), respectively.

down to up. It can be seen that the (
√

3 ×
√

3 )R30◦ structure changed to the c(4

× 2) superlattice structure during the scan. Fig. 4.5 (c) and (d) are the 2D self-

correlation images of the two topographic images (a) and (b), respectively. The

self-correlation images confirm that the imaged molecular structure altered during

the scan. The structure fluctuation has been reported early STM measurements

on methyl terminated alkanethiol SAMs in ultra-high vacuum environments.138)

They have been thought to be due to the change in the ”true” surface or artifacts

due to tip changes or the electric potential of the STM. It is hard to discuss the

origin of this phenomenon but it’s interesting that this was found in an AFM

measurement, since the electrical potential can be ruled out. Also, tip changes
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are believed to instantaneously disrupt the images which was not observed in

this data set. Thus, it seems that the ”true” surface arrangement varied during

the scan, although further investigations should be conducted to draw any con-

clusion. This means that the energetic stability between the two structures are

small which can be also confirmed by the fact that these two structures coexist

on the SAM.160) In either case, the molecular structure of the 2D frequency shift

maps were confirmed by checking the period of the corrugation of the surface.

4.5 Hydration Structure of the alkanethiol SAM

4.5.1 Frequency Shift Maps of the C11OH SAM

Fig. 4.6(a) and (b) show a frequency shift image taken over the (
√

3 ×
√

3

)R30◦ structure and the c(4 × 2) superlattice structure, respectively. In the

force mapping technique, when the frequency shift exceeds the threshold the

tip retracts, so there are no data points in the bottom part of the picture (white

area) and the boundary indicated by the yellow line reflects the topography of the

surface. Protrusions and valleys can be found in the image which are depicted by

red and blue arrows, respectively. The protrusions and valleys found in Fig. 4.6

reflect the morphology of the C11OH SAM. Above the surface, bright and dark

spots can be found in the images which indicate the positive or negative frequency

shift of the cantilever from the resonance frequency. Figs. 4.6(c) and (d) illustrate

the relationship between the slow scan direction of the tip and the SAM surface.

Fig. 4.6 (a) and (b) were taken both taken along the [1 0 1̄] direction. Fig. 4.7 (a)

and (b) show the frequency shift versus distance curve extracted from Fig. 4.6

(a) and (b). The frequency shift versus distance curve over the protrusion of both

structures were shifted to adjust the height difference found in the 2D frequency

shift image, which includes the ”true” surface and slight indention caused by the

force mapping technique. The frequency shift versus distance curves over the

protrusions and valleys were completely different, where an oscillation occurred

near to the surface over the valley in both structures. The period of the oscillation

was around 0.3 nm which matches the size of a single water molecule. Fig. 4.7 (c)

and (d) are force versus distance curve converted from the frequency shift versus
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Figure 4.6: Frequency shift image taken over a C11OH SAM. The frequency shift

maps were taken over the (a) (
√

3 ×
√

3 )R30◦ structure along the [1 0 1̄] direction

and (b) c(4 × 2) superlattice structure along the [1 2̄ 1] direction. The orange line is

a guide to the eye of the topography of the surface. The arrows indicate the points

were the frequency shift versus distance curves were averaged and plotted in Fig.

4.7 (a) and (b). A schematic summary of the force mapping technique conducted

on (c) (
√

3 ×
√

3 )R30◦ structure and (d) the c(4 × 2) superlattice structure.

distance curves using the Sader method. Although its not easy to determine

whether the tip retracts at the ”true” surface in the force mapping technique, it

was decided that in this study, the tip reaches the sample and doesnt stop on

the hydration layer above it. In fact, the threshold of the frequency shift was set

higher than previous FM-AFM studies on alkanethiol SAMs.148,149) Hence, the

values that were higher than 1 kHz in the frequency shift curve were cut off. The

force curves (Fig. 4.7 (c) and (d)) and water molecule distributions (explained

afterwards, Fig. 4.7 (e) and (f)) are displayed in the range where the frequency

shift doesn’t exceed 1 kHz.

A remarkable difference was recognized between the hydration structures of

the (
√

3 ×
√

3 )R30◦ structure and the c(4 × 2) superlattice structure. The
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Figure 4.7: (a), (b) Frequency shift versus distance curves extracted from Fig.

4.6(a) and (b), respectively. Each point was averaged from three different points

depicted by the arrows. (c), (d) are force versus distance curves converted from

(a) and (b), respectively, using the Sader method.70) (e), (f) Local water molecule

density obtained using equation 4.2 calculated from (c) and (d), respectively.
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biggest difference was the distance between the dark spots found over the protru-

sions (depicted in blue arrows) was 0.5 in Fig. 4.6 (a) and 1.0 nm in Fig. 4.6 (b).

1.0 nm doesn’t match with the distance of the nearest neighbors in the c(4 × 2)

superlattice structure. The distance actually corresponds to the distance between

the molecules with the same height when the scan was in the [1 2̄ 1] direction

of the c(4 × 2) superlattice structure. Based on these results, it is possible to

describe a consistent explanation of how the topography of the surface affects the

hydration structure. In the (
√

3 ×
√

3 )R30◦ structure, all of the molecules are

on the same plane and the distance between the molecules are 0.5 nm. This is

longer than the diameter of a single water molecule which is 0.28 nm and the

water molecules have enough space to position itself between the thiol molecules.

In the c(4 × 2) superlattice structure, the distance between the nearest neighbors

are still 0.5 nm, but hydroxyl groups are not on the same plane and have a height

difference around 50 pm as mentioned above. In this case, the space over the

lower thiol molecules suit better for the water molecules and are positioned over

the lower hydroxyl groups in the c(4 × 2) superlattice structure. Therefore, the

periodicity and the amplitude of the corrugation alters the hydration structure

and is strong evidence that the topography is a huge factor of the hydration

structure. This is quite surprising since the height difference in the c(4 × 2)

superlattice structure measured in this study was around 50 pm, which is only

about 15% of the size of a single water molecule. The effect of the topography

to the hydration structure also explains well why the hydration structure of ζ

phase c(4 × 2) superlattice structure alters with the ε phase c(4 × 2) superlattice

structure previously reported.

Some papers have already reported the 2D frequency shift images of OH-

terminated alkanethiol SAMs. Hiasa et al., investigated the hydration structure

of C11OH and C6OH SAMs using FM-AFM.148,149) The C11OH SAM showed a

(
√

3 ×
√

3 )R30◦ structure and the frequency shift oscillation was found over the

valleys of the frequency shift map, which is consistent with this study. However,

the C6OH SAM showed a c(4 × 2) superlattice structure and the oscillation

appeared on the protrusion which disagrees with this study. It is hard to say

what caused these differences, but maybe the chain length or phase of the two

SAMs are the reasons. The molecular structure of the C11OH SAM in this study
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4.5 Hydration Structure of the alkanethiol SAM

Figure 4.8: (a) Molecular-scale topographic image and (b) 2D frequency shift map

of the c(4 × 2) superlattice structure formed on a C6OH SAM. The red arrows

depicts the protrusions where the frequency shift oscillation was found.

closely resembles the ζ-phase while the molecular structure of the C6OH SAM

in the previous investigation suggested an ε-phase-like structure. The effect of

the molecular arrangements on the hydration structure as already mentioned

also explains why the hydration structures of the ζ-phase c(4 × 2) superlattice

structure were different from that of the previously reported ε-phase c(4 × 2)

superlattice structure. Figs. 4.8(a), (b) depict the topographic image and 2D

frequency shift map taken over a C6OH SAM, respectively. Although the phase

of the SAM were not abled to be defined, the 2D frequency shift map depicts

that the frequency shift oscillation appears on the protrusions, which agrees with

the previous study.149)

4.5.2 Details of Calculating the Local Water Molecule

Distribution from Force Versus Distance Curves

As mentioned in section 2.4, the interpretation of 2D frequency shift maps is still

a difficult problem. Assuming the STA is one approach where the tip is assumed

to be hydrated and a water molecule is positioned in front of the tip apex126,127)

(see also section 3.6) In the STA, the force versus distance curves and the local

69



4. HYDRATION STRUCTURE MEASUREMENTS ON
DIFFERENT SURFACE MOLECULAR ARRANGEMENTS OF
HYDROXY TERMINATED SAMS

water molecule distribution are related as expressed in eq. 3.2.126,127)

f(z) =
kBT

ρ(z)

dρ(z)

dz
(4.1)

Where z is the distance between the tip and the sample, f(z) is the force acting

on the tip, ρ(z) is the local water molecule distribution, kB is the Boltzmann

constant and T is the temperature of the system. By integrating and taking

the exponential function of both sides, ρ(z) can be obtained by the following

equation.

ρ(z) = exp

(∫
f(z)dz

kBT

)
(4.2)

Empirically, force versus distance curves obtained by FM-AFM are known to

monotonically increase when approaching the surface other than oscillation forces,
75,76) which act as the background. Hence, the force versus distance curves were

fitted using the following formula.76)

f(z) = 2πR
{
Ao cos

[2π(z + ϕ)

σo

]
exp

(
− z

λo

)
+ Am exp

(
− z

λm

)}
(4.3)

Where R is the tip radius, Ao and Am are the magnitudes of the oscillation and

monotonic repulsion forces, ϕ is the phase shift adjusting the start point of the

circular function, σo is the distance between the oscillations, λo and λm are the

decay lengths of the oscillation and monotonic repulsion forces. The monotonic

increase was defined as the short range background and subtracted it from the

force converted from the Sader method.75) Then, recording to eq. 4.2, the force

versus distance curves were integrated by applying the trapezoidal rule and took

the exponential function to obtain the local water molecule distribution.

From here, the water molecule distribution conversion process of the frequency

shift versus distance curves extracted from the (
√

3 ×
√

3 )R30◦ structure is

demonstrated. Fig. 4.9 (a) and (b) show the force versus distance curve and the

fitting curve using eq. 4.3 taken over the valley and protrusion, respectively. The

fitting agreed fairly well with the experimental curve and shows eq. 4.3 is a good

formula to describe hydration forces. The arrows in the figure are the peaks due

to hydration forces.

The monotonic repulsion force was assumed as a background force other

than hydration forces, where the same assumptions have been done in previous
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4.5 Hydration Structure of the alkanethiol SAM

Figure 4.9: The blue curves in (a) and (b) show the force versus distance curve

converted from the frequency shift versus distance curves displayed in Fig. 4.7 (a).

The green curves in (a) and (b) depicts the fitting curve of eq. 4.3. (c) and (d)

show the monotonic component subtracted from the force versus distance curve

and the fitting curve of eq. 4.3.
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reports.75) Figs. 4.9 (c) and (d) show the force versus distance curve subtracting

the monotonic repulsion force and the oscillation component of the fitting curve.

Two oscillation peaks in the force versus distance curve can be seen which are

represented by the arrows.

Then, the force curves were integrated by the trapezoidal rule following eq.

4.2. Fig. 4.9 (e) and (f) show the local water molecule distribution obtained by

the integration process. On the valley, although the second peak is small in the

local water molecule distribution, it can be confirmed in Fig. 4.9 (a)-(d), so the

second peak should be due to hydration forces and is hence not due to noise. The

shoulder indicated by the dashed arrow in Fig. 4.9 (b) is converted to a large

peak in Fig. 4.9 (d) which overestimates the local water molecule distribution.

The fitting parameters used in fitting eq. 4.3 are showed on Tab. 4.1. From

Table 4.1 it is clear that the magnitude of the monotonic component is larger

and the decay length is shorter on the protrusions of both structures than on

valleys. The problem in this fitting method is that when the oscillation force

doesnt occur near the surface and only a monotonic increase appears, the fitting

formula cant distinguish a monotonic increase and a strong oscillation. This

happened on protrusions in this study since the water molecules absorb on valleys

than on protrusions. Therefore, the monotonic increase in local water molecule

distribution over protrusions are inevitable in this study.

Finally, the calculated local water molecule distributions were compared the

results obtained from MD simulations. Fig. 4.10 shows the local water molecule

distribution calculated by the force curve and obtained from ref 112). Since the

MD simulation was conducted on a (
√

3 ×
√

3 )R30◦ structure and was converted

to 1-dimension, the force versus distance curve was averaged over the valley and

protrusion and calculated the local water molecule distribution using eq. 4.2.

The two curves matched well and shows that the STA is a good assumption

to obtain local water molecule distributions, experimentally. Fig. 4.11 presents

the schematic image of the hydration structure formed on the (
√

3 ×
√

3 )R30◦

structure and on the c(4 × 2) superlattice structure. This study demonstrates

that the force mapping technique is a powerful method to achieve information of

hydration structures on hydrophilic substrates.
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4.5 Hydration Structure of the alkanethiol SAM

Figure 4.10: Local water molecule distribution calculated from experimental force

versus distance curves and obtained from MD simulations.112)

Figure 4.11: Schematic illustration of the hydration structure formed on (a) (
√

3

×
√

3 )R30◦ structure and (b) c(4 × 2) superlattice structure, respectively.
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Table 4.1: Fitting parameters of the force versus distance curves

Ao (pN) λo (Å) ϕ (Å) σo (Å) Am (pN) λm (Å)

(
√

3 ×
√

3 )R30◦
73 1.9 0.90 3.0 100 1.3

valley

(
√

3 ×
√

3 )R30◦
110 2.0 2.0 4.3 1000 0.43

protrusion

c(4 × 2)
59 4.3 0.78 3.7 110 0.95

valley

c(4 × 2)
55 3.3 5.1 5.9 240 0.44

protrusion

4.5.3 Benefits of the Local Water Molecule Distribution

Calculation

Fig. 4.7 (e) and (f) show the local water molecule distribution following the

procedures mentioned above. As been expected from the frequency shift versus

distance curves, the local water molecule distribution differed over the protrusions

and valleys for both structures where the peak was positioned near the surface on

the valley than on the protrusion for both molecular structures. In both struc-

tures, a peak in the local water molecule distribution appeared at the minimum

value of an oscillation in the frequency shift versus distance curve. Although fur-

ther investigation is required, this may mean that water molecules are positioned

at the dark spots in the 2D and 3D frequency shift images. This has a huge impact

on interpreting frequency shift images, where it’s almost impossible to see the po-

sition of the water molecules experimentally. This is significant when measuring

hydration structures of biomolecules, where the cost is too expensive to conduct

MD simulations on biomolecules. The STA reinforces the FM-AFM as a more

powerful tool to investigate hydration structures on complicated biomolecules.
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4.6 Hydration Structure Measurements at the Vicinity of an Etch Pit
on C16OH SAMs

Figure 4.12: (a) Typical narrow view topographic image of the C16OH SAM. The

black rectangle depicts the primitive unit cell of the c(4 × 2) superlattice structure.

(b) Schematic model of the δ- phase of the c(4 × 2) superlattice structure. The

red and gray spheres present the low and high C16OH molecules, respectively.

4.6 Hydration Structure Measurements at the

Vicinity of an Etch Pit on C16OH SAMs

The hydration structure at the vicinity of etch pits on a C16OH SAM were mea-

sured by the force mapping technique. Fig. 4.12 presents the narrow view image

of the C16OH SAM. The topographic image showed a ”zig-zag” pattern which

resembles the δ− phase of the c(4 × 2) superlattice structure. The molecular

structure in the C6OH SAM, C11OH SAM and C16OH SAM all formed the c(4

× 2) superlattice structure. This is apart from methyl terminated alkanethiol

SAMs where the (
√

3 ×
√

3 )R30◦ structure is more dominant in long chain

alkanethiol SAMs such as C16 SAMS. Thus, these results shows that the interac-

tion between the functional groups alters the overall surface arrangements of the

alkanethiol SAM.

Fig. 4.13(a) displays a topographic image of obtained over a C16OH SAM.

The hexagonal low region found in the left hand side in Fig. 4.13(a) was 0.25 nm

low than the global plane and is an etch pit. Fig. 4.13(b) shows a 2D frequency

shift map achieved over the boundary of the etch pit. A dot like pattern was
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Figure 4.13: (a) Topographic image of an etch pit on a C16OH SAM. (b) 2D

frequency shift map measured crossing the boundary of the etch pit. (c) Profile of

the frequency shift depicted in the orange broken line in (b). (d) Frequency shift

curves extracted from (b). (e) Force versus distance curves converted from (d)

using the Sader method.70) The blue and red lines in (d) and (e) depict the curves

obtained over the valleys and protrusions of the C16OH SAM.
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observed which was similar to the hydration structure measured on C6OH and

C11OH SAMs, indicating an inhomogeneous distribution of water molecules in

the in-plane direction. Also a dark area was found about 0.6 nm above the surface.

Fig. 4.13(c) presents a profile which is depicted with the polygonal broken line in

Fig. 4.13(b). A dip in the frequency shift was found at the position pointed out

with the orange arrow. This position corresponds to the boundary of the etch pit

which is also depicted an orange arrow in Fig. 4.13(b). In the discussion about

converting frequency shift versus distance curves to water molecule distributions

in section 4.5.2, the low frequency shifts corresponded to peaks in the water

molecule distribution. If the same interpretation stands, then the water molecule

distribution is higher near the boundary of an etch pit. Fig. 4.13(d) displays the

frequency shift versus distance curve measured over the protrusions and valleys of

the C16OH SAM and Fig. 4.13(e) shows the force versus distance curve converted

from Fig. 4.13(d), using the Sader method.70)

Looking at the force versus distance curve, the short range forces deviated

from an exponential function. Also, a dip in the force versus distance curve

occurred around 0.8 nm from the limit point, which was not observed in Figs.

4.7(c) and (d). Thus, it was concluded that forces apart from hydration forces

acted on the tip in short ranges. Although the origin for this phenomenon is

unclear, one reason may be due to the deformation of the SAM when the tip

approaches the surface. Due to a stronger interaction force between the water

molecules (argued in the following paragraph), the water molecules are more

strongly bind to the alkanethiol SAMs than in C11OH SAMs and the alkanethiol

SAMs tilt angle increases as the tip approaches the surface. Fig. 4.14 presents

a schematic illustration of the force mapping method on C16OH SAMs. The

deformation process acts linear in the force versus distance curve which is explains

the derivation from the exponential curve in short ranges.

To discuss about the stronger interaction between water molecules and C16OH

SAMs than C11OH SAMs, the argument is focused on the sulfur/gold interface.

At the sulfur/gold interface, a charge transfer occurs from the gold surface to

the sulfur atom and induces an electric dipole at the gold/sulfur interface.88) The

electric dipole alters the work potential of the SAM which has been previously

measured by KPFM measurements. These publications report that the amount
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Figure 4.14: Schematic illustration of phenomenon happening at a C16OH SAM

when the force mapping technique is applied. (a) The tip approaches the water

molecules in the hydration layer of the C16OH SAM. (b) Since the interaction

energy between the water molecules and C16OH SAMs are stronger than C11OH

SAMs, the C16OH SAM deforms when the tip continues approaching the surface.

(c) When the tip approaches for some distance, the water molecule is excluded

from the space between the tip and C16OH SAM and the tip contacts the surface

of the SAM.

of charge transfer depends on the chain length of the alkanethiol molecule. Ichii et

al. reported that a single (CH2) unit alters the surface potential by 9 mV per unit

by FM-KPFM161) while Lü et al. reported a 14 mV change by AM-KPFM.162)

Thus, it can be assumed that the surface potential difference between a C11OH

SAM and a C16OH SAM is around 50 mV. Generally, the surface potential is

the net value of the dipole moment of each molecule and can be written in the

following relationship.163)

Φ =
Nµ

ε0ε
(4.4)

Where Φ is the surface potential, N is the number density of the alkanethiol

molecules, ε0 is the permittivity of vacuum and ε is the relative permittivity

of the alkanethiol SAM. When ε = 2.7,164) a 50 mV difference in the surface

potential induces a dipole moment of 0.07D. The maximum interaction energy

between two electric dipoles can be written in the following expression.51)

ω(r) = − 2u1u2
4πε0εr3

(4.5)

Where ω(r) is the interaction energy, u1 and u2 are the dipole moment of two

objects and r is the distance between the two objects. When the interaction
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energy is calculated by eq. 4.5, then the interaction energy is ω(r) = 0.8[kT ] =

2[kJ/mol]. Notice that the r = 0.2[nm] and ε = 1, and the interaction energy

between the alkanethiol molecule and the nearest water molecule is calculated.

(The same assumption has been made in ref. 51) It is unclear whether this

energy difference is enough to alter the behavior of the water molecules when the

tip approaches the surface, but it should enhance the interaction force between

water molecules and the C16OH molecules.

4.7 Summary

Hydration structures of C11OH SAMs were measured using the force mapping

technique of FM-AFM in 0.1 M KCl solution. The 2D frequency shift images

between different molecule structures were imaged in this study, namely the (
√

3

×
√

3 )R30◦ structure and the c(4 × 2) superlattice structure. The 2D frequency

shift images showed unambiguous differences in the hydration structures, where

the lateral periodicity of the dark dot patterns were different in the two struc-

tures. The frequency shift versus distance curves were first converted to force

versus distance curves using the Sader method and then converted to local wa-

ter molecule distributions assuming the STA. The results show that the water

molecule distribution depends on the topography of the surface, where the lat-

eral periodicity of the water molecules corresponds to the lateral periodicity of

the surface. The results prove that the surface topography has a huge impact on

the entire hydration structure.
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5

Development of Electrochemical

AFM Applied to Hydration

Structure Measurements

5.1 Introduction

A major topic about the solid/liquid interface is the relationship between the

EDL and hydration structure. The two concepts derive from different fields; the

existence of the EDL can be calculated by the PB equation which treats the

solution as a continuum medium, while hydration (and solvation) structures are

based on the fact that the size of the solution molecules aren’t negligible and the

geometric aspects of the molecules should be considered. So actually, these two

ideas are based on completely different fields and the relationship hasn’t been

clearly elucidated. The relationship between the surface charge (potential) and

hydration structure remains an open question and is demanded to be solved from

many research fields.

As discussed in section 3.5.2, the first attempt to alter the surface charge

in this study was to measure the hydration structure of a COOH functionalized

SAM. This didn’t work because the halogen anions somehow corrupted the im-

ages by adsorbing on the COOH surface. Therefore, the next approach was to

dynamically control the surface potential by developing an electrochemical AFM
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(EC-AFM). A famous phenomenon due to the voltage impression on the solid-

liquid interface is electrowetting. When an electric potential is applied between a

water droplet and a metal electrode, the contact angle (CA) of the droplet changes

depending on the potential applied.165) The phenomenon is an effective technique

to control wetting in applications such as microfluidic systems,166) microlenses167)

and reflective displays.168) Although the phenomenon can be well explained by

electromagnetics, the interface structure at the electrode/liquid interface still re-

mains a mystery. Another topic including the hydration structure and surface

charge is the salting out effect of proteins and colloids.169–171) First reported from

F. Hofmeister back in the 19th century, the amount of the electrolyte needed to

precipitate a protein varies between ions. The Hofmeister series ranks the salting

out ability of theses ions and is known that the series has a strong correlation

with the entropic hydration energy of the ion. Now it’s widely accepted that the

Hofmeister series appears in almost every physical property of aqueous solutions,

such as viscosity, pH and activity coefficients.169) Although the strong correlation

between the hydration energy and the Hofmeister series is clear, scientists still

can’t theoretically explain the mechanism. Just simply utilizing electromagnetics

is insufficient because the valence of the ion is only considered and can’t explain

the different behaviors of the electrolyte with the same valence.169)

In this chapter, an EC-AFM was developed and applied to the force mapping

technique. First the instrumentation of the EC-AFM will be discussed where the

cantilever and sample holder were redesigned. After the operation of the new

instrumentation was confirmed, the hydration structure of HOPG was measured

by using the EC-AFM and the influence of the different surface potentials applied

were examined.

5.2 Instrumentation of the EC-AFM

A simple method to apply electric potential in solution is to introduce two elec-

trodes and apply electric potential from an external power source. In this system

the voltage drops at the two electrode/electrolyte interfaces and the resistance

of the solution. This means that it’s impossible to measure the voltage drop
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Figure 5.1: A schematic illustration of the electrical circuit of a typical potentio-

stat. vin is the input voltage

occurring at the individual electrodes. To circumvent this problem, a three elec-

trode system is usually employed to the instrument. The three electrodes are the

working electrode, counter electrode and reference electrode, and is controlled

with a potentiostat. Fig. 5.1 illustrates a simplified electrical circuit of the three

electrodes controlled with a potentiostat. The principle idea of the potentiostat

is to control the potential of the reference electrode against the working elec-

trode. The working electrode is connected to a I-V converter and therefore, the

working electrode is virtually short to the ground state. The reference electrode

is controlled to be maintained at −vin, where vin is the input voltage. Hence,

the potential difference between the reference electrode and the working electrode

is 0 − (−vin) = vin and the input voltage is correctly applied between the two

electrodes. The counter electrode and reference electrode are both connected to a

voltage follower, but they are inserted in the opposite direction. Voltage followers

have a high input impedance and a low output impedance, so the two voltage

followers are adjusting the impedance of the electrodes. The high impedance of

the reference electrode avoids electrons to flow in. On the other hand, the counter

electrode has a low impedance. Hence, the electrons flow into the counter elec-

trode and ideally, no voltage drop occurs at the reference electrode.
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Figure 5.2: Schematic illustration of the EC-AFM utilized in this study. The

potential of the sample and cantilever were controlled as working electrodes by

a bipotentiostat. Two platinum wires were inserted into the cell and acted as a

counter electrode and pseudo reference electrode.

Fig. 5.2 illustrates the concept of the EC cell combined with a three electrode

system. The potential of the sample and cantilever were choosed as the working

electrodes and were controlled with a bipotentiostat. Platinum wires were used as

a counter electrode and a pseudo reference electrode because they are chemically

stable. From here, the details of the redesigned instrument will be explained.

5.2.1 Sample Holder

Figs. 5.3 and 5.4 display the design drawing of the top and bottom component

of the sample holder. The two components were made of polychlorotrifluoroethy-

lene (PCTFE) which is chemically stable. The substrate is enclosed by the two

components and is fixed by tightening a M1.2 polyether ether ketone (PEEK)

screw. An O-ring made by fluoropolymer was inserted between the counterbore

of the top component (depicted as A in Fig. 5.3) and substrate to prevent the

liquid from leaking. The sample holder was designed to measure electrochemical

properties of gold films evaporated on mica substrates, which means the electric

contact can’t be taken with the backside of the sample and must be taken from

the top of the surface. To do so, a 0.2 mm thick platinum plate was glued to a

dent part (depicted as B in Fig. 5.3). The platinum plate made contact with the

surface of the substrate, so the potential of the sample was controlled by clipping

a wire to the platinum plate. The center of the hole in top component was shifted
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Figure 5.3: A design drawing of the top component of the sample holder utilized

in the EC-AFM.

Figure 5.4: A design drawing of the bottom component of the sample holder

utilized in the EC-AFM.
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Figure 5.5: A photograph of the sample holder utilized in this study. Platinum

wires were used as a counter electrode and a pseudo reference electrode. Both wires

were fixed with an elastic band outside the sample holder.

1.2 mm to the side to take alignment with the cantilever holder.

A requirement in an electrochemical setup is to make sure the area of the

counter electrode is bigger than the area of the working electrode, to ensure the

current is not limited by the area of the counter electrode. This is a difficult

task in EC-AFM measurements because the actual space to introduce such large

areas are inadequate in most AFMs. The region exposed to the solution can be

described as a 10 mm diameter circle and the area is 78.5 mm2. The counter

electrode was made by winding up 250 mm of a 0.2 diameter platinum wire into

a coil, which was about 157 mm2, nearly double the area of the working electrode.

A platinum wire was also used as a pseudo reference electrode. The wires were

taken out from the cell and fixed with an elastic band outside the cell. Fig. 5.5

shows a photograph of the sample holder holding a HOPG substrate and fixed

with PEEK screws.
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5.2.2 Cantilever Holder

Figs. 5.6 and 5.7 present the design drawing of the cantilever holder and the

outerside metal frame, respectively. The cantilever holder was made of quartz

while the metal frame was made of stainless steel. The cantilever was set on

tilted plane of the bottom of the cantilever holder (depicted as A in Fig. 5.6)

and was fixed with a U-shaped metal plate. The cantilever was tilted for 12◦

against the horizontal plane which insures the path of the detection laser. The

metal plate was plated with gold to take electrical contact with the external

bipotentiostat and to ensure chemical stability. The cantilever holder was fixed

to the metal frame with M2 PEEK screws through three holes on the top of the

cantilever holder (depicted as B in Fig. 5.6). The conventional cantilever holder

was fixed to the metal frame with an adhesive agent which prevented conducting

Figure 5.6: A design drawing of the cantilever holder utilized in the EC-AFM.
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Figure 5.7: A design drawing of the metal frame of the cantilever holder utilized

in the EC-AFM.

UV/ozone cleaning on the cantilever holder. Eliminating glue from the cantielver

holder was a important in cleaning the cantilever holder and enabled to measure

the 0.3 nm oscillation on hydrophobic SAMs as mentioned in chapter 3. Applying

UV/ozone cleaning on the adhesive agent used cantilever holder decomposed the

adhesive agent and resulted in enormous drift during imaging.

5.2.3 Operation Procedure of the EC-AFM

Fig. 5.8 displays a schematic picture of the cantilever holder and sample holder

constructed for the EC-AFM. Before each experiment, the platinum wires were

sonicated in MilliQ water for 15 minutes and then cleaned by applying DC be-

tween the two electrodes. The DC bias was applied for three minutes and then

the polarity was inversed and another three minutes of DC bias was applied.

This was continued for two sets and made the potential of the pseudo reference

electrode stable. The cantilever holder was cleaned in UV/ozone cleaning for 20
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minutes before each experiment. The sample holder was constructed recording

to Fig. 5.8 and was operated with the AFM apparatus used in chapter 3 and

4. The potential of the sample and cantilever were controlled with a bipoten-

tiostat. (BAS Electrochemical Analyzer, 704C) A Cr/Pt covered cantilever was

used with a typical resonance frequency and spring constant of 120 kHz and 17

N/m, respectively, in aqueous conditions. The potential of the pseudo reference

electrode was corrected against the Ag/AgCl reference electrode, and the poten-

tial difference was measured at each experiment. Before applying the EC-AFM

on hydration structure measurements, an operation test was conducted to check

the ability of AFM imaging and electrochemical measurements while using the

EC cell.

5.3 Operation Tests of the EC-AFM

5.3.1 AFM Imaging

To check the AFM imaging ability of the EC-AFM cell, binary phase sepa-

rated SAMs and mica substrates were chosen. The binary phase separated SAM

was composed of 3-mercaptopropionic acid (C2COOH) and 1-decanethiol (C10)

molecules and were fabricated in same method as in chapter 3. Fig. 5.9 presents

the topographic image of the binary phase separated SAM and the mica substrate.

The ”sea-island” structure was observed which resembles the binary phase sepa-

rated SAM composed of C6OH and C11OH SAMs fabricated in section 3.6. On

the other hand, the narrow view image of the mica substrate showed a hexagonal

pattern with a period of 0.51 nm, which matches the distance between the center

of the honeycombs on mica. Therefore, it was confirmed that atomic-resolution

imaging with the EC-cell was achieved.

5.3.2 Cyclic Voltammetry

To check the ability of measuring electrochemical properties using the EC cell,

a cyclic voltammetry (CV) was conducted. In cyclic voltammetry, the potential

of the working electrode is sweeped and the current inflowing into the working
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Figure 5.8: A design drawing of the EC cell utilized in this study. The sample

holder was constructed with the components presented in Figs. 5.3 and 5.4 and

the cantilever holder was constructed with components displayed in Figs. 5.6 and

5.7, respectively.

Figure 5.9: (a) Wide view topographic image of a binary phase separated SAM.

The phase separated SAM was composed of C2COOH and C10 molecules. (b)

Narrow view topographic image of a mica substrate. An atomic-resolution image

of the mica surface was obtained.
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Figure 5.10: Cyclic voltammogram of potassium ferrocyanide on HOPG sub-

strates. The concentration of the solution was 1 M KCl + 1 mM K4[Fe(CN)6].

The potential was corrected against an Ag/AgCl reference electrode.

electrode is recorded. Cyclic voltammetry is a simple and popular method to

investigate the oxidation-reduction potential of a desired sample. To ensure the

electrochemical control is possible with the EC-cell, the redox-oxidation property

of potassium ferrocyanide (K4[Fe(CN)6]) on a HOPG substrate was measured.

Fig. 5.10 displays the cyclic voltammogram of potassium ferrocyanide on

HOPG substrates. The potential was corrected against the Ag/AgCl reference

electrode, where the potential difference between the 1 mM K4[Fe(CN)6] was

added to a 1 M KCl solution which was utilized as the electrolyte. It is clear

that increasing the scanning rate of the voltage sweep showed an increment in

the current. These features are consistent with proceeding studies172) Thus, it

was confirmed that electrochemical measurements such as CV are possible using

the EC cell.
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5.4 Hydration Structure Measurements Apply-

ing the Developed EC-AFM

5.4.1 Physical Property of Graphene

The developed EC-AFM was applied to measure the hydration structure of HOPG

substrates. Fig. 5.11 presents the surface structure of graphene. Graphene pos-

sess a honeycomb structure with an interatomic distance of 142 pm and the

distance between the center of the honeycombs are 246 pm.173) It also has several

unique properties such as high electron mobility,174) lubrication175) and electro-

chemical stability,176) and is now applied to a wide variety of research fields.

Along side its high potential in applications, graphene is also a typical hydropho-

bic substrate often used in AFM measurements. This is because of its atomic scale

flatness and the simplicity to prepare a pristine surface, which are both crucial in

AFM measurements. Only a few reports have been made on force mapping mea-

surements combined with electrochemical control. Utsunomiya et al., reported

the hydration structure depends on the surface potential of graphene, where the

hydration structure was formed in cathodic potentials and the oscillations vanish

in anodic potentials.177) Thus, HOPG was chosen as the substrate to compare

the results with previous reports. The possibility of 2D frequency shift mapping

were also investigated.

5.4.2 Force Mapping Measurements on HOPG

The developed EC-AFM was combined with the force mapping technique to mea-

sure the hydration structure of the solid-liquid interface. Most of the reports

utilizing EC-AFMs and EC-STMs focus on the topographic changes induced by

potential control.178–180) The potential control during force versus distance curve

measurements target on long range electrostatic forces and only few have mea-

sured the changes in molecular scale, such as water177,181) or ionic liquids.182) As

far as the authors knowledge, there is only one report measuring 2D interface

structure in ionic liquids with electrochemical control182) and no reports have

been published on hydration structure measurements. This is the main goal in
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Figure 5.11: Cartoon illustrating the top view structure of graphene. The gray

spheres depict the carbon atoms and the black lines present the chemical bonds.

this section and if achieved, should extend the application of FM-AFM and force

mapping techniques to electrochemical fields such as batteries and electrochemical

synthesis.

First, the influence of applying potential to an oscillating cantilever was inves-

tigated. Fig. 5.12(a) shows the potential applied to a platinum coated cantilever

and Fig. 5.12(b) displays the deflection signal during the potential application.

The deflection changed for about 1 nm when the potential altered from -0.1V

to +0.1V and from +0.1 V to -0.1V. This is due to the interface energy change

induced from the alteration in the surface potential. When the surface potential

at the solid-liquid interface varies, the electrostatic energy density preserved at

the EDL also changes and the changed portion decreases or increases the inter-

face energy at the solid-liquid interface. This phenomenon is the reason why

electrowetting occurs, because the alteration of the solid-liquid interface energy

causes the contact angle to vary. At a cantilever, the variation in the inter-

face energy induces surface stress and results the cantilever to bend.144) This

phenomenon has been reported to occur on cantilevers with the back-side gold
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Figure 5.12: (a) The potential applied to a oscillating platinum coated cantilever

in 0.1 M HClO4 solution. (b) The deflection signal of the cantilever when the

voltage pulse was applied.

coated where the alteration in the surface stress should be large. In a Pt coated

cantilever, the surface stress induced on the top and bottom side of the cantilever

should be equal, and no deflection should occur. However, even if the material is

the same, the properties of both coating can vary such as the surface roughness

or the crystal orientation and can cause a difference of the surface stress.

Figs. 5.13 present a 2D frequency shift map taken over a HOPG substrate in

0.1 M HClO4 solution. The potential of the cantilever was controlled at +0.82

V while the surface potential of the HOPG substrate was controlled at +0.92

V in Fig. 5.13(a) and +0.32 V in Fig. 5.13(b). It should be noted that Figs.

5.13(a) and (b) were consecutively measured and measure the same position on

the substrate. There were virtually no patterns in Fig. 5.13(a) while line patterns

were partially observed in Fig. 5.13(b) which suggests the existence of a hydration

structure. Fig. 5.13(c) and (d) display the frequency shift versus distance curve

extracted from Fig. 5.13(a) and (b), respectively. When +0.32 V was applied

on the HOPG surface, oscillations were observed with a period of 0.36 nm which

confirms the existence of a hydration structure.

The impact of the surface potential on the hydration structure was also mea-

sured in a single image. Fig. 5.14 shows a 2D frequency shift image obtained

while the surface potential was altered from +0.32 V to +0.92 V. The surface

potential are depicted in the red and green arrows in Fig. 5.14(a). When the po-

tential was altered, the apparent position of the surface instantaneously moved.
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Figure 5.13: (a), (b) 2D frequency shift map obtained over a HOPG substrate

in 0.1 M KClO4 solution. The potential was controlled at +0.92 V and +0.32 V

against (a) and (b), respectively. The yellow line depcits the surface of the HOPG

substrate. (c), (d) Frequency shift versus distance curves extracted from (a) and

(b), respectively.

This is due to the variation in the interface energy between the top and bot-

tom plane of the cantilever which induces deflection. The same phenomenon was

observed in Fig. 5.12. Fig. 5.14(b) and (c) present the frequency shift versus

distance curve extracted from Fig. 5.14(a). The surface potential was +0.32 V

in Fig. 5.14(b) and +0.92 V in Fig. 5.14(c), respectively. As in Fig. 5.13, a 0.30

nm period oscillation was measured when the surface potential was +0.32 V and

vanished when the potential was changed to +0.92 V. From these results it can

be concluded that hydration structures form at +0.32 V and disappear at +0.92

V. It’s hard to define whether this is due to the difference in the electrostatic

interaction between the surface and ClO−4 anions, or the reconstruction of the
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Figure 5.14: (a) 2D frequency shift map measured over a HOPG substrate in 0.1

M KClO4 solution. The red and green arrows depict the potential of the substrate

while the 2D frequency shift map was achieved. (b) and (c) are frequency shift

versus distance curves extracted from (a). The potential of the substrate was

+0.32 V and +0.92 V in (b) and (c), respectively.

EDL. Utsunomiya et al., measured the 1D frequency shift versus distance curve

on HOPG in perchloric acid on HOPG with a EC-FM-AFM. They found that

hydration structure were enhanced in cathodic potentials when the solution was

perchloric acid and concluded that the results are due to the reconstruction of

the EDL.177) Ions are known to form a hydration structure as found in the solid-

liquid interface. When the interaction between the ion and water molecule are
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Figure 5.15: (a) 2D frequency shift map achieved over an HOPG substrate in 0.1

M HClO4 solution. (b) Gaussian filter applied to (a) to emphasize the inhomoge-

neous pattern in the hydration structure. (c) Frequency shift versus distance curve

extracted from (a). The curve was extracted at the position depicted in the blue

arrow in (a). (d) displays a magnified view at the vicinity of the HOPG surface.

(e) shows a profile of the frequency shift depicted by the orange line in (d).

stronger than the interaction between water molecules themselves, the ion forms

a hydration shell and are called kosmotropic ions. On the other hand, when the

interaction between the ion and water molecule is weak, the finite size of the

ion disrupts the surrounding hydrogen bond network and are called chaotropic

ions. These kosomotropic and chaotropic ions are known to be attractive with hy-

drophilic and hydrophobic materials, respectively.183) ClO−4 anions are chaotropic
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Figure 5.16: Schematic illustration of the hydration structure formed on a HOPG

substrate in 0.1 M HClO4 solution. The red molecule depicts a water molecule while

green spheres depict a perchloric anion.

and are known the break the hydrogen bond networks. Therefore, the higher

potentials have a stronger interaction with the ClO−4 anions which break the in-

trinsic HOPG hydration structure. It seems that the same scenario can also be

applied to this study.

The EC-AFM also demonstrated that the in-plane pattern of the hydration

structure can be measured in this apparatus. Fig. 5.15(a) displays the 2D fre-

quency shift map obtained on an HOPG substrate in 0.1 M HClO4 solution. The

data set was achieved in a different data set of Fig. 5.13 and Fig. 5.14. The

potential of the tip and substrate were both fixed at +0.26 V. To the best of the

authors knowledge, this is the first study to report the 2D frequency shift map

in aqueous conditions with electrochemical control. An inhomogeneous in-plane

pattern was found showing a dot like pattern. Fig. 5.15(b) presents a Gaussian

filter applied to Fig.5.15(a), in order to emphasize the inhomogeneous pattern.

Fig. 5.15(c) displays the frequency shift versus distance curve extracted from Fig.

5.15(b) depicted by the blue arrow. A 0.33 nm period oscillation was found which

is consistent with the earlier results and ensures that hydration structures form

at cathodic potentials. Fig. 5.15(e) displays the profile of the frequency shift

depicted in the orange line in Fig. 5.15(d). Peaks and dips were found in Fig.

5.15(e) which proves the in-plane patterns weren’t homogeneous. The period of

the dips were about 0.25 nm and matches well with the distance between the
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honeycomb center of the HOPG surface, which is 0.26 nm. Therefore, it can be

concluded that the in-plane local water molecule distribution is inhomogeneous

and is related with the HOPG surface.

Fig. 5.16 illustrates the relationship between the hydration structure and

the potential of the HOPG substrate. Previous reports on force mapping mea-

surements on HOPG substrates report a homogeneous line pattern,82,84) which

is clearly different from the results obtained here in cathodic potentials. Thus,

it can be concluded that the inhomogeneous pattern is due to the potential con-

trol of the EC-AFM. This also shows that ClO−4 anion isn’t the only factor that

alters the hydration structure, since it doesn’t explain why water molecules to

more strongly interact with the surface. Hence, the hydration structure of HOPG

is influenced by the entropic hydration property of the ions and the interaction

between the water molecules and surface. From Fig. 5.15, it was demonstrated

that the combining an electrochemical setup with the force mapping technique,

it is possible to measure the local 2D hydration structure at different surface

potentials which should expand the application of EC-AFM to other research

fields.

5.5 Summary

In this chapter, an EC-AFM was developed by designing a sample holder and

cantilever holder which is capable of introducing a three electrode system. The

designed components were built together and two operation tests were conducted.

Atomic-resolution images of mica substrates were obtained which ensured the

ability to obtain topographic images in atomic resolution. The electrical con-

ditions were checked by measuring the CV of K4[Fe(CN)6] which matched well

with proceeding results. When the EC-AFM was applied to hydration struc-

ture measurements on HOPG substrates, it was found that cathodic potentials

form hydration structures while anodic potentials disrupt the hydration struc-

ture. Also, by achieving a 2D frequency shift map, it was found that inhomo-

geneous hydration structures form on HOPG in cathodic potentials. This is the

first report to measure 2D frequency shift maps in electrochemical control and

demonstrates that combining 2D force mapping techniques with electrochemical
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control is a powerful method and can be applied electrochemical applications such

as batteries.
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6

Conclusions and Future Work

6.1 Conclusions

In this thesis, hydration structures were measured by the 2D force mapping tech-

nique of FM-AFM. The following conclusions were made from this study.

1. The hydration structures of hydrophilic and hydrophobic alkanethiol SAMs

were compared by measuring 2D frequency shift maps on OH terminated

and CH3 terminated SAMs, respectively. The OH terminated SAMs showed

dot like patterns which depict the water molecules are locally strained on

the SAM surface, while CH3 terminated SAMs showed line patterns which

mean the water molecules are not localized. The tip effect was considered

by measuring the 2D frequency shift map on a binary phase separated SAM

composed of C6OH and C16 molecules. The 2D frequency shift map dis-

played the same patterns as the single phase SAMs and it was concluded

that these results are not due to the tip effect. Also, peculiar feature were

obtained on hydrophobic SAMs and were suggested to be due to hydrocar-

bon contamination, since the frequency of the feature appearing decreased

when a thorough cleaning process was conducted.

2. The hydration structures of C11OH SAMs with different molecular struc-

tures, namely, the (
√

3 ×
√

3 )R30◦ structure and the c(4 × 2) superlattice

structure were compared to elucidate the influence of atomic corrugation

100



6.1 Conclusions

on local hydration structures. Both structures showed a dot pattern, but

the in-plane periodicity was 0.5 nm for the (
√

3 ×
√

3 )R30◦ structure and

1.0 nm for the c(4 × 2) superlattice structure. This matches with the in-

termolecular distance of the (
√

3 ×
√

3 )R30◦ structure and the length of

the primitive unit cell of c(4 × 2) superlattice structure. This result sug-

gests that the overall hydration structure is effected by atomic corrugation

with an amplitude of less than 50 pm which is about 15% of a single water

molecule. Therefore, even small atomic corrugations can alter the hydration

structure and should be considered when analyzing hydration structures.

Also water molecule distributions were obtained by converting force versus

distance curves with the STA, which matched well with proceeding reports.

3. An EC-AFM was developed and was used to measure the hydration struc-

ture change due to the application of electric potential. The sample holder

and cantilever holder were redesigned to introduce a three electrode system

to the apparatus. The operation of the EC-AFM was checked by imag-

ing the mica surface with atomic resolution and by measuring the CV of

K4[Fe(CN)6] on a HOPG substrate. After the operation tests, the EC-AFM

was applied to HOPG substrate in 0.1 M HClO4 solution to investigate the

effect of electrical potential on hydration structures. 0.3 nm period oscilla-

tions were found when anodic potential was applied to the HOPG substrate

which matches with the size of a single water molecule, while these oscil-

lations vanished when anodic potential was applied. These results match

with previous studies on the same system. Also, a 2D frequency shift map

in cathodic potentials showed that the water molecules form a inhomoge-

neous pattern when cathodic potentials are applied to the substrate. As far

as the authors knowledge, this is the first study to observe 2D hydration

structures with electrochemical potential, and demonstrates that combining

EC-AFM with 2D force mapping techniques is a powerful method to obtain

solid/liquid interface structures in electrochemical systems.

Thus, the factors that impact the hydration structure were elucidated in this

thesis.
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6.2 Future Work

In this section, the author will make some suggestions for future work on hydra-

tion structure measurements.

Making a Robust EC-AFM

As shown in chapter 5, an EC-AFM cell was developed and combined with the

force mapping technique to demonstrate the in-plane hydration structure can be

measured in different potentials. However, successfully achieving a 2D frequency

shift map under potential control is still tough and further development is neces-

sary. The biggest problem is fixing the platinum wires in the EC cell. This is now

obtained by using an elastic band, but most times the wires easily move around

making contact with the substrate or cantilever. This decreases the possibility of

measuring the local hydration structure and should be solved to achieve a robust

EC-AFM cell.

Investigating the Interface Structure During Chemical Re-

actions

In chapter 5, it was demonstrated that the EC-AFM developed in this study

can study the 2D hydration structure with electrochemical control. This is an

effective technique to investigate the interface structure in electrochemical appli-

cations and should be utilized to measure the interface structure during chemical

reactions, which should aid research in batteries and electrosynthesis. Especially,

the properties of a lithium ion battery is related with the interface structure

of the electrode/electrolyte solution interface. Achieving information about the

real space interface structure with EC-AFM should accelerate the development

of lithium ion batteries which is an important task in solving todays energy prob-

lems.
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Appendix A

Synthesis of Gold Nanoparticles

by a Vacuum Evaporation

Method

A.1 Introduction

Metal nanoparticles are known to show novel properties compared to bulk states.

The quantum size effect, high ratio of surface atoms, modulation of electronic

states, etc. contribute to unique phenomena and properties such as surface plas-

mon resonance (SPR),4) catalyst effects5) and even ferromagnetism.6,184) In par-

ticular, gold nanoparticles are attracting much attention for applications such as

bio-imagining,185,186) drug-delivery,185,187) environmental catalysis4,188) and high-

density data storage media.6,184) In 2006, Torimoto et al. developed a novel

method to synthesize nanoparticles by the sputter deposition of gold onto ionic

liquids(ILs).189) This is a simple and also ”clean” method to synthesize nanopar-

ticles, where the IL functions as a stabilizer as well as a solvent. This method

excludes the usage of reducing agents and stabilizers, which are indispensable

in conventional ”wet” chemical methods190) which cause unintentional chemical

reactions191,192) or ill their useful properties such as their catalytic effects.193) For

these purposes, much research has been conducted on ”dry” synthesis methods

for example, sputter deposition,189,191,194–198) vacuum evaporation (VE)193,199,200)

and laser ablation.192,201)
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Recently, the sputter deposition method has been applied to other non-volatile

liquids such as vegetable oils (composed of fatty acids)202,203) and polyethylene

glycol204) to obtain nanoparticles. These liquids are not only bio and envi-

ronmentally friendly but they are also cost effective compared to ILs, so they

should be a promising candidate in industrial uses. In sputter deposition meth-

ods, however, the plasma or sputtered atoms could cause decomposition of the

solvent.198) In a preliminary experiment, gold was sputtered to an IL (1-butyl-3-

methylimidazolium hexafluorophosphate : BMIM-PF6) which synthesized nano-

particles but also an unusual smell occurred from the apparatus, which implies

the decomposition of the IL. Indeed, the sputter deposition method can be ap-

plied to various metals for nanoparticle synthesis,205,206) which should be a huge

advantage in means of application, including high-melting point metals, which

are impossible to evaporate in VE methods. However, the plasma itself can af-

fect the growth scheme. To prevent such events, Richter conducted VE on ILs

and synthesized nanoparticles.193,198) They carried out the VE inside a rotating

glass flask where the IL was applied on the flask, but the mechanical disturbance

induced by rotation should have an influence on the growth mechanism. Other

reports demonstrated that VE methods also induce some kind of mechanical dis-

turbance to the solvent,200) which motivated us to conduct the VE on ”static”

solvents, where only few reports have been made.207)

In this chapter, the author investigated the VE on ”static” ricinoleic acid

and oleic acid, which are unsaturated fatty acids (UFAs). Carboxyl acids act as

surfactants and have been used as stabilizers of nanoparticles.208–210) To take full

advantage of the VE method, i.e. to avoid mechanical disturbance to the sample,

a down deposition VE apparatus was developed. As a result, black aggregates

were obtained just after deposition and found that nanoparticle formation occurs

while the aggregates shrink and disappear. The phenomenon was examined by

transmission electron microscopy (TEM), small-angle X-ray scattering (SAXS)

and UV-Vis measurements and found a consistent result that the nanoparticles

transferred from an aggregate to individual dispersed nanoparticles. It was also

elucidated that the phenomenon was triggered by the exposure of oxygen, instead

of progress of time in a vacuum and the oxidation of the gold atoms was negligible

as confirmed by X-ray photoelectron spectroscopy (XPS). A growth mechanism is
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proposed which does not contradict with these unusual results and VE methods

should be a promising candidate for applications.

A.2 Experimental

Gold nanoparticles were synthesized by the VE method on UFAs. Fig. A.1(a)

shows the VE experimental apparatus used in this paper. Ricinoleic acid (purity

88.8%) and oleic acid (purity 71.6%) were purchased from Wako Pure Chemi-

cal Industries and were used as received. Fig. 1(b) and (c) shows the structural

formula of ricinoleic and oleic acids, respectively. 1.0 ml of each solvent was trans-

ferred to a Petri dish (diameter 36 mm) using a micropipette and the dishes were

placed 10 cm below the filament and vacuumed in the apparatus. Au wires with

a diameter of 0.5 mm (purity 99.99%) were purchased from Nilaco Corporation

as the deposition source, and were hooked on a filament made from a W wire

with a diameter of 0.8 mm (purity 99.99%, also purchased from Nilaco Corpora-

tion). The filament was heated by applying electrical current from an external

power source. The deposition was conducted under a vacuum of 6× 10−6 Torr to

prevent excessive evaporation. The deposition rate was controlled to 1.0 Å/s and

a total of 187 Åwas deposited, both were monitored by an ULVAC CRTM-1000

quartz resonator. The concentration of the gold atoms of the sample was 0.03

wt%. After the deposition, the samples were taken out from the apparatus and

were kept in atmospheric air until the solvent obtained a homogeneous color (typ-

ically several days for ricinoleic acid and one day for oleic acid) and were then

transferred to a snap vial. The nanoparticles were stable in both solvents for

more than months. TEM images were taken by a JEOL JEM-2200FS apparatus

operating at an accelerating voltage of 200 kV. Gold nanoparticles were observed

by casting the solvent on a copper grid covered with amorphous carbon and were

then washed by casting isopropanol on the gird and dried. The sample was cast

on the grid for 810 minutes in order to obtain a clear image with enough particles

to derive a size distribution. The washing and drying sequence was repeated sev-

eral times to obtain a clear TEM image. Size distributions were analyzed using

a free software ImageJ,153) counting more than at least 900 particles for one plot.

Several TEM images taken from different parts of the grid were used to obtain the
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Figure A.1: (a) A schematic illustration of the experimental apparatus and (b),

(c) structural formulas with photographs of ricinoleic and oleic acids. Both UFAs

are transparent and ricinoleic acid has a light yellow color while oleic acid is color-

less.

size distribution. SAXS measurements were taken using a RIGAKU Nanoviewer

apparatus. The X-ray wavelengths were λ = 1.54 Å. The camera length was set

to 1300 mm and the range of the measurement taken place was 0.14 <q <3.2

nm−1, where q = 4π sin(θ)
λ

, q is the scattering vector and 2θ is the scattering an-

gle. Samples were measured in a handmade holder, using a 0.5 mm thick copper

plate with a ”U” shape cut off. Polyether Imide films (MITSUBISHI PLASTIC

Superio UT Ftype) were glued on both surfaces of the copper plates to hold the

sample. The holders were dried for at least a day in order to make sure the

glue does not react with the sample. SAXS analysis was performed as previously

reported from Hatakeyama et al.211) Scattering profiles were obtained by the free

software Fit2D.212) Experimental data were fitted using a RIGAKU Nano-Solver

software. The SAXS measurements were conducted on the samples used for TEM

observation and were demonstrated after the last TEM observations were carried

out.

UV-Vis absorbance spectra were obtained using a Shimadzu UV-2600 spec-

trophotometer. The samples were measured in a glass cell with an optical length

of 10 mm in a transmission mode using ricinoleic or oleic acid as a reference.

XPS measurements were conducted by a Shimadzu Kratos AXIS-ULTRA
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DLD apparatus equipped with an Al K source. Samples were prepared by func-

tionalizing Si substrates with 3-mercaptopropyltrimethoxysilane (MPTMS, pur-

chased from Shin-Etsu Chemical Co., Ltd.). The substrates were immersed in a

hot 5 mM toluene solution of MPTMS for 40 minutes. Then, the substrates were

immersed in the solvents containing nanoparticles for several days to immobilize

the nanoparticles on the substrate. Finally, the substrates were washed with 2-

propanol and dried with N2 flow. The spectra were calibrated by the C 1s peak

(284.6 eV). The peak area of the Au 4f7/2 and 4f5/2 were fixed to 4 : 3.

A.3 Results and Discussion

Fig. A.2 shows a photograph of the fatty acids taken 5 minutes after VE de-

position and when the samples have a homogeneous color. The behavior of the

sample just after the deposition was different among the two solvents. In rici-

noleic acid, black aggregates can be seen inside and on the surface of the solvent.

The number of aggregates increased up to one hour after deposition and then

started to dissolve into the solvent, showing a dark red color at the same time.

The change in the color of the solvent is due to the SPR of nanoparticles indi-

cating the emergence of nanoparticles in the range of 2100 nm were formed while

the aggregates dissolved into the solvent. The aggregates continued to dissolve

with time and turned into a homogeneous red or purple color after one week of

deposition. In oleic acid, black aggregates formed on the surface of the solvent as

in ricinoleic acid. Also, the solvent partially presented a brown color indicating

nanoparticle formation has already occurred. As in ricinoleic acid, the aggregates

shrunk with time and disappeared after one day of deposition. The samples are

stable for more than months in atmospheric air and were resistant to water, a

huge advantage compared to nanoparticles synthesized in ILs.213) Further details

on the property with the progress of time are shown in Fig. A.3.

From visual observation, nanoparticles seem to form aggregates which then

dissolved into the solvent. This is quite a surprising phenomenon since nanopar-

ticles usually aggregate to lower the total surface energy. The phenomenon was

investigated in more detail by taking TEM images by a function of time. Figs.
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Figure A.2: Time-dependent photographs of UFAs. The photographs were taken

(a) 5 minutes and (b) 1 week after deposition in ricinoleic acid and (c) 5 minutes

and (d) 1 day after deposition in oleic acid. At 5 minutes after deposition, black

aggregates were observed on the surface and inside the solvent in ricinoleic acid,

while most of the aggregates seemed on the surface in oleic acid. At 1 week after

deposition, both UFAs presented a homogeneous color. All photographs of the

samples were taken on a cross-section paper.

A.4 and A.5 present the TEM images taken after the deposition and size distri-

butions derived from the images of ricinoleic and oleic acids, respectively. The

time represents when the TEM grid was fabricated after the deposition. It was

assumed that the gold nanoparticles held on the amorphous carbon of the TEM

grid are restricted from further growth (especially the growth of large aggregates).

Some points should be noticed in the TEM observation. First, the growth of the

nanopaticles during TEM observation can’t be denied. Also, TEM observations

only investigate a small part of the entire sample, so consistent results are needed

from other measurements (SAXS and UV-Vis). Nevertheless, it is still a powerful

method to directly observe the size and shape of the nanoparticles. In ricinoleic
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Figure A.3: Photographs of the sample after deposition as a function of time of (a)

ricinoleic acid and (b) oleic acid. In ricinoleic acid, black aggregates continuously

emerge until 1 hour. After 4 hours, the aggregates start to blur and the solvent

slowly turns dark red indicating the formation of nanoparticles. It takes about a

week to obtain a homogenous dark red color for the whole solvent. In oleic acid,

black aggregates are formed on the surface and the solvent partially turns brown.

The aggregates shrink with time and cant be confirmed 4 hours after deposition.

After 1 day, a homogenous color is obtained and the color changed from brown to

a slight red-brown color.

acid, aggregates in the size of several microns were observed 30 minutes after

deposition. The aggregates were composed of spherical particles in the size of

several nanometers and were partially coalesced, which are shown in Fig. A.4(b).

It wasn’t possible to obtain a size distribution for the 30-minute sample from

the TEM images, since only a few number of particles were observed from the

aggregate. However, the size scale of the particles composed of the aggregate

agrees with the mean size estimated from TEM and SAXS measurements for 1-

week samples (shown afterwards). This implies that nanoparticles are formed and

growth completed within 30 minutes after deposition. This is a remarkable dif-

ference from gold nanoparticles synthesized by sputter deposition on ILs, where

nanoparticle formation occurred for several hours to days.195) For the 4 hours

and 1 week samples shown in Fig. 3(c) and (d), the aggregates became smaller

and the nanoparticles became more dispersed. This behavior is consistent with
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Figure A.4: TEM images of the gold nanoparticles formed in ricinoleic acid. The

photographs (a), (c) and (e) are typical TEM images taken 30 minutes, 4 hours

and 1 week after deposition, respectively. The magnification was set to 30 k times.

The photograph (b) shows a 300 k time magnification TEM image of the same

aggregate (a). Aggregates in the size of several microns were observed and the

aggregates were composed of nanoparticles in the size of several nanometers. The

graphs (e) and (f) display the size distribution derived from (c) and (d). Size

distributions could not be obtained from (a) since individual nanoparticles were

scarce. The red line shown in (f) stands for the size distribution obtained from

SAXS measurements.
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Figure A.5: TEM images of the gold nanoparticles formed in oleic acid. The

photographs (a), (c) and (e) are typical TEM images taken 30 minutes, 4 hours

and 1 week after deposition, respectively. The magnification was set to 30 k times.

Huge aggregates in the size of several microns were not observed as in ricinoleic acid

and the nanoparticles were mostly dispersed in all TEM images. The graphs (d),

(e) and (f) display the size distribution derived from (a), (b) and (c), respectively.

The red line shown in Fig. 3(f) stands for the size distribution obtained from SAXS

measurements.
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Figure A.6: TEM images of oleic acid. The magnification of the original TEM

images were (a) 30k and (b) 300k. TEM images (a) and (b) were taken 10 minutes

after deposition. In the TEM image (a), the nanoparticles were well dispersed and a

contrast darker than the background can be recognized around some nanoparticles

inside the blue square. (b) is the magnified view of the blue square shown in

(a). Nanoparticles are observed and striped patterns can be seen around them.

The inset in (b) stands for the fast Fourier transform (FFT) of the black square.

Diffraction points can be seen from the FFT and therefore, the striped patterns

are crystalline films, probably about a few monolayers. These films have also been

observed in ricinoleic acid and should be residues of the aggregates formed on the

surface of the solvent.

the visual observation where the aggregates looked blur and where a dark red

color appeared. The average particle size was 3.8 nm after 4 hours and 4.5 nm

after 1 week. The size distribution derived from Fig. 3(f)matched well with the

SAXS measurements plotted as a red line in the same graph. On the other hand,

in oleic acids, nanoparticles were mostly dispersed throughout the growth stage

and only a few number of aggregates were found from the TEM images. The size

distribution estimated from TEM images showed the mean size slightly decreased

with time. However, the size distributions of nanoparticles in oleic acids are wider

than those in ricinoleic acids. This indicates that nanoparticles in oleic acid, at

least, hardly grew up after they were formed shortly after air exposure. The sized

distributions obtained from Fig. 4(f) agree with the SAXS measurements.
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In oleic acid, aggregates surrounded with a contrast different from the back-

ground were found (Fig. A.6). In higher magnifications, lattice planes could

be observed and were confirmed by the diffraction patterns in the fast Fourier

transformation. Since the lattice planes are transparent as the surrounding back-

ground, the lattice planes should indicate thin films of gold with only a few

atomic layers. Thus, considering that small nanoparticles are found near the lat-

tice planes, the thin films are residues of the aggregates formed on the surface of

the solvent, just after deposition. This result suggests that the black aggregates

visually observed on the surface of the solvent are actually thin films. The thin

films were first formed on the surface of the solvent, then diffused into the solvent

and turned into nanoparticles. These lattice planes were also observed in rici-

noleic acid, which agree with the visual appearance of aggregates on the surface

of ricinoleic acid, so that some of the gold atoms formed crystalline films although

most of them diffused into the solvent. As mentioned before, it is crucial to gain

a consistent result from other methods because TEM observations only obtain a

micro view of the sample. Thus, UV-Vis measurements were carried out on the

samples after deposition as a function of time.

Fig. 5 shows the UV-Vis spectra of both solvents as a function of time. In

ricinoleic acid, a broad peak around 600 nm can be observed 30 minutes after

deposition. Dispersed gold nanoparticles are known to show a characteristic SPR

peak at around 520 nm.4) The peak shift to longer wavelengths (red shift) and

broadening of the peak are characteristic features of aggregation.199) After 1 day,

the peak shifts back to around 520 nm and then shows a more pronounced peak

corresponding to the continuous formation of nanoparticles. The spectra resemble

those of dispersed gold nanoparticles and agree well with the TEM images showing

that the aggregates shrink in time and the nanoparticles become dispersed. In

oleic acid, on the other hand, the sample did not show a clear SPR peak 30

minutes after deposition. This supports the results of visual observation that

revealed thin film formation in oleic acid. The SPR peak appears 4 hours after

deposition and does not show a significant change after 1 day of deposition. This

means that the thin films diffuse into the solvent and change into nanoparticles,

and the phenomenon is mainly finished within 1 day. Again the spectra agree well
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Figure A.7: Absorption spectra of both solvents as a function of time for (a)

ricinoleic acid and (b) oleic acid. In ricinoleic acid, a broad peak at around 600

nm was observed and then shifted to at around 520 nm after 4 hours of deposition.

This reflects the transfer from an aggregate to individual nanoparticles. In oleic

acid, a clear peak cannot be confirmed 30 minutes after deposition. A peak around

520 nm was observed after 4 hours of deposition, reflecting the transfer from thin

films to nanoparticles.

with the TEM observations. Hence, the microscopic view of the growth scheme

can be applied to the whole sample.

Evidence of a growth phase on the surface questions us whether the deposition

rate has an impact on the growth scheme. According to the classical nucleation

theory, the gold atoms deposited on the surface migrate around and collide with

each other, forming an embryo. While most of the embryos fall apart due to their

unstableness, some of them continue to grow and form a nucleus. So, the depo-

sition rate should have a critical impact since it should enhance the frequency

of collisions and formation of the nucleus. Fig. A.8 shows the size distribution

obtained by SAXS measurements where the VE was carried out on several de-

position rates. Against the earlier hypothesis, a clear correlation with the size

distribution and the deposition rate wasn’t found. The mean size was around 4

nm in both solvents. A clear correlation was not observed between the size distri-

bution and the deposition rate, so instead of the kinetic energy of the evaporated

gold atoms, the interaction between the solvent and gold nanoparticles plays a
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Figure A.8: Size distribution of gold nanoparticles synthesized in (a) ricinoleic

and (b) oleic acid, obtained by SAXS measurements. Deposition rates were changed

from 0.5 Å/s to 5.0 Å/s. Clear correlations between the deposition rate and size

distribution could not be recognized.

decisive role in the formation of gold nanoparticles.

The difference between aggregation and thin film formation are consistent

with earlier reports. Wender et al. sputtered silver onto vegetable oils like castor

and canola oil.202) The synthesis of nanoparticle was observed in castor oil while

thin film formation occurred in canola oil when the accelerating voltage was

low. They concluded that the composition of the fatty acid decided the behavior

of the growth scheme: castor oil is mainly composed of ricinoleic acid (87%),

which possesses hydroxyl groups while canola oil is composed of oleic and linoleic

acid (oleic acid 48%, linoleic acid 32%) where there are no additional function

groups. They suggested that the hydroxyl groups strongly interact with the

gold atoms limiting their migration, resulting in the formation of nanoparticles

while there were no such strong interactions in canola oil compositions and atoms

diffused on the oil surface to form thin films. A recent report also pointed out

the strong interaction between gold atoms and hydroxyl group functionalized

ILs.197) ILs with hydroxyl groups confined the gold atoms on the surface of the

IL and nanoparticle formation occurred on the surface. Although the two reports

show different results where the nanoparticles are formed, they both suggest the

strong interaction between hydroxyl groups and sputtered atoms. The results

show the same trend and actually verifies Wenders report. Further research on
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the structure of the vacuum/liquid interface needs to be conducted in order to

elucidate the difference of the growth scheme in ricinoleic and oleic acids.

It was also found that exposing the sample to air triggers the dispersion or

formation of the nanoparticles in the UFAs as shown in Fig. A.9. This phe-

nomenon was confirmed by keeping the sample in a vacuum (under 0.05 Torr) for

a day and then exposed to the atmosphere. Black aggregates remained in both

solvents and the color change occurred after the sample was exposed to air, indi-

cating that progress of time did not trigger the phenomenon. Therefore, control

experiments were conducted to identify the cause. After the VE, the apparatus

was (1) kept in vacuum (under 0.05 Torr), (b) vented with N2 gas, or (c) vented

with a mixed gas of O2 + He (O2 :He = 7 : 3) and kept for a day. When the

apparatus was kept in vacuum or vented with N2 gas, black aggregates remained

and no color change was observed in both solvents. When venting with O2 mixed

gas, however, the aggregates disappeared and the color change was appreciated,

showing that oxygen triggers the dispersion of nanoparticles. The oxidation of

gold nanoparticles will be discussed in the following XPS analysis.

The XPS spectra for Au 4f, S 2p and O 1s are shown in Figs. A.10, A.11 and

A.12, respectively. The XPS spectra of Au 4f for the gold nanoparticles showed 2

peaks around 84.0 eV and 87.7 eV, which represent Au 4f7/2 and Au 4f5/2 peaks

in bulk gold.214,215) Additional peaks of the spectra with a positive shift of 0.8

eV from the bulk gold peaks were found, which should be assigned to the Au-S

bond, induced by the mercapto group in the MPTMS. When gold nanoparticles

are oxidized, the surface turns into Au2O3 where the Au 4f shows a positive shift

of about 1.8 eV.215) It also should be mentioned that prior XPS research on gold

nanoparticles immobilized by thiol monolayers showed small positive 1.7 eV shift

peaks, which they concluded to partial charging in the sample.216) Thus, it cant

be decided from the spectra whether the peaks arise from oxidized gold atoms or

charging. However, even if it is assumed that the peak arises from oxidation, it is

less than 5% of the overall Au signal. Thus, it was concluded that the oxidation

of gold nanoparticles are negligible and cant be the major factor inducing the

change from aggregate to nanoparticle or thin film to nanoparticle.

The S 2p spectra show 3 peaks. The broad peak around 168 eV arises from

the oxidation of sulfer.217) The peak appears in self assembled monolayers (SAMs)
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Figure A.9: Visual observations of the influence of gas or vacuum exposure to

the samples. Control experiments were conducted as follows. After the deposition,

each solvent was aged under 3 different atmosphere for a day: (a), (b) vacuum

under 0.05 Torr, (c), (d) 1 atm nitrogen gas for and (e), (f) 1 atm oxygen gas

mixed with helium (O2 : He = 7:3). The samples were taken out the next day.

The vacuum was never broken during the experiment until the samples were taken

out. Black aggregates remained when left in vacuum and vented with nitrogen

for both solvents. However, the aggregates disappeared when the apparatus was

vented with the oxygen mixed gas. Considering helium is an inert gas, the oxygen

should have triggered the phenomenon.
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Figure A.10: XPS spectra of Au 4f measured from gold nanoparticles synthesized

in (a) ricinoleic acid and (b) oleic acid. The red and blue peaks are assigned for

bulk gold and Au-S bonds, respectively. The green peak occurs from partially

charged particles or oxidized gold atoms.
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Figure A.11: XPS spectra of S 2p measured from gold nanoparticles synthesized

in (a) ricinoleic acid and (b) oleic acid. The green, red and blue peaks arise from

oxidized sulfur, reduced sulfur and Au-S bonds, respectively.
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Figure A.12: XPS spectra of O 1s measured from gold nanoparticles synthesized

in (a) ricinoleic acid and (b) oleic acid. The red, blue and green peaks arise from

Si-O-Si bonds, SiO2 and COOH, respectively.

as in this experiment, where the SAMs are exposed to the air. 2 peaks at 164.0

eV and 162.8 eV are also recognized. The 164.0 eV peak represents from reduced

sulfur (S-H bond) and the 162.8 eV peak arises from the Au-S bond,6 which is

consistent with the Au 4f spectra. The peak values differ from prior research

because the S 2p signals are poor.

The O 1s signals also show 3 peaks. The main peak around 532 eV represents

the siloxane bond formed between the MPTMS and the silicon substrate.218) This

was evidenced since the same peak was found in MPTMS monolayers without

immobilizing gold nanoparticles. The 533.2 eV peak represents the naturally

oxidized SiO2 surface8 and the 531.3 eV peak represents the carboxyl group of

the UFAs.219) Also, the O 1s peak in Au2O3 has a peak around 530 eV,220) which

is out of the range in this spectra. Therefore, there is no evidence of oxidation in

the O 1s spectra.

Thus, it was concluded that the oxidation of the gold nanoparticles were neg-

ligible from the XPS analysis. UFAs are known to be unstable and easily get

oxidized. Hence, the oxidization of the UFAs should have triggered the phe-

nomenon.

Finally, the reason why the aggregates formed in the solvent disperse after

119



A. SYNTHESIS OF GOLD NANOPARTICLES BY A VACUUM
EVAPORATION METHOD

Figure A.13: Schematic illustration of the behavior of the aggregates in (a)

ricinoleic acid and (b) oleic acid. The navy blue spheres represent electrons. (a)

and (b) were mainly observed in ricinoleic acid and oleic acid, respectively. (a)

UFA molecules get oxidized and electrons were transferred to the surface of the

aggregate. The nanoparticles positioned on the surface get negatively charged and

repulsive forces arise between them. Further electron transfer causes desorption

of the nanoparticles from the aggregate. (b) Crystalline thin films form on the

UFA after deposition. The films become stimulated by the electrons induced by

the oxidation of the UFA and diffuse into the solvent changing into nanoparticles.
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oxygen exposure will be discussed. Although aggregates in the size of microns

were mostly observed in ricinoleic acid and lattice planes in oleic acid, counter-

examples were also found. A schematic illustration of the phenomenon is shown

in Fig. 7. The stability of colloids is usually described by the DLVO theory,

taking into account the attractive van der Waals force and the repulsive force

between the surface potentials of the colloids.221,222) Therefore, the transition

from an aggregate to a disperse state should be due to an increase in the surface

potential of the nanoparticles. It is clear in this study that the samples are

sensitive to oxygen, which triggers the phenomenon, letting us assume that the

oxidation of the ricinoleic acid stimulates the transition. Gold nanoparticles are

a well-known catalyst for oxidizing organic materials and they get redox when

the reaction occurs. As a result, electrons are transferred from the ricinoleic

acid to the gold nanoparticles.223) Novo et al. reported the electron transfer from

ascorbic acid to gold nanocrystals resulting from the oxidation of ascorbic acid.224)

The same phenomenon occurred in this experiment, where electrons transferred

from the ricinoleic acid to the gold nanoparticles, resulting in an increase in the

surface potential.225) Nanoparticles positioned on the surface of the aggregates

get charged and break away. Thus, the aggregates shrink and finally become

individual particles or very small aggregates.

In oleic acid, thin films formed on the surface of the solvent and diffused inside

(induced by the oxygen exposure) which transferred into nanoparticles. Also in

this case, the surface structure again plays a role in this scheme. As mentioned

before, the double bond of the UFAs is known to be unstable and easily oxidized.

The oxidation of the double bond induced the diffusion of the thin films to diffuse

inside the solvent. It is hard to say precisely what triggered the diffusion but the

correlation can be seen by the fact that thin film formation was hardly seen when

”old” oleic acids were used (about a year from the first time used), where more

double bonds should be oxidized, prior to use. The thin films in the solvent

should transfer into nanoparticles to decrease the total surface energy, which is

higher in a 2D film than a sphere. Thus, the oxidation of the solvent induced the

transfer from thin films to nanoparticles.
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A.4 Summary

Gold nanoparticles were synthesized by VE methods in ricinoleic acid and oleic

acid. From TEM images, gold nanoparticles first formed aggregates in ricinoleic

acid and then shrunk by time, forming individual nanoparticles. In oleic acid,

the nanoparticles were in a dispersed state. Lattice planes were observed in both

UFAs, which were residues of the thin films formed on the surface of the solvents,

which is evidence of a growth stage on the surface in VE methods. UV-Vis spectra

confirmed the behavior observed in TEM images. The difference of the behaviors

of ricinoleic and oleic acids are consistent with prior research and suggests that

the structure of the vacuum/liquid interface has a strong impact on the growth

scheme. Oxygen triggers the phenomenon above by oxidizing the solvent and was

confirmed by XPS measurements, which ruled out the possibility of the oxidation

of surface gold atoms. The samples were resistive to water and were stable for

more than months. Thus, the VE method should be a promising candidate for

industrial applications.
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