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Abstract

Flow properties of confined liquids play crucial roles in a wide range of areas from biology to
nanofluidics. Liquids, when confined between two surfaces that are tens of nanometers apart,
exhibit unique structural, dynamic, and mechanical properties, which are significantly
different from those observed in bulk. In the past, shear measurement of confined liquids by
different techniques are made up to shear rates < 10° s*. We have developed an experimental
scheme, which has two key advantages over previous techniques used to measure shear-
viscosity for liquid films with thickness of few nanometers; (i) the spring measuring the
viscous drag has very high stiffness (55000 N/m), and yet force sensitivity of few nN, thus
reducing the thermal noise in our measurement. (ii) the force sensing spring stays out of the
liquid, and hence has a high resonance frequency and quality factor, allowing us to perform
off-resonance measurements with high shear frequency (5-20 kHz) and shear rates > 10° s,
Using this novel shear rheometer, we investigated the role of confinement and substrate
wettability on flow properties of polar (water) and non-polar (organic) liquids on several
surfaces. We observed reduction in dissipation coefficient under confinement; which is
modeled with Carreau-Yasuda model of shear thinning including finite slippage. We found
that for purely wetting substrate the nonlinear rheological response solely originates due to
nano-confinement, whereas both wettability and confinement play crucial role in case of non-
wetting substrates. Finite Element Method (FEM) simulations were performed to understand
the behavior of two prongs of our force sensor (tuning fork) at off resonance frequency in air
and in liquid medium. Our study helps to separate out the effects of substrate wettability and
confinement on shear resistance experienced by liquids at nano-confinement. The rheological
response of nano-confined liquids is intriguing and we propose that it is result of criticality

with respect to degree of confinement.
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Synopsis

Introduction

As far as we know, the existence of life on earth planet is not possible without water, the
molecule of life. One of NASA guiding policies for the presence of life on any planet is to
“follow the water”*. Water is a V-shaped molecule, composed of two hydrogen atoms and
one oxygen atom. The permanent dipole moment of water molecule plays a crucial role in its
unique properties such as; high boiling and freezing point, and a large number of critical
points in the phase diagram. High freezing and boiling temperature make it an ideal liquid for
the existence of ecosystem. On the other side, the presence of many critical points reveals the
complex nature of the simplest triatomic molecule in nature. At a fundamental level, the
existence of any form of life is all about the molecular processes such as DNA replication,
transcription into mMRNA, and finally translation into specific proteins that happen inside the
live cell. All these chemical reactions are facilitated by water molecules that are confined
within few tens of nanometres. There exist fundamental questions regarding the nature and
dynamics of water confined in live cells and similar small dimension. (i) Does intracellular
water behave more or less like bulk water or not? (ii) How does dynamic nature of these
water molecules help biomolecules (DNA, RNA, and proteins) to attain particular structure in
fractions of a second, in spite of the presence of a considerable number of degrees of
freedoms? Other than interfacial water, extraction of natural oils is another critical area where

the flow of nanoconfined liquids gains significance.

In the oil industry, understanding of dynamics at nano-confinement plays a crucial
role while extracting natural gas and oil from sub-surface. At present, recovery rates for oil
extraction lie, at best, in the range of 30-45 % after application of primary and secondary
extraction techniques. Thus, there is a requirement for further development in technology to

elevate the existing recovery rates of natural oil**

. At the bottom of this technological
problem is a sound understanding of flow response of oil molecules in porous and confined

geometry in comparison to bulk.

Motivation and Specific Goals

Flow properties of confined liquids are traditionally measured by employing two methods; (i)

flow measurement through nanochannels, and (ii) performing the shear measurement.


http://www.hoflink.com/~house/cellstructure.html

Measuring flow through hydrophobic nanochannels, researchers have reported enhancement
in the outward flux of liquid by orders of magnitude higher than predicted according to fluid
flow theory”. It has been reported that the viscosity of liquid flowing through the hydrophilic
channel is 30% larger than that of bulk water>. On the other hand, measurement of the shear
response of confined polar and non-polar liquids using surface force apparatus (SFA) and
atomic force microscope (AFM) has led to contradictory findings®*°. SFA measurements
have reported that a hydrogen-bonded liquid like water shows no appreciable change in
viscosity upon confinement down to 4 nm and below’*°. However, several other reports
about the shear viscosity of nanoconfined water using SFA and AFM have reported an

increase in viscosity by orders of magnitude at nano-confinement'**2.

Nanoconfined thin films of non-associative fluids such as
Octamethylcyclotetrasiloxane (OMCTS) exhibit significant nonlinear effects in their
viscosity measurements™. The normal stiffness measurement of both water and OMCTS
layers under confinement show a speed dependent dynamic solidification'***. According to
these measurements, the relaxation time of ordered liquid layers is 6-7 orders of magnitude
higher than that of bulk liquid. Shear measurements using AFM have claimed that confined
water shows nonlinear viscoelasticity. In both SFA and AFM experiments the shear
frequency is limited from a few Hz to 1 kHz. To measure the change in relaxation time at
confinement, we need a broader range of applied shear frequencies, typically larger than the
inverse of the system’s relaxation time. Also, jump-to-contact instability of the confining
surfaces is a severe issue of controlling the film thickness while applying shear strain on
these films. There is a need for developing new techniques employing force sensor which
have large normal stiffness to avoid the snap-in contact instability and can perform

measurements in the broader shear frequency range with force sensitivity of the order of nN.

In chapter 2, we have built tuning fork based shear rheometer, where tuning fork acts
as a force sensor. It is made up of quartz which is piezoelectric and has a high stiffness (10°
N/m). Its piezoelectric nature enables us to have optical free detection for shear force sensor
to measure the viscous drag of liquid. Current signal generated in tuning fork for mechanical
deflection is measured using pre-amplifier and a lock-in amplifier. Measurement
methodology was developed to estimate the change in oscillation amplitude of prong from
the measured current signal. Dissipation coefficient was estimated form amplitude and a

phase signal of tuning fork prong. Measurement methodology for evaluating dissipation



coefficient was validated by measuring the ratio of Ej.ss in two liquids of known viscosity

value.

In chapter 3, with the help of our tuning fork based shear rheometer, we have
performed dynamic shear measurement on water confined between a sharp tip and substrates
of different wettability. We explain the experimental observation of a reduction in dissipation
under confinement with the help of Carreau—Yasuda model of shear thinning and finite
slippage at the boundary™. We found clear evidence for shear thinning along with finite
slippage for both wetting as well as non-wetting substrates™. We have found that slip length
increases for non-wetting substrates progressively with increase in contact angle (a measure
of wettability). In contrast, the shear thinning time scale does not vary appreciably over five
substrates with different degree of wettability. The developed method allows us to separate
contributions arising out of surface wettability, and slowing down of molecular dynamics.
These findings have relevance in understanding the flow in nanofluidics and explaining rapid

transit of water through carbon nanotubes reported earlier**.

In chapter 4, we measure the shear response of non-polar liquids such as OMCTS and
TEHOS and compare it with that of polar liquid water under high shear rates (10° s™) by
employing large shear frequencies within 10 kHz to 15 kHz, and small oscillation amplitude
within 1 to 3 nm. To understand the effect of wettability of the substrate, liquids were chosen
having different contact angle on a mica substrate. OMCTS has a contact angle 25° whereas
TEHOS has a contact angle 35°. We estimated dissipation coefficient for these liquids under
confinement from measured amplitude and phase signal. We observed that dissipation
coefficient decreases for both polar and non-polar types of fluids. Again fitting with shear
thinning including finite slippage could explain the dynamics found by fluids under
confinement. In short, we proposed a model which could separate out the effect of substrate
and confinement from the rheological response exhibited by fluid under confinement. We
claim that if shear rates are larger than the inverse of the relaxation time of fluid under
confinement with known wettability, our proposed model would be able to explain the

dynamics of liquid irrespective of their chemical nature.

In chapter 5, Finite element method (FEM) or finite element analysis (FEA) is a
numerical method to solve the general equation of motion required to understand the
dynamics of any system in various areas, such as structural analysis, heat transfer analysis,

and fluid dynamics. To analyze a system using FEM, it is subdivided into smaller simpler



parts, called finite elements. The simple equations that model these finite elements are then
assembled into a larger system of equations that shapes the entire problem. FEM
uses variational methods to approximate a solution by employing boundary conditions and
also by minimizing an associated error function. In our study, FEM simulations were
performed to understand the dynamics of our force sensor, tuning fork in different
surrounding medium (air, water and organic liquid, such as paraffin oil). Frequency domain
analyses were employed to probe the on-resonance and off-resonance response of the force
sensor. We could find how the oscillation amplitude of our sensor and probe assembly, i.e.
the tuning fork with a fiber tip attached to diether piezo varies with surrounding medium.
These results directly support our measurement methodology developed to understand the

experimental results on the viscous drag of confined liquids.

Conclusions and Future Prospective

In this work, we have developed independent measurement methodology, and built
indigenously designed force sensor to measure drag force of the confined liquid at the off-
resonance frequency. Using our home-built tuning fork based oscillatory shear Rheometer,
we have measured dynamic properties of confined fluid, i.e., dissipation coefficient. Very
low drive amplitude (< 1nm) make our measurement to be in the linear regime, and high
shear rate up to 10* 10° s-1 ensures that our results capture non-Newtonian behaviour.
Analysis of our experimental results with different shear-thinning models helped us to
distinguish between the effect of confinement and that of substrate wettability on the

rheological response exhibited by confined liquids.

In present work, the mechanical response of nanoconfined liquid was measured using
a home-built dynamic shear-rheometer. To get direct information about the processes, which
are responsible for showing non-Newtonian behavior for confined fluid at the nanoscale, the
system needs to be probed optically along with mechanical measurement. There are various
possible ways to implement optical access by integrating mechanical analysis with (i)
Fluorescence correlation spectroscopy (ii) Raman spectroscopy. FCS is useful for measuring
the diffusion coefficient of probe molecules immersed in a liquid of interest at nano-
confinement. Raman spectroscopy is a valuable tool to probe the structural changes taking

place at a molecular level giving rise to non-Newtonian behavior.


https://en.wikipedia.org/wiki/Variational_methods
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Chapter 1

Introduction

The existence of life is not possible without water. One of NASA guiding policies for the

»1 At a fundamental level, survival of

existence of life on any planet is to “follow the water
any form of life is all about the molecular processes such as DNA replication, transcription,
and translation. Intracellular water molecules facilitate all these three chemical reactions. One
of the prominent questions about the nature of water is does it behave more or less like bulk

water or not at the confined space in a live cell.

Resources of energy are other crucial factors for sustaining life on earth. Other than,
recently developed alternative energy sources, a majority of consumed energy by humankind
is coming from naturally produced and stored coal and oil across the globe. Post World War
I1, the world economy was reorganized based on the discovery of vast amounts of crude oil
reserve around the world, particularly in the Middle East>. The critical process in an oil-
dependent economy is the extraction of oil from micro-porous rocks in a cost-effective way.
Crude oil is extracted from the ground. Then it is converted to diesel, ethane, fuel oils,
gasoline, jet fuel, kerosene, benzene, and liquefied petroleum gas. At present, recovery rates
lie, at best, in the range of 30-45 % after application of primary and secondary extraction
techniques. The achievement of higher recovery fractions could ensure energy production for
at least the upcoming decades even under the assumption of fast economic growth
scenarios®*. Thus, understanding the flow properties of the liquid such as viscosity, diffusion
at confinement is vital to answer some of the intriguing questions about the interaction
between biological macromolecules inside a cell and for improving the technology of oil

extraction.

In the present thesis, the flow properties of water and organic liquids (similar to oil)
are studied in confined geometry. It is essential for developing empirical laws about the
behaviour of fluid under nanoscale confinement and will be helpful in dictating how the
dynamics of these liquids behave from that in bulk form.



1.1 Water

Water is known as a solvent for the existence of life. Cavendish and Lavoisier discovered its
composition in 1781°. Later, this composition was confirmed in 1800 by John Ritter by
producing hydrogen and oxygen from electrolysis of water. Brief details about the structure
and properties of water are outlined below

1.1.1 Structure of water

Water is V-shaped molecule composed of two hydrogen atoms and one oxygen atom. Fig. 1.1
shows the structure of water molecule. Water has net dipole moment due to electronegative
nature of oxygen atom. The electronegativity of oxygen is responsible for the hydrogen
bonding network between water molecules. The existence of hydrogen bonding was first
suggested by Wendell Latimer and Worth Rodebush in 1920%’. Hydrogen bonding is

responsible for many of anomalies in the behaviour of water.

o

Fig. 1.1 Structure of water molecule

1.1.2 Properties of water

High boiling and freezing temperature: Water is a molecule with small molecular weight.
Despite its small molecular weight, water has an incredibly high boiling temperature. The
reason behind it is the network of hydrogen-bonded structure (intermolecular interaction).
Breakage of hydrogen bonds requires higher energy, which in turn gives rise to high boiling
temperature. One of the possible reasons for the existence of ecosystems in water is due to its

high boiling and freezing temperature.

Water acts as a universal solvent: It can dissolve almost all substances as compared to other
liquids, so it is known as universal solvent. The electronegative oxygen attracts the slightly
positive charge of the substance, and electropositive hydrogen pulls the slightly negative
charge in the compound. This phenomenon helps in dissociating of most of the substances in

water.



Density of water: In general, the solid phase of any substance has a higher density than its
liquid phase. But, in case of water, ice being the solid phase of water has a lower density than
liquid form. This is possible, as hydrogen bonding poses a tetrahedral arrangement of water
molecules in ice crystal which is less dense than random arrangement of water molecules in

liquid phase.

1.1.3 Phase diagram

A phase diagram is a diagram for representation of physical states exhibited by substances at
different values of temperature and pressure. Fig. 1.2 shows phase diagram of water. It shows
that bulk water has many critical points. The critical point is a point in phase diagram
corresponds to the existence of two phases at a particular value of temperature and pressure.
It has minimum nine critical points®®. That is an indication of the complex nature of one of
the simplest triatomic molecule in nature. Fig. 1.2 also shows the comparison of experimental
phase diagram (panel a) of real bulk water, and theoretical predicted phase diagram (panel b)

according to its low molecular weight.
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Fig. 1.2 (a) Phase diagram of bulk water showing minimum nine critical points with the
representation of different phases of water, (b) theoretical predicted phase diagram of water.
This figure is adapted with permission from Ref 9 copyright (2010), Springer Nature.

1.2 Interfacial and confined water

Surface boundaries and interfaces play a crucial role in determining the properties of liquid
molecules. Water present near these surface boundaries and interfaces is known as interfacial
water. One of the examples is that phase diagram of any liquid including water becomes
complicated near any boundary™. The dynamics of fluid get dominant by its local properties

due to the presence of interface or boundary around them®. To understand the interfacial



behavior of water or any other system, there is need to characterize these properties near
surfaces as well in porous geometry. Flow properties such as viscosity and diffusion depend
on various factors, such as; nature of the liquid-surface interaction, a roughness of wall, and
shape and size of the pores. A possible way to get knowledge about these is to understand
water density distribution near the surfaces or in micro-nano pores, which is crucial for their

altered structural and flow response.

1.2.1 Presence of confined water in various areas
Water molecules, confined in tens of namometers space is present very diverse areas from
biology to nanofluidics. Understanding the flow properties at these nano-pores is highly

relevant for the technological and biological field. Few of these areas are listed below:
Water Filtration

For water filtration, many processes take place which are disinfection, decontamination,
desalination. All the methods require the removal of unnecessary by-products or pollutants™.
There is a requirement of membranes made up of material which are quite selective and
efficient for the recovery of clean water. It has already been reported in literature®®® that the
carbon nanotubes having atomically smooth, hydrophobic walls responsible for the higher
outward flux of water through the pores due to the existence of considerable, substantial slip
length. Further measurements with these membranes reveal 90% rejection coefficients that
match or exceed those of commercially available nanofiltration membranes while exceeding
their flux by up to four times. It could be quite helpful if possible to design such kind of
nanostructure or similar defect-free membrane at large scale which are specific and having

the higher flux for water molecules only.
Interfacial Water in Biological Functions

Water acts as a primary solvent in all life processes. Initiation of various biochemical
reactions inside living organisms requires critical hydration level. Few of them are cellular
respiration, incorporation of CO2 into amino and nucleotides (carbon fixation), synthesis of
protein and RNA. In the vicinity of few hydration layers onset of various critical biochemical
processes is seen'® !, Hydration layers of water molecules present around biomolecules is 3-

4 molecular layers thick.
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Another example is how protein folding-unfolding mechanism is affected by level of
hydration %%, Protein folding takes place very fast time scale than predicted by Levinthal
paradox®>. One of the most probable reasons behind it is hydrophobic interaction®*’. Water
molecules play a significant role in defining the structure and function of the protein. Open
questions exist regarding relative amount of hydration, and how water may be involved in
solute distribution across cell membranes. No clear answer to these questions yet. All
intracellular water molecules present around biomolecules and near cell membrane are

termed as confined water.
Flow Sensor

Understanding flow properties of confined liquids find application in next-generation flow
sensor?®®. Measurement of these properties gives information about how the viscosity,
diffusion of liquid changes at confinement in comparison to bulk dynamics. Ghosh et.al; have
reported that flow of liquid in single-walled carbon nanotube bundles induces voltage along
the direction of flow in an electrical circuit. They have also shown that the voltage induced
depends on the polar nature and ionic conductivity of the liquid and flow velocity. These
results indicate that by measuring the voltage produced due to liquid flow would provide

information about polarity, ionic conductivity and flow properties of liquid.
Nanofluidics

Nanofluidic devices consist of multiple arrays of channels that are few nanometres in width
and few micrometres in length for exquisite control of fluid flow. Nanofluidic arrays find
application in separating out the molecules of interest from a mixture under the action of
applied external forces such as pressure, potential and concentration gradients across
nanochannels®®. The passage of solvent through these devices depends on hydrodynamic
force, diffusion, migration, and friction with the wall of nanochannels. Understanding effect
of these forces on flow properties through nanochannels have applications in the field of

biomedical devices, such as transport in kidney®®, separation science® %

, and membrane
technology™. Thus it is fundamentally essential to study the flow response of simple or
complex fluids with varying degrees of confinement scale, chemical nature of boundaries; to
understand and design nano-machines with complex transport phenomena. Fig. 1.3 represents

few areas where presence of nanoconfined water plays critical role.
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Fig. 1.3 Presence of confined water in different areas from biology to nanofluidics. (a)
Desalination of water using filtration membrane (b) presence of water around biomolecule*
(c) nanofluidics array for separation of an interested molecule®. This figure is adapted with
permission from Ref. 34, copyright (2008) American Association for Advancement of

Science, Ref. 35, copyright (2014), Royal Society of Chemistry.

1.3 Organic Liquids

Organic liquids are mainly made of carbon and hydrogen atoms. There are two types of
organic liquids; polar and non-polar types. These liquids act as a model system for oil
molecules having applications in lubrication industry. Thus, understanding the flow
properties of these liquids in confined pores could be helpful in areas such as; enhanced oil
recovery field (EOR) and lubrication Industry. In present work, flow response of two organic
liquid such as Octamethylcyclotetrasiloxane (OMCTS) and Tetrakis (2-ethylhexoxy)silane

(TEHOS) was measured. These liquids are neutral, nonpolar and globular in shape.

1.3.1 Enhanced Oil Recovery

Oil and gas are significant resources of energy for sustaining life on earth. Other than,
recently developed alternative energy sources, the majority of consumed energy by
humankind is coming from naturally produced and stored coal and oil across the globe.
However, most of these residual oils are "trapped’ in tiny micrometric pores of the reservoir

rock which makes their efficient recovery to be difficult. At present, recovery rates lie, at
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best, in the range of 30-45 % after application of primary and secondary extraction
techniques. There is a need for development or improvement in existing technology which
could achieve high recovery rate and assure the energy production for at least upcoming
decades under the assumption of fast economic growth scenarios®®. It emerges the
significant area of research which is based on studying the flow properties of oil or model

system molecules at similar size micro or nano-pores.

1.3.2 Lubricants

For any molecules system to acts as a lubricant, it should have a low coefficient of friction at
high normal pressure (MPa) and high shear rates (10° s). The size of molecule also plays an
important role to act as a better lubricant for next-generation nano-machines. To get an
application in this area, it is essential to study the shear response of these liquids under high

pressure and shear rates at confinement for designing next-generation novel lubricants.
1.4 Techniques to Measure flow Properties at Nanoscale

1.4.1 Flow at nanoscale

Flow properties of the fluid at nano-confinement can be measured by estimating the outward
flux of liquid through nanochannels under the action of applied external forces such as
pressure, potential and concentration gradients across nanochannels®. Fig. 1.4 shows
schematic for measuring flow properties of fluid by measuring flow response through
nanochannels. Fluid properties such as viscosity, diffusion, and effect of substrate term of slip
length® can be evaluated. The factors which govern the outward flux of liquid are diffusion
along axial direction due to the external field across the channel (Ds), liquid substrate
interaction (W,), length to radius ratio®*°. For the hydrophobic surface, Ds is high, and W
is low giving rises to substantial enhancement in flow; for the hydrophilic surface, Ds is low,
and W, is high give rise to minimal flow rates. In past, researchers have reported about flux
enhancement by 5-6 orders of magnitude for water molecules through hydrophobic carbon
nanotube channels than predicted by fluid flow theory*. For hydrophilic channels, it has been
reported that the viscosity of liquid flowing through them is 30% larger than that of bulk

water*.
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Fig. 1.4 Pictorial representation of the flow of liquid through a nanochannel. Properties of
flowing liquid are measured by applying a pressure gradient across the channel. P, Q, 1, and n

represent pressure, flux, length of channel and viscosity respectively.

1.4.2 Stress-Strain nanoscale

Another way to measure the flow properties of the liquid at nano-confinement is by
measuring stress-strain at nanoscale. In stress-strain measurement, one surface moves in a
parallel or perpendicular direction to another surface with fluid placed between them, and the
resulting stress is measured. The stress generated is generally measured by attaching a force
sensor system with proper electronics and feedback mechanism to one of the sliding surfaces.
The measured stress is related to the drag force experienced due to liquid molecules
interactions with these two surfaces; hence drag force can be related to the viscosity of the

confined liquid.

Rheometers are employed to apply oscillatory/steady strain to plate or sensor moving
in liquid to measure its shear stress response. Parallel plate and cone-plate geometry
rheometers are usually used. SFA* and AFM* correspond to the category of these
rheometers to measure shear stress at nanoscale. Fig. 1.5 shows the schematic of SFA and
AFM. In these measurements, the sinusoidal strain (stress) is applied upper plate or cone of
rheometer. Using the methodology of bulk rheometers, the resulting stress (strain) can be
resolved into components that are in phase or ©/2 out of phase to the input. From these data, a
complex modulus or viscosity is determined as a function of shear rate or frequency. As

given below:
G =G +iG'  or N=Gli® - eqn (2.32)

Where G’ is storage modulus and G is loss modulus give information about energy storage
and energy dissipation in flow respectively. For perfectly elastic solid, G =0 and G = G .

For Newtonian liquid, G=0andn =G / w.
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Fig. 1.5 Schematic of SFA and AFM employed to measure dynamics properties of the
confined liquid by performing shear strain measurement. (a) measured the shear response of

liquid confined between cross cylindrical plates and (b) between tip and substrate below.

Analysis about the dynamics of liquid at nanoscale is based on measuring the change
in oscillation amplitude and phase of force sensor oscillating in liquid medium by varying the
distance between two surfaces. If there is no phase lags between the input (strain) and the
output signal (stress), it is known as Hookian solid. The pure spring system acts as analogy
system for Hookian solid. If there is phase lag and it is 90 degrees, it is known as a
Newtonian liquid. The simple dashpot system acts as an analogy for a Newtonian fluid. Other
possibility is finite phase lag which lie between O and 90 degrees, it is known linear
viscoelastic liquid (Non-Newtonian Liquid). This system can be described by the
combination of spring and dashpot in series (Maxwell Model) or parallel configuration
(Kelvin Model). But in all above configuration, the change in stress with stain or strain rate is
linear. If there are liquids in which the change in stress is nonlinear with strain or strain rate,
they are called nonlinear viscoelastic liquids (Shear-thinning, shear thickening). Shear
thinning or shear thickening behaviour is exhibited by complex liquids those have a shear rate
dependent viscosity such as mayonnaise, polymer melts, starch solution. Table 1.1 represents

all these processes.
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Table 1.1 It comprises all possible relation between stress and shear rate. Liquid behavior is
categorized to Newtonian and non-Newtonian on the basis of stress and strain rate curve.
Various combinations of spring and dashpot are considered to represent the behaviour of

Newtonian and non-Newtonian fluids.

Stress
Strain rate Behavior Representation
Relation
Newtonian
Only Viscous o ._D_.
Liquid
Linear
Viscous + _
) Non Newtonian -—J'VVL-—I:I—O
elastic
Non Newtonian oJW\-o—Il—oMA-o—H_.
Non Linear Viscous (Shear Thinning
+Elastic Shear
Thickening)

Initially, all measurements were done mainly using SFA and AFM in normal mode to

measure the response of nanoconfined water. These reports found slowdown dynamics*"

47-50 51,52 53,54

%8 presence®*%r absence®*? of hydration layers, dynamic solidification®***, and no change
in viscosity at separation d < 1nm>. A lot of controversies exist regarding the behavior of
nanoconfined water. To resolve it various researchers started addressing this question by
performing measurement in shear mode. It was addressed using SFA, AFM and their
modified instruments in shear mode. Researchers using SFA reported about the viscoelastic
response exhibits by aqueous liquid®®. The shear response was measured by oscillating the
one plate parallel to another plate in liquid medium with oscillation frequency <100 Hz and
amplitude 0.1-10 nm. Another report by Klein group reported no change in viscosity of water
molecules below to one molecular layer®'. They measured the viscosity by measuring the
exclusion of water from the surfaces during the jump in contact. Around the same time,

Antonozzi group®® using novel fiber-based transverse shear force microscope (TFM) reported
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about linear viscoelastic response and longest relaxation time around 1ms in comparison to
bulk relaxation time (1ps). Other results by Granick group®’ states the change in dynamic
properties of nanoconfined water versus the twist angle of substrates. They reported about the
viscosity and relaxation time is oscillating with the twist angle of substrates. It signifies that
at nano-confinement water behave as a viscoelastic liquid but enhancement in viscosity and
relaxation time by orders of magnitude as compared to bulk. Reido group® reported the
nonlinear viscoelastic response for nanoconfined water using AFM. They have reported shear
rate dependent relaxation time. The change of viscosity of water due to surface wettability in
addition to confinement distance is addressed. It is found out that the enhancement of lateral
force on the nonwetting substrate in less in comparison to wetting substrate®®. The reason
behind the reduction in lateral force is stated due to the existence of slip length®.In the recent
measurement, the researcher has reported about the nonlinear shear thinning behavior for
bilayers of water molecules confined between substrates®™. These are the different results in

the literature about the dynamics exhibits by nanoconfined water.

Table 1.2 Summary of studies done in the past to measure flow properties of nanoconfined

water in normal mode.

Instrument Frequency | Amplitude Approach rates | Conclusions Ref.
(Hz) (A% (nm/s)

SA-AFM 400 0.36 1 Highly Viscous 6

SA-AFM 400 - 900 06-11 02-14 Dynamic solidification >

SFA 1-5 2000 0.03 No change in viscosity >

SFA - - - Oscillatory force dueto | '
hydration layer

Thermally excited | - - 04-1 Solvation forces ®

AFM

Static AFM - - 5 No solvation forces >

Dynamic AFM 14000 12 - Oscillatory forces &3

Simulations 100 1-20 - Viscosity increase by ot
orders

AFM 2000 1-30 0.2 Viscosity increase by >
orders
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Table 1.3 Summary of all published studies reporting on the measurement of the shear

response of nanoconfined water in shear mode.

Instrument | Frequency (Hz) A”Eﬁlrlr;[)u de Shear rates (s™) Conclusions Ref.
SFA 100 0.1-10 10 - 10° Linear viscoelastic »
SFA 1-5 200 10°- 10* No change in >
viscosity
TFM 10,000 1-5 10 - 10° Linear viscoelastic >
AFM 50 - 2000 0.06-3 1-10° Nonlinear &
viscoelastic
AFM 1000 0.9 1-10° Enhancement in %0
viscosity
SA-AFM 1000 - 2000 0.2 10° Dynamic 52
solidification
AFM 3000 - 30,000 0.06 - 0.25 10°- 10° Shear thinning %
Tf-SFM 1000 - 15,000 1-5 10°-10° Viscoelastic and o7
Shear thinning

Table 1.4 Summary of published reports on the measurement of the normal and shear

response of nanoconfined organic liquids.

Organic Instrument | Frequency | Amplitude | Mode Conclusions Ref.
Liquids (Hz) (nm)
TEHOS SA-AFM <2000 <06 Normal Non Newtonian %
behaviour
OMCTS, SFA 10 Normal Solidification 09
Cyclohexane,
Toluene
OMCTS SFA 1-257 10- 20 Oscillatory | Phase transition, on
Shear Slow relaxation time
TEHOS SA-AFM, 465 34 Normal Heterogeneous =
FCS molecular mobility
OMCTS SFA+FCS 0.02-52 Normal, Slowdown in e
Steady diffusion coefficient
shear under normal mode,
Diffusion coefficient
changes by 2-3 factor
under shear mode
OMCTS AFM Oscillatory | Non-Newtonian %8
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shear behaviour
OMCTS SFA 5 10° Steady Non-Newtonian 75
state shear | Behavior at high
shear rate
OMCTS, SFA 0.02- 52 0.4-6x10° | oscillatory | Non-Newtonian, e
Dodecane shear shear thinning
OMCTS SA-AFM squeeze out 2 Normal Dynamic 54
solidification
Dodecanol FM-AFM 50,000 2.5 Normal Crystalline nature 7
Hexane mode with imaging the
layered structure
Hexadecane FM-AFM 73,500 2.5 Oscillatory | Slowdown dynamics 8
Shear

Results tabulated in Table 1.2, 1.3 and 1.4 clearly demonstrate that several research groups
have attempted to measure the viscoelastic response of nanoconfined water, and several
organic liquids are employing different forms of SFA, AFM, and FCS spectroscopies.
Despite all these studies, there is a lack of consensus regarding behavior of confined liquids

at nano-confinement.

1.4.3 Our Home- built Instrument

In context of this, we have built a novel tuning fork based shear rheometer to shed more light
into this area. In our instrument, the confinement of liquid takes place between the fibre tip
attached to tuning fork and substrate below (See Chapter 2 for experimental details). Quartz
tuning fork acts as force sensor. This experimental scheme has two advantages over previous
techniques; (i) the sensor is made up of quartz material which is piezoelectric in nature, so all
readouts are electrical no optical setup is required, (ii) spring measuring the viscous drag has
high stiffness (55000 N/m) and yet has force sensitivity of few nN due to its piezoelectric
nature. (iii) The force sensing spring is out of liquid and hence has a high resonance
frequency and quality factor. This allows off-resonance measurement with high shear
frequency (5-20 kHz) and shear rates (10%- 10° s%). This instrument enables us to measure the
dynamics viscosity of nanoconfined liquid at range of shear frequencies and shear rates and
could be able to capture non-Newtonian behaviour of nanoconfined liquid if any. Using this
measurement technique, |1 have measured effect of nano-confinement and wettability on shear
response of water and two organic liquids (Octamethylcyclotetrasiloxane (OMCTS) and
Tetrakis (2-ethylhexoxl) silane (TEHOS).
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Chapter 2

Experimental and Theoretical Methods

Understanding of flow properties of nanoconfined liquids is central to a wide range of areas
from biology to nanofluidics devices. Flow properties of nanoconfined fluids are mainly
measured by two methods, i.e., by performing flow measurement and shear measurement. In-
flow measurement, the flow of liquid through the nanochannels is examined under a gradient
of external force to measure its flow properties such as viscosity, diffusion. In shear
measurement, the oscillatory strain is applied to one plate to oscillate it in liquid medium and
stress generated due to surrounding liquid is measured. For measuring the shear response of
nanoconfined liquid, the separation between two plates is in nanometre scale. The fluid
volume involved for viscosity measurement of nanoconfined liquids is of the order of
attoliters to zeptoliters, and the shear forces that they generate are in pico-Newton (pN) to

nano-Newton (nN) range.

Conventional Rheology instruments are not capable of capturing the possible
nonlinear behavior of these thin films. SFA and AFM set-ups are modified to measure the
shear stress developed due to straining of nanoconfined thin films of liquid. In both SFA and
AFM experiments the shear frequency is limited from a few Hz to 1 kHz. To measure the
change in relaxation time upon confinement, we need a broader shear frequency range,
typically larger than the inverse of the system’s relaxation time. Also, jump-to-contact
instability of the confining surfaces is a severe issue in controlling the film thickness while
shear straining these films. It is, therefore, crucial to develop new techniques employing force
sensor which have large normal stiffness to avoid the instability and can perform in the
broader shear frequency range with force sensitivity of the order of nN. This chapter reports
the development of an instrument for oscillatory rheology on nanoconfined liquids with
unprecedented shear frequencies and nearly infinite normal stiffness. Detail instrumentation
and measurement methodology developed to measure the viscous drag of nanoconfined

liquid is explained in the following text.
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2.1 Details of Instrument

Our home-built tuning fork based shear rheometer consists quartz tuning fork based force
sensor and sample stage assembly. Force sensor consists of diether piezo, tuning fork and
fiber tip which is attached to free prong of tuning fork. Sample stage assembly consists of
two piezo tubes responsibly for movement in the Z direction. All the details about the force

sensor and sample assembly are explained in next sections.

2.1.1 Tuning fork, the Force Sensor

Tuning fork acts as essential part of our instrument. It consists of two prongs and is made up
of quartz crystal which is piezoelectric in nature*?. The dimension of one prong of the tuning
fork is 6mm x 350um x 620 um. Fig. 2.1 shows SEM image of a tuning fork which is used as

a force sensor in our experimental setup.

Fig. 2.1: SEM image of the Tuning fork

Electrodes are designed and connected in such as way over the two prongs to accumulate

maximum charge per mechanical deflection as shown in Fig. 2.2.

Fig. 2.2 Electrode connection of Tuning Fork

The resonance frequency of tuning fork is 32.764Hz and has a very high-quality factor
(10000). Due to high-quality factor, it has excellent use in timekeeping application ® Such as;
quartz crystal watches. The time accuracy of quartz watches depends on frequency shift
which could occur due to change in temperature, acoustic vibration, and aging effects. The
frequency shift of quartz crystal is about 2 x 10° Hz per year. The efficient design of
geometry and arrangement of electrodes is responsible for this small frequency shift. At

resonance frequency, two prongs of tuning fork move out of phase which exerts equal and
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opposite force at center holder hence the net force exerted on the central region is zero which
also play a role in less damping of the system. Tuning fork has high spring constant (10°
N/m) and low thermal noise. In spite, of having large spring constant, it has high force
sensitivity in the range of nN-pN*.

2.1.2 Fibre Tip

To measure the viscous drag of liquid environment fiber tip was attached to tuning fork prong
to avoid its contact with the liquid. Fiber tip was made by pulling single mode optical fiber in
Sutter instrument under CO, laser heating®. Sutter instrument consists of various programs
with parameters such as; heat, filament, velocity, delay and pull. The value of these
parameters play major role in forming probe of particular tapper length and diameter. Heat
parameter controls current through the filament and is required to melt a piece of optical
fiber. Filament parameter sets the limit of the longitudinal area for projection of laser beam
on fiber. Velocity parameter specifies the speed at which the glass carriage must be moving
before the hard pull is executed. Velocity of the glass carriages during the initial pull is
dependent on the viscosity of the glass and viscosity of the glass is dependent on its melting
temperature. Delay parameter controls the time between when the heat turns off and when the
hard pull will be activated which is required to separate out glass into two parts. Pull
parameter controls the force of the hard pull to separate out fiber into two parts to form two

fibre tips of equal diameter.

2.1.3 Mechanical Excitation of the Tuning fork

For mechanical excitation tuning fork with fiber tip attached is fixed on diether piezo®. We
refer to the whole assembly as probe assembly. It is shown in Fig. 2.3. The tuning fork is
mechanically excited by providing AC voltage to diether piezo. Being piezoelectric in nature,
mechanical oscillation in tuning fork gives rise to the current signal. The current signal is
measured with the help of high gain (10° - 10°) preamplifier and lock-in amplifier at a fixed

frequency.
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Fig. 2.3 Probe assembly of an experiment set up consists of a Tuning fork with fiber tip is

fixed to diether piezo for mechanical excitation.

2.1.4 Electrical Circuit of Tuning fork

Electrical equivalent circuit for the mechanical oscillator is represented by LCR circuit and
shown in Fig. 2.4. Tuning fork also acts as mechanical oscillator so; its electrical equivalent
circuit is represented’ by LCR circuit with C, in parallel. C, is known as parasitic
capacitance. It exists due to electrodes or connections on tuning fork. The current flow
through prongs (eq" 2.1) consists of two terms; (i) due to differential bending of two prongs

(ii) parasitic current flowing through parasitic capacitance.
I = O(U)(Al - Az) + (.l)sz """ (21)

Where a is coupling constant and it’s value is 12 uC/V, o is oscillation frequency, A; and A
are oscillation amplitudes of fixed and free prong respectively, C, is a parasitic capacitor, and

V is drive voltage which applied to diether piezo.

Tuning fork
? 1
E_F R1 c U
(¢}
= |::>
~ i
o |1
[; c2
Acf | A

Fig. 2.4 Electrical equivalent circuit of tuning fork.
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2.1.5 Calibration of oscillation amplitudes

Oscillation amplitude of tuning fork free prong and diether piezo was determined by using
fiber-based interferometer shown in Fig. 2.5. The oscillation amplitude was measured for a
range of frequency and with a voltage applied across diether piezo. For 1-5 kHz range of
frequency, we found no change in amplitude of free prong but rise in current signal. At off-
resonance frequency (1-15 kHz) both prongs of tuning fork oscillate with same phase and
amplitude. It shows that there will be no current signal due to differential bending of two
prongs. The rise in current signal is observed due to parasitic capacitance. As parasitic current
is directly proportional to frequency (I, = wCpV). Calibrated amplitude for tuning fork free
prong obtained by performing fibre based interferometry measurement is 1.2 nm/V. Fig. 2.6

shows oscillation amplitude versus applied voltage and current signal versus frequency
respectively.

Tnterferometer | OPtical
P ] fibr
= Slope = 15mv/nm

£
H
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—

Lock-in Amplifier Amplifier

Fig. 2.5 A schematic of fiber-based interferometer setup. It was employed to measure
oscillation amplitude of tuning fork free prong.
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Fig. 2.6 (a) Plot of oscillation amplitude versus drive voltage applied across diether piezo. (b)

Oscillation amplitude versus oscillation frequency at fixed drive voltage.
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2.1.6 X-Y-Z Positioner

Sample assembly mainly consists of two piezos i) Hammer piezo ii) Scanner piezo. These
piezos play vital role for movement of the substrate in Z direction towards fiber tip with the
precision of nm and range of mm. For approaching the fiber tip from separations of mm to
nm, we used the inertial sliding approach mechanism used first by Pohl?. The entire approach
mechanism is placed in a heavy steel base; the central part is carved out to accommodate
coarse and fine X-Y-Z positioner. To achieve coarse motion a steel piece called hammer is
attached to one end of a piezo tube (hammer piezo).On top of the hammer piezo, a quartz
glass tube is fitted. This tube is inserted in a metal connector having a copper leaf spring that
holds the quartz tube. The tension in the leaf spring can be adjusted to achieve the best
motion in a vertical direction against gravity. The quartz tube makes contact with the
connector piece along flat walls. Voltage pulses with a slowly rising edge and fast drop off
are applied to the hammer piezo. During the initial slow rising of the pulse, the hammer piezo
contracts (expands) moving the hammer up (down) and the tube remains clamped at the leaf
spring. When the voltage suddenly drops to zero, the hammer stays in its place and due to
inertia pushing the tube up (down) achieving a net movement in each pulse. The inertial
sliding mechanism?® is represented in Fig. 2.8. The height and width of the pulse can be
controlled to achieve the desired step length. The connector bearing the quartz tube is placed
onto a coarse X-Y scanner. The quadrant piezo tube (scanner piezo) is mounted inside the
quartz tube and moves with the hammer piezo, hammer, and the quartz tube assembly.
Scanner piezo was moved up-down and X-Y direction by applying voltage ramp. A liquid
cell is magnetically attached to the top of the scanner tube. The cell comprises of two circular
Teflon pieces clamped together with a Viton O-ring between them. The top Teflon piece has
an opening to allow access to the fiber tip mounted on the tuning fork. The liquid is filled in

the cell from the top opening with a glass syringe. Fig. 2.7 shows whole sample assembly®.
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Sample stage

Scanner Piezo
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Fig. 2.7 Sample assembly of the instrument.
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Fig. 2.8 shows inertial sliding principle to achieve movement in Z direction corresponding to

the saw-tooth pulse.
2.2 Electronics

2.2.1 Electronics Circuits

Various electronic circuits are required for operation of the instrument such as; preamplifier,
high voltage amplifier and feedback. Preamplifier circuit is to amplify the current signal
generated by tuning fork due to mechanical deflection. (ii) High Voltage Operational
amplifier is to amplify saw-tooth voltage pulses and voltage ramp to hundreds volt required

for movement of piezos in the Z direction. (iii) Feedback circuit is to hold fiber tip attached
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tuning fork in the interaction region. All these circuits are explained in details in the

following text.

2.2.2 Pre-amplifier

Preamplifier'® is used to amplify nano-amperes of current signal with high gain (10° 108).
Fig. 2.9 shows a circuit diagram of the preamplifier. It consists of OPA656™ operational
amplifier 1C. Power supply value for OPAG56 is £5V.

e i %
V1 ‘ 5, P
5 | 1m X1 | 100 s
2\ 1 [ - ;
OPA 656 ,— Vi-out
! l'ilp| 11
V2 Pl
] R2 {
10Meg
. 2
d _ Vdd == 100N
Vdd
10Meg
R1

Fig. 2.9 Circuit diagram of the OPA656 preamplifier.

2.2.3 High Voltage operational amplifier

High Voltage operational amplifier (HV op-amp) ** is to amplify the voltage pulses
generated by DAQ up to hundreds of volts. BB3584jm™® was used for high voltage amplifier
(optional PA88, PA340CC). Power supply value required for operation op-amp BB3584 is
+150V. Maximum output voltage value can be achieved 300V. The circuit diagram using

PA88 opamp is shown in Fig. 2.10.
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Fig. 2.10 Circuit diagram of high voltage operational amplifier.

2.2.4 Proportional Integrator (PI) Feedback

Feedback has become a necessary tool for an experimentalist to improve the stability of
instruments. Feedbacks are mostly used for precise control of temperature, for enhancing the
performance of AFM and in other devices to achieve stability. The primary objective of the

feedback circuit is to keep the state of system locked or set to desired value S = Sy,

Feedback working principle
1. To lock or set the state of the system to desired value following procedure is followed.
2. Measure state S of the system.

3. Measure how far the system is from the desired set point, it is sensed by measuring the
error signal.

4. Calculate a trail control value u = u(e).
5. Feed this controlled value back into the input of the system.
6. The state of system changes in response to a change in control value.

This process will keep on moving until the desired set point is reached.

In our feedback circuit, we used proportional and integral gain. Proportional term plays a role

in estimating the error signal between the output value and set point of a system for particular
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time. Whereas integral term considers the history of the error, or how long and how far the

measured process variable has been from the set point over time before correcting for error.

The following relation gives the output of PI controller.
u (e, t) = gye(t) + g, f, e(t) dt
Where e (t) is error signal, gp is proportional gain and g, is an integral gain.

CA3140 I1C** was used for designing PI feedback circuit. The circuit diagram of Pl feedback
is Fig. 2.11.
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Fig. 2.11 Circuit diagram of closed loop PI feedback using CA3140 opamp IC.

2.2.5 Data Acquisition card (DAQ (6259))

DAQ 6259 PXI Express *> was employed to read and write data from our experimental setup.
DAQ 6259 consists of 4 Analog output and 16 Analog inputs. The sampling rate of Analog
input is 1MS/s . The sampling rate for analog output is dependent on channels in use. For 1
channel in use it is 2.56MS/s , 2 channels- 2 MS/s, 3 channels - 1.54MS/s , 4 channels - 1.25
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MS/s. The minimum value of voltage can be read from the analog input is 0.11mV on the
+10V scale. Minimum output value can be generated for Analog output is 2mV on a scale of
+10V and 1mV on a scale of £5V. By knowing calibration of scanner piezo and minimum
possible value of voltage can be generated from DAQ card, it is possible to achieve smallest
step size as 0.3A. LabVIEW for used for interfacing of DAQ with the instrument.

2.2.6 Lock-in Amplifier

Lock-in amplifier'® is used to detect and measure AC signals and convert it into DC voltage
at the reference frequency of the oscillator. Lock-in amplifier uses a technique called phase
sensitive detection to single out the component of the signal of the specific reference
frequency. Phase-sensitive detector (PSD) multiplies the output signal with the reference
frequency signal and filters it using low pass filter to single out the DC component resultant
of the signal at the particular reference frequency. See reference for more details'®. PSD can
detect the signal with bandwidth as narrow as 0.01.In following we briefly discuss the

advantage of using lock-in amplifier.

If we measure the signal output using an amplifier with a bandpass filter with a
Q=100 (a perfect filter) centered at 10 kHz, any signal in a 100 Hz bandwidth will be
detected (10 kHz/Q). A good noise amplifier has small noise as 5nV/(Hz)*2. The noise in the
bandpass filter will be 50 pVv (5"V/m x V100 Hz x 1000) and the signal will still be 10 pV.

The output noise is much greater than the signal and, an accurate measurement cannot be
made. Further gain will not help the signal to noise problem.

Phase sensitive detector (PSD) is used for analyzing the signal to high precision. The
PSD can detect the signal of any frequency with bandwidth as small as 0.01 Hz. Due to very
narrow bandwidth, the noise in the detection bandwidth will be only 0.5 puV but the signal is
still 10 pV. It makes a signal to noise ratio to be 20, and accurate measurement of the signal
is possible. Hence, lock-in amplifier plays an essential role in measuring small voltage signal
obscured with noise. In our experimental setup, SRS830 lock-in amplifier'® was employed to

measure voltage signals.

2.3 Operational details of Instrument

The Instrument uses Tuning Fork as a Force Sensor. Fig. 2.12 shows schematic of the
instrument. A quartz crystal tuning fork, which is piezoelectric, is mechanically excited using
diether piezo. The current generated due to differential bending of prongs is measured using
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pre-amplifier. The confinement of liquid takes place between the optical fiber attached to
tuning fork and substrate placed in a liquid cell on XYZ sample stage. The sample stage
moved in steps of mm to nm toward optical fiber for confining liquid between fiber tip and
substrate using coarse and fine approach principle. The approach is made by simultaneously
oscillating tuning fork at the resonance frequency, as there is a maximum change in signal
during interaction with the substrate. Once the sensor is reached near the substrate which is
known by looking at change in amplitude to 60% of its bulk amplitude at resonance
frequency, then it is held at that particular position called interaction region with the help Pl
feedback. Afterward, the oscillation frequency of force sensor is changed to off-resonance
for measuring the shear response of confined liquid by varying separation between substrates.
The instrument is interfaced with the computer by using Lab view programming. Various
LabVIEW programs are written for different tasks (i) Auto Approach Program, for the coarse
and fine approach of the substrate towards the tip (ii) Data acquisition, for acquiring and

storing data in particular file. The details of all programs are described below.

Vln' = Aosin(Dt
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amplifier
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Fig. 2.12 Schematic of our experimental set-up

2.3.1 Automation using LabVIEW

The manual approach of tip towards substrate is impossible as one surface moves towards
another surface in steps of nanometers. Thus, a fully automated approach mechanism is
required and is developed using LabVIEW software. The program contains the generation of
waveforms for the scanner and hammer piezo tubes, auto approach and data acquisition
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system to obtain the force curves. The slow rising saw-tooth pulses for the hammer piezo
were created. The pulses were programmed in such a way that the frequency, the amplitude,
the time between two burst and number of pulses in a burst could be easily controlled. Alone,
these pulses are used to control the coarse Z motion. But together with the triangular ramp
pattern for the scanner, they form the auto approach mechanism. During the auto approach,
the scanner moves a distance towards the tip in small steps, checking at each step whether the
tip is engaged with the sample or not. The interaction region is determined from the
difference between the output signal from the tuning fork and a set-point amplitude. If the tip
is not in the interaction region for the entire range, then the scanner comes back to its original
length, and the hammer is moved by a distance, a little less than the scanner range, towards
the sample. It keeps on running until the set-point amplitude is reached, which defines that
the tip is in the interaction region. Once the setpoint is reached, the control of the program is

transferred immediately to the PID controller, to hold the tip at a particular position.

The approach is made on resonance as there is maximum amplitude change and it is
easy to determine when the tip is engaged with the sample. The final step of the program is to
collect data. Pl Feedback is disabled, and the scanner piezo is given a voltage ramp of the
desired range, and at each step the amplitude and phase values of the tuning fork are collected
and stored into the computer. During data acquisition, the control of the range, step size and

the number of points are user controllable.

2.4 Measurement Methodology

Measurement methodology was developed to measure the dissipation coefficient of tuning
fork tip bearing prong in liquid medium from the measured current signal. Tuning fork
generates current signal due to differential bending between two prongs oscillating at

resonance or off-resonance frequency. It is given by eqn 2.2. below.
= O“U(Adrive - Atip) + I, - (2.2)

Where ais coupling constant with units C/m. It defines the charge accumulation on the
electrode of tuning fork per unit deflection, w is oscillation frequency, I, is parasitic current

due to electrodes on tuning fork or connecting wires.

At Resonance frequency, Aip >> Adrive SO current equation will reduce to:
L =aw(Agp) +1, - (2.3)
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At off-resonance frequency Adrive < Atip SO the current equation will be same as given by eqn
2.2

Ia = aw(Adrive - Atip) + Ip """" (2.4)

Eqgn 2.3 implies that at the resonance frequency, the current signal is just proportional
to the amplitude of tip bearing prong. At off-resonance, eqn 2.4 means that the current signal
is proportional to the differential amplitude of both prongs. The tip experiences a drag force
while going from air to liquid. Fig. 2.13 shows the change in current at resonance and off-
resonance frequency while dipping the tip into the fluid. At resonance frequency, we always

find a decrease in current value whereas at off-resonance there is an increase in current value.
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Fig. 2.13 shows the change in the current signal while the tip into a liquid at resonance and
off-resonance frequency. The minimum sensitivity of tuning fork is 0.2pA/pm*.

2.4.1 Determination of oscillation amplitude from a current value

Oscillation amplitude of tip bearing tuning prong at bulk and confinement can be evaluated
from current equation once oscillation amplitude of the same is known in the air. As
described previously, the oscillation amplitude of tuning fork free prong is determined by
using fiber-based interferometry. Current equations are employed for determining oscillation

amplitude at bulk and confinement of liquid. All details are as follow
In the air, at off-resonance frequency current equation is written as follow:
Ia = a(,l)(Adrlve - Atlp) + Ip N Where Adrive = At|p """"" (25)

Where Agrive IS drive amplitude, Ay, is oscillation amplitude of tip bearing prong.
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In bulk of the liquid, it is:
Ip = aw(Agrive — Ap) + Ip """" (2.6)
Ay is oscillation amplitude of tip bearing prong in bulk liquid.

Where Agrive = Avip , to evaluate amplitude of tip bearing prong at bulk egqn 2.5 is subtracted

from 2.6, it is reduced to following egn:
Al=1, — 1, = aw(Agrive — Ab)

Iy—Ia
Ap = Adrive — 22 (2-7)

aw

Similarly, oscillation amplitude under confinement is evaluated by measuring the change in
current signal going from bulk liquid to confinement and described below:

Al. =1, — I = aw(A, — A(d))

Ad) = Ap — <2 (2.8)

aw

Where A(d) is distance dependent amplitude of prong at confinement.

2.4.2 Determination of dissipation coefficient from amplitude and phase

Oscillation amplitude of tip bearing prong is measured using previous mathematical eqn’s.
The change in amplitude and phase was converted into more meaningful parameter which is
dissipation coefficient. For force sensor oscillating at off-resonance frequency'®, dissipation
coefficient was derived by solving the kinematic equation for force sensor oscillating at the

off-resonance frequency.
Ph = Ptip - - (2.9

Where Pj, is power input to the sensor using drive voltage, Py is power output of the sensor

and Pyp IS due to intrinsic power losses in the tip (sensor).

At off-resonance frequency, the cantilever oscillates at minimal amplitude. Intrinsic loss term
related to the cantilever is tiny = 10 Joule/sec, it can be ignored so above equation reduced

to relation below™®:

Py = Fa(DZ4(t)
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Fq (D) = Klever(Z(t) — Zq(t)

Where Fq4 is drive force, K is stiffness constant of cantilever and Z (t) is oscillation

amplitude of cantilever tip, and Zy(t) is oscillation amplitude of cantilever base.

Pin = Kiever [Z(t) - Zd(t)]zd(t) """"" (2.10)

Where
Zq(t) = Apcos(wt)  -mmmmmmmme- (2.11)

Kiever is stiffness constant of the force sensor, Z (d) is drive amplitude of cantilever. A is

magnitude and w is oscillation frequency.
And
Z(t) = Acos(wt— @)  ------m--- (2.12)
where Z(t) is expression for cantilever oscillation amplitude.
Total power loss per unit circle is given by putting relation defined by eqgn 2.11 and 2.12:
P = %fOT P, dt
Ploss = 5 Kiever@AoAsin(@) === (2.13)
Similarly, Energy loss per cycle is given by
Eloss = %Tploss

Eloss = T[KleverAOASin((P) """"" (2-14)

The corresponding damping force:

E 0SS
Floss = 11.[A
Fioss = KieverAosin(@) — ------- (2-15)

Dissipation coefficient evaluated from F;, is as follow:

F=yvyV
F= vyAw
- £
Y_Aoo
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_ KieverAosin(¢)

y = e (2.16)

Egn (2.16) implies that dissipation coefficient is inversely proportional to oscillation
amplitude. The decrease in oscillation amplitude corresponds to larger of tip energy to

surrounding liquid.
Dissipation coefficient in bulk liquid

By evaluating oscillation amplitude and phase at bulk, it is possible to estimate dissipation

coefficient of the tip in bulk liquid which is given as follows :

— _ KjeverAdsin(¢)
Yb Ab(l)

-------- (2.17)

Where Ay is drive amplitude, Ay is amplitude in bulk liquid, ¢; is a change in phase takes
place while going from air to liquid.

Dissipation coefficient at confinement

The dissipation, when the tip is close to the substrate (<25nm) and water is confined

characterized by the separation dependent amplitude A(d) is given by

KieverAdsin(@1+®,)
V(D) = ——me — (2.18)
Where Ay is drive amplitude, A (d) is amplitude at confinement, @, is addition phase lag

from bulk to confinement.

2.4.3 Relative change in dissipation coefficient
Relative change in dissipation coefficient is estimated by taking from the difference of
dissipation coefficient going bulk to confinement and then normalizing it with bulk
dissipation coefficient value.

Ay Yc—Yb Apsin(@1+@2)

= = j [Q—— 2.19
Y Yb A(d) sin(@1) (2.19)
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2.5 Validity of Measurement Methodology
To validate our methodology of estimating dissipation from the amplitude and phase
measurement, we measure Ejqss for two organic liquids of known viscosity. Ejess IS determined

by using the egn (2.14) stated previously and is rewritten as follow:
Eloss = TMKjeverAoAsin(@)  ---------- (2.20)

One of the liquid is Octamethylcyclotetrasiloxane (OMCTS), a model lubricant having
viscosity value 2.6 cP, the other paraffin oil with a considerably high viscosity (55 cP) as
compared to OMCTS. We took the same volume of both liquids in the liquid cell. It ensures
that the level of liquid above the bottom surface is the same for both liquids. The tip is then
immersed in it and approached till it reaches the surface through auto-actuation without
breaking the tip. The tip is then pulled back by 100 nm. The ratio of energy loss in OMCTS
and paraffin should be equal to the ratio of their known viscosity values. We estimated the
Eioss Value for both liquids from by measuring the change in amplitude (Ap) and the phase lag
(91) going from air to bulk liquid. The ratio Ejss in both liquids turned out to be 20.68 + 3.
The ratio of the known viscosity of paraffin and OMCTS is 21.2. It shows that the ratio of
Eioss measured experimentally agrees well with a ratio of the known viscosity of both liquids.
This result ensures that by using egn (2.18), we will measure dissipation constants accurately.
It validates our methodology developed to measure the dissipation coefficient of liquid under

confinement.
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Chapter 3

Flow Properties of Nanoconfined

Water

3.1 Introduction

Water permeation through hydrophobic channels, such as nanotubes, is five orders larger than
expected from conventional fluid theory®. Similarly, Hydrophobic interiors of membrane
proteins allow a rapid transit of water molecules®. The flow of water through hydrophilic
channels, on the contrary, is hindered compared to bulk water**. The measured viscosity
through hydrophilic nanochannels is 30 percent larger than bulk water®, The viscosity
measurement of nanoconfined water by independent means have resulted in different
findings® ®. It has also been argued that water under confinement is a non-Newtonian fluid
with finite relaxation® 3. Despite contradictory claims, understanding flow behavior of water
under nano-confinement is vital due to its relevance in various areas such as flow through

1418 " lubrication processes in nano-mechanical devices'’, filtration using

18,19

biological pores
nanoporous media™®*® and transport through nanofluidic devices®*.

Conclusions regarding viscosity of nanoconfined water are difficult to reach owing to
possible surface effects such as surface registry and finite slip at the boundary>®. It is also
difficult to attribute a physical meaning to this term where the liquid is flowing past a
nanotube or is sheared using Atomic Force Microscopy tip. Although no-slip boundary
condition is mostly valid for bulk flows, it is suggested that there is a possibility of finite
slippage when liquid flows through or is squeezed out of the gap which is of the order of few
nm?. Indeed, to explain the enhanced flow rates in nanotubes, the violation of no-slip is
invoked®. Researchers in the past have claimed contradictory findings regarding the existence
of slip for water nanoconfined by wetting surfaces?*®. The violation of no-slip boundary
condition should reveal itself through a reduction in measured stress. This affects the
apparent viscosity of nanoconfined liquids and a parameter called "“slip-length™ is included in

models describing the flow?®. The slip-length, as defined by the Navier, is the distance from

" The version of this chapter is published in Sekhon, A.; Ajith, V. J.; Patil, S. The Effect of Boundary Slippage and
Nonlinear Rheological Response on Flow of Nanoconfined Water. J. Phys. Condens. Matter 2017, 29, 205101
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the boundary inside the solid where liquid velocity is extrapolated to be zero. If slip exists, a
wetting surface is expected to exhibit smaller slippage compared to non-wetting ones.

Here, we measure the dissipation in nanoconfined water using a tuning fork based
instrument developed in our laboratory. A tip oscillates over a surface at a distance of few nm
and the intervening gap between the tip and surface was filled with water. The measurement
of change in dissipation from bulk to nano-confinement is measured when the tip approaches
from bulk to within a distance of few nm from the surface. Eventually, the tip makes contact
with the surface draining all the liquid beneath it to the surrounding bulk. Fig. 3.1 shows the
schematic of this process. It was observed that the dissipation was reduced under confinement
by 20 %. The observed reduction in dissipation was fitted with Carreau-Yasuda model of
shear thinning, assuming that the change in viscosity under confinement is causing the
decrease of dissipation.

The characteristic time of shear thinning is found to be 10us. To separate the effects
of surface wettability and inherent slow-down in dynamics of water molecules on the flow of
nanoconfined water, we performed measurements on different substrates. We found that, for
entirely wetting to non-wetting substrates, Carreau-Yasuda model comprising finite slip-
length fits better to experimentally observed reduction in dissipation. From the fitting, we
extract characteristic time-scales and the slip-length for measurements on all the surfaces.
The slip is found to increase by 6 folds from 2 to 12 nm with non-wettability (larger contact
angles), whereas characteristic time-scales of shear thinning vary by two folds from 28 to 64
us on different substrates. Thus, the fitting of modified Carreau- Yasuda model to the data
suggests that it is possible to single out the dynamics of water molecules under confinement.
The slip exists, and it is negligibly small (< 1nm) for thoroughly wetting surfaces (6 = 0°),
such as mica, and increases to 10 nm for intermediate (6 = 50°) and non-wetting surfaces (6
= 90°%. Although preliminary, these measurements could provide a partial explanation of the
enhanced permeation of water through hydrophobic channels*'°. The fitting exercise
suggests that the flow of water at the nanoscale is determined by both the slip-boundary and
the altered response from Newtonian in bulk, to rheological under confinement. The
measurements also suggest that the flow under confinement should be treated as that of
complex fluids and different experiments may provide inconsistent values for viscosity under

confinement, primarily determined by the operational parameters of the measurement.
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3.2 Method

3.2.1 The instrument

The measurements were performed using a home-built instrument. Fig. 3.1 shows schematic
of instrument. A liquid cell is mounted on the inertial-sliding X-Y-Z positioner. The bottom
of the liquid cell holds the substrate which is one of the confining surfaces. The sample is
approached towards the tip mounted on one of the prongs of tuning fork. Water is confined
between a smooth surface and a fibre tip. The samples are kept in Milli-Q water for a few
hours before placing them at the bottom of a liquid cell, which is again immediately filled
with Millipore water.

Viep = A sinet
Lock- in
Pre- Vout amplifier
_—
amplifier ;'=§' g
®
Computer
Scanner Piezo
(xyz motion)
v
Hammer Piezo HV.
z motion) % -—
amplifier DAQ card

Fig. 3.1 Schematic of the measurements. A tuning fork is used as force sensor to measure the
dissipation as the tip oscillates off-resonance in liquid. The current through the electrodes
connected to prong surfaces is a measure of the amplitude and phase of the tip-bearing prong.
The tip is approached towards the substrate to cause the confinement. The change in
dissipation due to altered flow response of the confined molecules beneath the tip is measured

as a function of separation (<25 nm).
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In a typical measurement, the tip is oscillated off-resonance and brought close to the surface
in a controlled manner. The tips are prepared by pulling an optical fiber in laser-based fiber
puller and are imaged under Scanning Electron Microscope (SEM) before use. Inset of Fig.
3.1 shows schematic of water confinement in these experiments.

The fiber-tip is fixed on one prong of the tuning fork, and the other prong is mounted
on a piezo which is used to provide off-resonance drive to the tuning fork. The current
through tuning fork electrodes is due to differential bending in prongs. In off-resonance
operation, amplitudes of both the prongs are equal, and the prong motions are in phase.
Therefore, the current through the electrodes due to bending is zero. The amplitude of one
prong which is bearing the tip reduces due to viscous drag once the tip is immersed in liquid.
It causes a finite amount of current to flow through the electrodes. The change in current is
measured as the tip is approached towards the surface using a lock-in amplifier and is used to
estimate the change in amplitude. In turn, is a measure of dissipation in the tip oscillations.
Over the distance covered by the tip in our experiments, the bulk drag force changes by
immeasurably small amount. The changes in dissipation are measurably substantial once the
tip is within few nm from the surface with water in the intervening gap. Estimation of
oscillation amplitude from current signal and dissipation coefficient from amplitude and

phase is explained in details in section 2.4.1 and 2.4.2 (Chapter-2)

3.2.2 Models

No-slip boundary condition is likely to be violated when one is measuring the flow properties
in nanochannels®*?. This slippage is characterized by a slip length “b,” which is a distance
from the boundary inside the solid where liquid velocity, is extrapolated to be zero.
If the liquid under confinement retains its Newtonian nature, rate independent viscosity, the
finite slip reduces the viscous stress due to altered shear rate. The shear rate for finite
slippage becomes Aw/(d+b).

The ratio of damping contants then gives the relative change in dissipative force

experienced by the tip.

Ay d 4
=] (3.1)

The other possible reason behind the reduction in dissipation upon confinement is
shear thinning. Here the change in dissipative force experienced by the tip can be related to
altered viscosity. In shear thinning liquids, this depends on shear rate. The phenomenon is

observed in non-Newtonian fluids such as whipped cream, polymer melts, and colloidal
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suspensions. It can be described using Carreau-Yasuda Model which relates reduction in

viscosity to shear rate*.

. ya n-1
n=no1+(1))a - (3.2)
Where, I is sthe hear rate, T is characteristic shear thinning time and n is an exponent of the
power law region of shear thinning and should be between 0 and 1, a is parameter that

characterizes the transition from the Newtonian region to the power law. The shear rate in our

experiments is given by I' = %w + ——. The term ——is due to the rate of water squeeze

out and depends on the speed v with which we bring the tip towards the surface®. Eqn 3. 2

becomes
!

An A_Y:( ( (ﬁ r_v))) ________

;. ocy 1+ (T doo+Zdz (3.3)
We replace d by d+b in egn 3.3 to include slippage (b# 0) in Carreau-Yasuda model.

n-1
e = (14 (o))
X = 1+ (T 359t @i (3.4)

The relative change in dissipation measured experimentally can be related to the viscosity
since the tip-geometry remains the same. We fit the expression on the right-hand side of 3.1,
3.3 and 3.4 with the measured reduction in dissipation coefficient given by eqgn 2.18
(Chapter-2)

3.2.3 Sample preparation

Water is confined between the substrates of different wettability and a fibre tip. The fibre tip
having diameter ~ 50nm is prepared by pulling the single mode optical fibre in fibre-puller
having a CO, laser and was imaged using Scanning Electron Microscope (SEM) as shown in
inset of Fig. 3.1.(Sutter Instrument Co. P2000). Contact angle measurements were performed
to measure wettability of the substrates. We used five different substrates, mica (6= 50),
Silicon Carbide, SiC(6= 42° ), Aluminium Oxide, Al,O3 (6= 55°), Lanthanum Oxide, LaO
(6= 65% and Hydrogen terminated silicon (6= 75°). Mica is freshly cleaved with scotch tape
and then placed in the liquid cell. The liquid cell was immediately filled with MilliQ water.
Single crystals of SiC, Al,O3 and LaO were first rinsed with ethanol followed by sonication
in ethanol and Milli-Q water for 10 minutes each. Hydrogen-terminated Silicon substrate is
prepared by dipping single crystal Si substrate in Hydrogen Fluoride (HF) solution for 5-10
minutes to terminate surface with hydrogen and rinsed with water. Each substrate is kept in
MilliQ water for few hours to equilibrate before the experiments.
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3.3 Results

Fig. 3.2 (a) and 3.2 (b) shows the measured amplitude of the tip-bearing prong versus
separation. For a wetting substrate (mica) the amplitude starts to increase below 10 nm and
for non-wetting substrate (SiH) below 25 nm. Qualitatively, the data indicate reduced
dissipation under confinement. The data shown here is representative. Typically more than 50
measurements are performed on each substrate in a range of frequency (10 -15 KHz) and

amplitude (0.5 -1 nm).
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Fig. 3.2 The measurement of change in oscillation amplitude as the tip approaches the surface of (a)
mica and (b) hydrogen-terminated Si surface, and corresponding phase value in (c) and (d).

Fig. 3.3 (a) and (b) show relative change in dissipation calculated from data in 3.2 (a),
(b), (c) and (d) using equation 2.18 (chapter 2). The dissipation under confinement is reduced
compared to the dissipation in bulk. This reduction is 10 %. Note that this 10 % change is
compared to the dissipation due to the entire tip. The entire tip area is roughly is ~ 107 m?;
the area at the end of the tip which serves as one of the confining surfaces is ~ 10™° m?. The
change in dissipation is entirely due to an altered flow response of water molecules beneath
the tip which is referred to as nanoconfined. This change is 10% of the total dissipation due to

macroscopic tip moving in the bulk water. It shows that the altered flow response due to

confinement is quite significant.
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Fig. 3.3 The measurement of change in dissipation as the tip approaches the surface of (a)
mica and (b)hydrogen-terminated Si surface. The open circles and triangles are experimental
data, and continuous lines are fits of various models. Blue line — finite slip and no change in
water viscosity, Greenline — viscosity changes as per the Carreau—Yasuda rule without
slippage and redline—the modified Carreau—Yasuda with finite slippage. Clearly, the
modified Carreau-Yasuda fits better than other two models for both wetting (mica - 6 = 5)

and non-wetting surfaces (SiH - 6 = 75).

Table 3.1 shows all the fit parameters of fitting eqn (3.4) to experimental data. The fitting
exercise shows that the dynamics under confinement is characterized by both nonlinear
rheological response akin to complex fluids and finite slippage at the boundary. The relevant
fit parameters for different wettability are plotted in fig 3.4.

In the following, we explore the possible reasons behind the reduction in
dissipation when water is confined beneath it. If the no-slip boundary is violated retaining the
viscosity to bulk value, the slippage can result in reduced viscous drag. The other possibility
is shear thinning. Here, the change can be related to an altered viscosity which depends on
shear rate. The observed dissipation reduction can also be attributed to the combined effect of
shear thinning and finite slippage. All three possible scenarios are discussed in details in the
section "Methods".

We use models to fit experimental data given by eqn’s 3.1, 3.3 and 3.4. The
continuous green line is fit of Carreau Yasuda model of shear thinning to the data given by
eqgn 3.3. The continuous blue line represents finite slippage described by egn 3.1. The red line
is modified Carreau-Yasuda to include finite slip. The comparison between three fits clearly

shows that the observed dissipation can be attributed to both the nonlinear rheological
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response of shear thinning at high shear rates (10%s™) and finite slippage at the boundary. To
elucidate the role of surface wettability on the dynamics of water confined at the nanoscale,
we repeated the measurements on five substrates with different degree of wettability
characterized by the contact angle (data not shown). We used mica (6= 5°), Silicon Carbide,
SiC(6= 42°%, Aluminium Oxide, Al,O; (6= 55°, Lanthanum Oxide, LaO (6= 65 and
Hydrogen terminated silicon (6= 75°). In all these measurements it is seen that the modified
Carreau-Yasuda with finite slippage fits better than pure shear thinning or pure slippage.

Fig. 3.4(b) shows a plot of characteristic shear thinning time-scale for different
substrates. It is plotted versus the contact angle. The t varies from 28 to 64 ps for wetting to
non-wetting surfaces, a two fold increase. The slip length for substrates with different
wettability follows a expected trend. The slip progressively increases from, less than 1.5nm
for wetting (mica),to 12 nm for non-wetting substrates (Si—H), a six fold increase. The fitting
of modified Carreau-Yasuda model to the experimental data successfully separates the effect
of surface wettability on the dynamics under confinement. Moreover, The characteristic shear
thinning time-scale matches well with other similar observations wherein, the dynamics of

water condensed over a wetting substrate is probed with on-resonance method?.
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Fig. 3.4 (a) The slip length b versus the contact angle for five different substrates. The slip
length is below 2 nm for a wetting substrate such as mica( 6 = 5°) and reaches above 12 nm
for SiH (6 = 75°).( b) The characteristic shear thinning time scale for all substrates. There is

no appreciable change over contact angles from 0 = 5° to 75°.

Table 3.1 Fit parameters obtained on five substrates for Carreau—Yasuda model with finite

slippage.
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Substrate | T (us) Ls (nm) n a

Mica (5°) 28 +15 1.5+0.4 0.77 +0.16 23+05

SiC (42°) 48 +9 2.6+05 0.75+0.06 | 2.9+0.7
Al,O;(55%) | 45+ 16 32+04 0.76 £0.07 | 25%05
LaO (65°) | 49+16 5+0.8 0.8+0.1 29+1.1
SiH (75°) 64+5 12+2 0.89+0.02 | 25+03

3.4 Discussions

Li et al. measured the viscosity of nanoconfined water to be several orders of magnitude
higher than bulk®. On the contrary, the measurement by Raviv and Klein suggested that water
viscosity under confinement remains close to bulk or increases by three times the bulk
viscosity’. Our novel dynamic shear measurement method concludes that dissipation offered
by the water confined under the tip is reduced. The change is 10 % of the tip-dissipation. It
indicates that, Although dissipation reduces under confinement due to shear thinning and
finite slip with a characteristic time-scale of us, the reduction is close to 10 percent of the
bulk dissipation experienced by the macroscopic tip. The characteristic shear thinning time-
scale is roughly of the same order as Maxwell's relaxation previously measured*2.

The nanofluidic measurements on the flow of water suggest that water viscosity
increases slightly in hydrophilic channels®*. The flow through carbon nanotubes
(hydrophobic channels), on the other hand, is four to five orders faster than the one expected
from fluid dynamic equations. The permeability through membranes is shown to enhance
with a decrease in pore size®. The reasons behind such rapid flow are mostly unknown and
are usually attributed to enormous slippage at the boundary®. Here we show that not only slip
is responsible for enhanced flow but shear thinning also plays a significant role. Our
measurements imply that flow through nanochannels can be complex and may result in more
substantial flux with reduced viscosity under high shear rates. The flow rate will be
determined by both, the phenomenon of shear thinning and the slippage at the boundary that
depends on the wettability of confining surfaces.

The existence of slip has been historically debated ?*. In 1845, G. Stokes, based on the
experiments at the time and his calculations concluded that no-slip boundary condition is
valid for all flows. In recent years, the attempts are being made to determine slip from fitting

Reynold's equation to hydrodynamic drag experienced by a sphere in front of the plane using
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AFM. It has resulted in contradictory findings of the existence of slip” . In small-amplitude
AFM measurements of squeeze-out dynamics, the conclusion regarding slip could not arrive
at®. Ortiz-Young et al. have fitted oscillatory shear data using an AFM to a model based finite
slip ?°. The measurements on wetting (6 ~ 0°), intermediate (6 = 50°) and non-wetting (6=
90° ) samples in our study conclude that although slip length is close to zero for thoroughly
wetting surfaces, it takes values of the order of 10 nm for non-wetting surfaces. This finding
may play a crucial role in determining the discharge of water through carbon nanotubes or
hydrophilic nanochannels.

Shear thinning is commonplace in binary mixtures, polymer melts, and colloidal suspensions.
Its existence in case of pure water confined to small dimensions is puzzling. It is usually
attributed to forming and breaking of flow-induced microstuctures®®. Recently, shear thinning
was shown to have entropic origins by directly imaging the suspension with fast confocal
microscopy?’. At the moment, it is difficult to point out sources of shear thinning of pure
liquids under nano-confinement. Further experiments planned in our laboratory to
simultaneously measure stress and diffusion using optical spectroscopy could provide a
molecular level explanation of the phenomenon observed here.

Shear thinning has been observed for dodecane liquid in confinement®®. Clear and
quantitative evidence of shear thinning in case of nanoconfined water reported here suggests
a general resemblance in behavior between organic solvents (non-polar, non-associative) and
water (polar and associative). These were thought to behave differently under nano-
confinement in the past’. Indeed, the flow through carbon nanotubes also shows faster flow
rates for both water and organic solvents®. This hints at a need for a general understanding of
reasons behind nonlinear rheological response of pure liquids under nano-confinement.

It has been argued that reduction in water viscosity as opposed to the enhanced viscosity of
organic solvents under confinement is due to the breaking of hydrogen bonds in water under
confinement. Our normal stiffness and damping measurements in the past have shown that
the polar water and OMCTS behave similarly under confinement and both show dynamic
solidification'**. The slow-down in dynamics from ps to more than us is suggested to be
arising out of criticality of nanoconfined water related to a second-order phase transition of
capillary condensation concerning pore size'>. We emphasize a need for simultaneous
spectroscopic and stress measurement for divulging the molecular origins of slow relaxation

and reduced dissipation in nanoconfined water.
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3.5 Conclusions

In summary, we have performed dynamic shear measurement on water confined between a
sharp tip and substrates of different wettability. We explain the experimental observation of a
reduction in dissipation under confinement with the help of Carreau-Yasuda model of shear
thinning and/or finite slippage at the boundary.

We found a clear evidence for shear thinning along with finite slippage for both
wetting as well as non-wetting substrates. The slip length extracted from the fit procedures
progressively increase for non-wetting substrates. On the contrary, the shear thinning time
scale does not vary appreciably over five substrates with different degree of wettability. The
method allows the separation of contributions arising out of surface wettability and slow-
down in molecular dynamics. The findings have relevance in understanding the flow in

nanofluidics and explaining rapid transit of water through carbon nanotubes reported earlier.
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Chapter 4

Flow Properties of Non-polar Liquids

4.1 Introduction

Understanding the flow properties of the liquid in confined pores at the nanoscale is essential
for many areas such as interfacial adhesion and friction *?, filtration **, molecular transport in
nanostructures® ' lubrication in nanoelectromechanical systems (NEMS)® and enhanced oil
recovery >, Liquids, when confined between two surfaces that are tens of nanometers apart,
exhibit unique structural, dynamic, and mechanical properties which are significantly
different from those observed in bulk**™®. Researchers have reported that liquids under nano-

1920 “enhanced effective shear

24-26

confinement show density oscillations near the solid walls

21,22 . reduced

viscosity, prolonged relaxation time?*, transition to dynamic solidification
diffusion coefficient?”, and nonlinear rheological response under shear®®°. There are various
factors which determine the behavior of confined liquids such as the degree of confinement,
applied shear rates, interactions at the solid-liquid interface, quench rates, molecular structure,

and chemical nature.

Examining flow behaviour of non-polar liquids in confined pores can play an

910 and lubrication 8. In literature, the

important role in the field of enhanced oil recovery
shear response of organic solvents such as Octamethylcyclotetrasiloxane (OMCTS), alkanes,
tetrakis (2-ethylhexoxy) silane (TEHOS) is measured using techniques such as Surface Force
Apparatus (SFA) and Atomic Force Microscope (AFM). Typically, shear measurements

A 231733 are done at low frequency (1Hz — 100Hz) and large shear amplitudes (1um

using SF
— 5 um) while AFMs reached larger shear frequencies ( 100 Hz — 1000 Hz) but limited to
small amplitude. In the past, it is reported that liquids under confinement exhibit rheological
response under confinement and it is important to measure their shear rate dependent

response?®34%,

In the previous chapter, we investigated the effect of surface wettability on flow
properties of water under confinement. We provided a method to separate the impact of

shear-thinning resulting from shearing a slowly relaxing microstructure and finite slippage at
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the boundary. Here, We measured the shear response of non-polar liquids such as OMCTS
and TEHOS and compared it with a polar liquid such as water under high shear rates (10°s™)
by employing large shear frequencies [10 kHz-15 kHz] and small oscillation amplitude (1nm-
3nm). Recently, we have measured dissipation in a 5 nm thick films of water at high shear

rates, and it was found to decrease with a degree of confinement®®34

progressively. Using
the same methodology, we determined and compared dissipation for polar and non-polar

liquids under confinement.

We measure dissipation coefficient of a tip oscillating in liquids close to (d < 10 nm)
to an atomically flat mica substrate. It reduces with separation for both polar (water) and
nonpolar (OMCTS, TEHOS) liquids confined to the nanoscale. We attribute this reduction in
dissipation to shear thinning by fitting Carreau-Yasuda model with finite slip. The fit
procedure yields characteristic shear thinning time for water of 28 + 15 us. For OMCTS and
TEHOS it is 176 £ 18 and 256 + 180 ps respectively. We found that the nonpolar liquids
exhibit more considerable slip lengths compared to polar liquid (water). This difference can
be attributed to a lesser wettability of mica concerning these liquids. We claim that our model
could separate out the effect of confinement and substrate from the rheological response
exhibited by liquid at nano-confinement. We qualitatively explain the observed rheological
response of both polar and nonpolar liquids confined to nanoscale by suggesting that it is a

system poised close to a criticality such as capillary condensation.

4.2 Materials and Methods

Measurement for liquids under confinement was performed using a home built quartz tuning
fork based oscillatory shear Rheometer® as shown in Fig. 4.1. A silica fibre tip was prepared
by pulling the single mode optical fibre in fibre puller by heating with the CO laser (Sutter
Instrument, CA, USA). A fiber tip having a diameter of 50nm was fixed to the free prong of
quartz tuning fork which acts as a shear force sensor. Quartz tuning fork is piezoelectric in
nature, and the current signal generated by tuning fork is proportional to the differential
amplitude of its prongs. At resonance frequency, both the prongs move out of phase and have
maximum differential amplitude. At off-resonance frequency, both the prongs move in phase
with a similar amplitude which results in zero differential bending between the prongs.
Hence, the current value through electrodes is zero. The tip bearing prong experiences excess
viscous dissipation as the fiber tip gets immersed in liquid. It produces differential bending in

prongs and results in a finite current through the electrodes. This current is proportional to
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viscous dissipation on the tip. The fluid was confined between the substrate place in a liquid
cell and fiber tip as shown in Fig. 4.1. The sample stage was approached towards the fiber tip

with the help of auto actuation stage.

Vinp = Agsinot

Lock- in
Pre- Vout amplifier

amplifier Q;; 5
w
o
Computer
Liquid
cell
Scanner Piezo
(xyz motion)
v
Hammer Piezo
- HV-
z motion)
amplifier DAQ card

Fig. 4.1 Schematic of experimental setup. Liquid confinement takes place between optical
fiber attached to the free prong of tuning fork and substrate below as shown in the inset. A
tuning fork acts as a force sensor and change in current is measured during the confinement.

This current is a measure of dissipation of confining liquid.

Freshly cleaved mica was used as one of the confining substrates. For determining the
wettability of the substrate, the contact angle of all liquids was measured on a freshly cleaved
mica substrate. The contact angle of water, OMCTS and TEHOS were 5°+0.5°, 20°+ 0.4° and
30% 0.4° respectively. The substrate was placed in a liquid cell and immediately filled with
liquids for performing further experiments. MilliQ water having resistance value 18MQ was
used in experiments. OMCTS was stored with molecular sieves overnight and filtered
through 0.2 pm pore size filter before measurement. TEHOS was used as purchased. All the

experiments were performed in ambient conditions

The current signal which is proportional to amplitude is measured as the distance
between confining surfaces is varied. Afterward, the amplitude and phase lag of tip bearing

prong from the drive was calculated from current signal. Then, dissipation was determined
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from the amplitude and phase value. The expression for evaluating dissipation coefficient is

given as follow.
Ay .
y =k - sing (4.1)

Where Ay is free amplitude without dissipation which is equal to drive amplitude, ¢ is phase
lag between the drive and tip amplitude in presence of dissipating medium. All measurements

were performed in the frequency range of 10-15 kHz and oscillation amplitude 1-3 nm.

4.3 Models

The observed decrease in the dissipation near substrate (d < 10 nm) as compared bulk was
modeled with a) finite slip at the boundary, b) Carreau-Yasuda model for shear thinning and
c) shear thinning with finite slip. The details regarding these models are as follow:

4.3.1 Finite slippage

The observed reduction in dissipation can also be attributed to the violation of no-slip
boundary condition with no change in intrinsic viscosity of the liquid. The slippage is
characterized by slip-length L, where the slip is extrapolated to be zero inside the solid wall.
The shear stress experienced from the fluid is described by the product of viscosity and shear
rate, i.e. “Apw/d” where, Aq is bulk oscillation amplitude, d is the distance between the
confining substrates and o is oscillation frequency. The altered shear rate in the presence of
slip length will be “Aow/d+Ls”. The ratio of shear rates then gives the ratio of dissipative
forces for slip and no-slip boundary. The relative change in dissipation concerning bulk is
given by,

AY d

— = —1 4.2

4.3.2 Carreau-Yasuda Shear thinning model

37
|

The Carreau-Yasuda model®" captures the shear rate dependent viscosity of nonlinear liquids.

— = [1+dn% e - (43)
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Where 1 is viscosity at confinement, 1 is bulk viscosity. I' is shear rate and is given by the

Ao(o_l_ v .
d 2(d)?

relation I' = In this expression o is oscillation frequency, Ay is drive amplitude

in bulk liquid, r is the radius of fiber tip, and v is approach velocity of fiber tip towards the
substrate. t is a characteristic time of shear thinning. The first term in shear rate is Ayw/d
which corresponds to shear rate due to shear oscillation of fiber tip parallel to the substrate,
and rv/d? corresponds to shear rate due to squeezing out of fluid between the tip and substrate
as the tip approaches the substrate. The shear rate generated due to rv/d® is three orders of
magnitudes smaller than Ajw/d and can be ignored. The relative change in dissipation
measured experimentally can be related to the viscosity since the tip-geometry remains the
same, An/n = Ay/y. The final expression of Carreau-Yasuda shear thinning model can be

stated as follow:

n-—1

e O RES

4.3.2 Combined shear thinning with finite slippage

The other possibility of reduction of dissipation under confinement could be due to the
combined effect of both boundary slippage (Ls #0) and shear thinning. The boundary
slippage effect can be included in shear thinning model by replacing the distance “d” by
“d+Ls.” The model consisting of shear thinning as well boundary slippage effect is as

follows:

n—-1

AY Aowr)a]T_

4.4 Results

The amplitude of the tip bearing prong versus distance (d) between the tip and the substrate is
shown in Fig 4.2(a), (b) and (c) for water, OMCTS and TEHOS respectively. The amplitude
increases, while the tip approaches substrate and gap, was progressively decreased. We
observed that the amplitude starts to increase below 10 nm separation for all liquids. Fig 4.2
(d), (e) and (f) show correspondingly phase lag between the drive and vibrating tip bearing

prong in water, OMCTS and TEHOS. In case of water, the phase value did not vary under
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confinement, but for OMCTS and TEHOS the phase changes were observed but not

appreciably large as the tip approached within 10 nm distance from the substrate.
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3.3 2.25 2
330k b C
. ‘; 220 1, 1.604{" =
3.25 215 4" "
‘ =g 1581 m ny
CRE- 2w {° 156f *"
£ 315 9‘. 205 | ¥ 150 .,
< 39 %’ 2.00 4 ' ~
3.054 0 . 1.05 "a . 1.521 .. .
3001 X 190 % LMY B Rel 1501 o~ e,
2.95 . - .
| 185 . : . 1.48 : . v
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25 30
1.00 0.1 0.1 f L
0.75 d 0.0 ¢ ---.-.l 'l.: ol = 0.0 n_ % w - ..ﬁ
‘q-f " s om " & - LN
o °%° 04 "2 - 0.1 s
1 - - -
D 021 i -0.2 :
- . "o w -
Z 03] %, 03] o
Q. " -
7] 04{m E° 0.4
8050 L -1
-0 -0.54=
O s .
0.6 -0.6
* 5 10 15 20 5 10 15 20 25 5 10 15 20 25 30
d (“m) d (Ilm) d (nm)

Fig. 4.2 Amplitude and Phase value of tuning fork prong oscillating at the off-resonance
frequency. Amplitude shows the deviation from bulk behavior at d = 5nm for water (a) and d
=10-12 nm for OMCTS (b) and TEHOS (c), the Corresponding phase is shown in (d), (e) and
(. Amplitude is evaluated from measured current signal and phase value from lock-in

amplifier at a fixed frequency. All details are provided elsewhere®.

We used eqn (4.1) for computing the relative change in dissipation coefficient for all
the measurements on water, OMCTS, and TEHOS. Fig 4.3(a),(b) and (c) show estimated
relative changes in dissipation under confinement from amplitude and phase value for water,
OMCTS, and TEHOS respectively. We observed that dissipation coefficient decreases by
10% for both polar and non-polar liquids under confinement. Note that this 10% change is
compared to dissipation due to entire tip. This shows that it is an appreciable change in
dissipation coefficient. More than 20 measurements were performed on each liquid in a range

of frequencies of 10-15 kHz, and oscillation amplitudes of 1-3 nm.
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Fig. 4.3 Relative change in dissipation coefficient of confining liquid in comparison to its
bulk value for water (a), OMCTS (b) and TEHOS (c).This decrease in dissipation coefficient
is modeled by three different eqn’s (4.2), (4.4) and (4.5). It is best fitted by the combined
effect of shear thinning and finite slippage. Fitting parameters of the corresponding model are
listed in Table 4.1.

In this section, we discuss possible reasons behind the reduction in dissipation
coefficient exhibited by confined liquids. First, a possible reason is if No-slip boundary
condition gets violated, then slippage leads to reduced viscous dissipation with no change in
viscosity of the liquid. The other possible reason is shear thinning wherein the viscosity is
shear rate dependent. It relates the reduction in viscous dissipation to shear rates. It can only
take place if shear rates are larger than the inverse of relaxation of liquid. The third
possibility is combined effect of shear thinning and slip length. Reduction in dissipation
coefficient was fitted to models describing above-mentioned three different physical
scenarios given by eqn’s (4.2), (4.4), and (4.5). The fits are shown in Fig. 4.3 (a), (b) and (c).
The continuous black line is fit of slippage only given by egn (4.2) which considers the role
of the substrate. The continuous red line is a fit of Carreau-Yasuda model of shear thinning
given by with egn (4.4) which describes shear rate dependent viscosity. The continuous blue
line is fit of Carreau-Yasuda model of shear thinning along with finite slippage given by eqn
(4.5). The comparison between three fits clearly shows that the observed decrease in
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dissipation coefficient is best described by the combined effect of shear thinning and finite

slippage at the boundary.

The values of four fit parameters extracted from fitting dissipation data on different
liquids are reported in Table 4.1. In Carreau-Yasuda model, n and a represent strength of
shear thinning and transition from Newtonian to power law behavior respectively. The value
of n did not alter much for water, OMCTS and TEHOS from each other and lies between 0
and 1. The value of T characteristic shear thinning time extracted from the fit, whose values
are 28 £15 ps, 179 £ 18 ps and 252 £ 18 us for water, OMCTS and TEHOS respectively. It
represents the slowdown in dynamics under confinement. The relaxation time of OMCTS,
TEHOS is one order of magnitude higher than water. The slip length L increases with non-
wettability of the substrate. For water, the slip length value is 1.5 £ 0.5 nm which is
negligibly small. In case of, OMCTS, TEHOS the slip is 46 £ 1.1 and 9.0 + 1.4 nm

respectively.

Table 4.1 consists of the fitting parameter obtained by fitting model composed of the

combined effect of shear thinning and finite slippage.

Liquid n a T (us) Ls (nm)
Water (5°) 0.77 +0.16 23+05 28 + 15 1.5+04
OMCTS (20°%) 0.91+0.01 49+1.4 179 + 18 46+1.1
TEHOS (30°) 0.89 + 0.01 7+12 253 + 18 9.0+1.4

We remark here that Carreau-Yasuda model for shear thinning with slip length describes the
dynamics of both confined polar (water) and non-polar liquids (OMCTS, TEHOS) accurately
captures. Moreover, Once again our study and model could separate out the confinement and
substrate effect on behavior exhibited by liquid at nano-confinement irrespective of their

chemical nature.

4.5 Discussion

Our measurements show a reduction in dissipation coefficient upon confinement for water,
OMCTS, and TEHOS. The response to shear alters from that of bulk at approximately, d =10
nm. This reduction in dissipation was observed, and it is about 10% compared to the tip

dissipation in respective bulk liquid. In literature, it is reported that confined fluid exhibits
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different behavior from bulk *®° at 1 to 2 nm, while the flow through nanochannels
differed from bulk for channel radius of the order of 10-50 nm. Researchers have reported
flux enhancement by five orders of magnitude for water flowing through a carbon nanotube
or its membrane”**2. It is possible that we can measure such variations from bulk behavior
due to higher shear rates used in our work. In this context, it is required to relate the

dissipation measurement in both shear and flow experiments.

In our previous work, we investigated the effect of substrate wettability on flow
properties of nanoconfined water. We were able to separate the contributions from shear
thinning and finite slip in an effective manner. The fitted slip lengths varied systematically
with substrate wettability. In present work, we measured the response of liquids which differ
in polarity and also having different wettability on same substrate i.e., mica. It was confirmed
by measuring their contact angle on the substrate. OMCTS (20° + 0.4°) and TEHOS (30° +
0.4% have large contact angle in comparison to water (5° + 0.4% on a mica substrate. In
present case too, the reduction in dissipation was favored and fitted well to shear thinning
with finite slip. The fit procedure has returned characteristic times, which are 179 £ 8 us, 252
+ 18 ps and 28 + 18 ps for OMCTS, TEHOS, and water respectively. The slip length value
extracted from model fitting for OMCTS, TEHOS and water are 4.6 + 1.1nm, 9.0 £1.4 nm
and 1.5 = 0.5 nm respectively. It shows that OMCTS and TEHOS exhibit larger slip which is
consistent with their lower wettability as compared to water on mica. Once again, using
previously derived methodology, we could separate out the effect of confinement and
substrate wettability from the behavior exhibited by liquids at nano-confinement. This
represents the robustness of our method built to explain the observed behavior of fluids under

nano-confinement.

In our finding, we report relaxation time of OMCTS and TEHOS at nano-confinement
are higher than water. These relaxation times are large in comparison to their bulk relaxation
time. This enhancement in relaxation time represents the slow-down of dynamic in the
confined state. These characteristic relaxation times are similar to those reported previously
for OMCTS and TEHOS %4 OMCTS and TEHOS exhibited a larger relative increase of
the relaxation time in comparison to water. This may reflect the better ordering of the larger
and more ‘‘sluggish’> OMCTS and TEHOS molecules 3

Shear Thinning is observed in materials possessing a microstructure that is slowly

relaxing. In measurements where shear rates are faster than the inverse of this relaxation,
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shear thinning is observed. Typically such materials are complex liquids, such as polymer
melts and whipped-cream. Our observation of shear thinning in nanoconfined liquids, both
polar and nonpolar solvents, raises a question - what is the microstructure responsible for
causing shear thinning in pure nanoconfined water? Many pure fluids such as Xenon have
shown rheological response such as shear thinning and viscoelasticity in microgravity
environments wherein layering under gravity is avoided. It is argued that fluids poised close
to a critical phase transition have a microstructure whose relaxation can be as long as few
seconds compared to picoseconds of the bulk fluid. We argue here that nanoconfined water
is also close to such criticality. In case of confined liquids, it is not difficult to imagine a
capillary condensation-like phase transition where high density and low-density liquids
phases co-exist to produce a microstructure whose spatial expanse does not have to be too
large since the size of the confinement is less than a few nm. This means that such a
microstructure does not have to be larger than 2 or 3 molecules. We are planning to
experimentally confirm the existence of such criticality by gaining optical access to the

nanoconfined region.

In summary, we have measured rheological response of nanoconfined polar and non-
polar liquids with unprecedented shear rates. The measurements reveal shear thinning with
finite slippage effect at confining separations as large as few nms. The divergence of
relaxation with reducing separation hints at a possible criticality in nanoconfined water and

organic liquids.
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Chapter 5

Finite Element Simulation of Force
Sensor

5.1 Introduction

Scanning probe microscopy (SPM) has been widely used for measuring nanoscale properties
in different areas of science. Local properties at the nanoscale are measured by probing the
interaction forces; such as Van der waal’s' 3, electrostatic*, and DLVO forces®® between two
surfaces. AFM is one of the SPM techniques’, where a cantilever with nanometre-sized tip is
used as a probe of forces present between two surfaces — one is the tip itself, and the other
one being the material under investigation. To detect surface forces which are usually in nN
range, very soft and weak levers having a force constant of .01 - 10 nN/nm need to be
employed. Due to their small stiffness constant, these cantilevers have a instability called
snap into contact. To overcome these challenges, and as well as to perform measurements in
a liquid environment, sensors should have high stiffness and high-quality factor. Giinther for

first time proposed the use of quartz tuning forks (QTF) as force sensor® %,

Despite having high stiffness (10°> N/m), piezoelectric nature of quartz enables these
tuning forks to have high force sensitivity in the nN-pN range?. One key advantage of QTF
is the reduction the overall instrument complexity due to its purely electrical readouts.
Because of its wide use, different analytical models have been developed to study mechanical
and electrical properties of QTFs. Finite Element Analysis (FEA) is one of the numerical
techniques, widely used in sensor analysis and design as fast and efficient alternative to the
pure analytical models™>**. Finite element method (FEM) is a set of numerical methods™ that
solve the general equation of motion required to understand the underlying physics of
different systems in various areas, such as structural analysis, heat transfer analysis, fluid

16-18

dynamics®® 8, plasmonics'®, and acoustics®®. However, the number of studies that

investigated QTF theoretically with these numerical techniques are limited. In literature,
FEM simulations have been employed to determine possible eigenmode?, stiffness

22,23

constant of QTFs, and their application in various microscopies®®. While all of these
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published works investigate on-resonance properties, no work has tried to understand the off-
resonance response of QTF using FEM methods. In the present work, finite element analysis
is performed to analyze the elastic and electrical response of our force sensor assembly at
different off-resonance frequencies in the air and liquids. We hope that results of these
simulations would help us to understand, and validate our measurement methodology
developed to measure the shear response of liquids when confined between two surfaces at

the nanoscale.

In this work, FEM simulations were employed to understand the dynamics of our
tuning fork based force sensor in different surrounding mediums, such as; air, water and
organic liquid (paraffin oil). In our experimental setup, the geometry of probe assembly
consists of a fiber tip, attached to a tuning fork fixed on diether piezo**?. The tuning fork is
mechanically excited by providing a controlled voltage across the diether piezo crystal, and
an electrical signal is generated corresponding to the mechanical deflection. This current that
is measured by connecting wires to tuning fork afterward was used to evaluate the oscillation
amplitude of the prongs. In FEM simulation, this whole probe assembly was simulated using
intrinsic mechanical and electrical properties of all the components. Frequency domain
analysis was carried out to compute the response of our sensor in a different frequency
regime. The response of the probe assembly is computed around resonance and off-resonance

frequencies and, the oscillation amplitude of both the prongs was measured.

5.2 Theory

All FEM simulations were performed using Comsol Multiphysics Software Package.
(COMSOL AB, Stockholm, Sweden). Two modules Comsol Multiphysics were employed,;
(i) Piezoelectric module, (ii) Acoustic- piezoelectric interaction. In the piezoelectric module,
mechanical deflection in diether piezo and tuning fork was computed corresponding to the
applied voltage signal, module. In acoustic piezoelectric interaction, the effect of damping
medium such as water or other medium is sensed by measuring the changing in deflection of

tuning fork relative to the free medium.

5.2.1 Piezoelectric module

The set of constitutive equations that were employed to relate the mechanical strains/stresses

to electrical signal/field as shown below?,

T=cgS—eE  ---—- (5.1)
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_ T
Y c— .
D= e'S+eE (5.2)

Where T is stress vector, D is electric flux density vector, S is strain tensor, E is electric field
vector, cg is the elasticity matrix, & iS permittivity and e is piezoelectric sensor matrix. FEM
solves these set of equations to find the finite solution for the system. The finite element
discretization is performed by establishing nodal solution variables and element shape

function over an element domain which approximates the following solution®’,
u.= NL.u - (5..3)
V.= NL.V = (5.4)

where u, is displacement within element domain in X,y,z directions, V. is electric potential
within the area, N, is a matrix of displacement shape functions, Ny is the vector for the
electrical potential shape function, u is a vector for nodal displacements, and V is the vector
for nodal electrical potential. Using eqgn (5.3) and (5.4) the strain S and electric field E are

thus related to the displacements and potentials by eqgn (5.5) and (5.6), respectively. Consider

S=B,u - (5.5)
E= —By.V - (5.6)
Where
d d dqT
= 0 0% 0 g
d d

B,=10 > 0o - — 0}

d d d

0O O = 0 oy dx

T

o[l 4 @

dx dx dx

By employing variational principle and the finite element discretization, the coupled finite

element matrix equation is:
M 07 [ii C 01 it K K,y _ [F
lo ol ]+ 1o ol o1+ lar &l Iv] =11
0 ol 0 olly . Kyl LV L
Where M is structural mass given by M = [pN Nldv , Kis structural stiffness given by

K = [uB,Bldv K, is the piezoelectric coupling matrix given by K, = — [eByBldv , K4
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is the dielectric conductivity, given by K; = [ €ByBydv, C is structural damping matrix, p is
the mass matrix, F is the structural load vector, L is the electrical load vector. The integration
is over the whole element. These set of the equations were employed to measure the

oscillation amplitude of any material which is piezoelectric.
Eigenfrequency and frequency domain analysis

For determining the fundamental mode of oscillation for force sensor eigenfrequency analysis
were performed. After finding oscillation frequency of first fundament mode of oscillation,
frequency domain analysis was performed to measure the response of force sensor around

resonance frequency and below resonance frequency.

5.2.2 Acoustic-piezoelectric interaction module

In acoustic- piezoelectric interaction module, the effect of surrounding liquid medium was
considered in addition to piezoelectric response. Like the previous case, eigenfrequency and
frequency domain analysis were performed to understand the impact of viscous drag of
surrounding liquid on the force sensor oscillation at resonance and below resonance

frequency.

5.3 Results

5.3.1 Diether Piezo

Diether piezo made up of a PZT-5H piezoelectric material having dimensions 5 X 5 x 2 mm
was simulated using the piezoelectric module. The material properties used for PZT-5H in the
simulation are given in Table 5.1. Voltage was applied across its electrode to determine it’s
oscillation amplitude. To get an analytic solution, following boundary conditions were
employed. (i) Voltage signal was applied to the upper surface of the piezo and bottom surface
was grounded, (ii) initial velocity or displacement of whole geometry was set to zero at time
t=0, (iii) the bottom surface of geometry was kept fixed, i.e., x=0 for 0 < t <oo time.
Frequency domain analysis was done to determine its oscillation amplitude by varying the
frequency value from 5 kHz to 20 kHz. The plot of oscillation amplitude versus frequency for
1V applied across electrode is shown in Fig. 5.1. The inset shows one of oscillation modes of

piezo.
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Fig. 5.1 Frequency response of diether piezo. Inset shows one of oscillation modes of diether

piezo.

Oscillation amplitude was found to be 5 A%V for simulated frequency range, and it agrees

with oscillation amplitude measured experimentally using fiber-based interferometer®.

5.3.2 Tuning fork with diether piezo

Further FEM simulations were performed for tuning fork with one prong fixed to diether
piezo for mechanical excitation. The tuning fork is made up of a quartz material and
piezoelectric in nature. It was fixed to a piezo by placing a thin layer of glue having thickness
0.3 mm. All the properties of quartz and glue material required for simulation are tabulated in
Table 5.1 and 5.2. Tuning fork having the same dimension as in experimental setup was
simulated. In this case, the piezoelectric module was employed. Similar boundary conditions

were used as in case of simulation for diether piezo alone.

Eigenfrequency and frequency domain analysis was performed for this sensor
assembly. Eigenfrequency analysis was done to determine all normal modes of oscillations.
Frequency domain analysis was performed to assess oscillation amplitude of both prongs of
tuning fork around first few fundamental resonance modes of oscillation (around 32 kHz) and
below resonance frequency. To mechanically excite tuning fork voltage signal was applied
across the electrode of piezo. The oscillation amplitude of both prongs of tuning fork around
resonance frequency and below resonance frequency is measured. Eigenfrequency for

fundamental mode agrees well with experimental eigenfrequency. Frequency domain analysis
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was done to evaluate the oscillation amplitude of both prongs below resonance frequency and
around resonance frequency. Fig 5.2 shows first two normal modes of oscillations around 17
kHz and 33 kHz.

°

Resonance Frequency = 17520 Hz Resonance Frequency = 33757 Hz

Fig. 5.2 First two fundamental modes for tuning fork at 17 kHz and 33 kHz.

In frequency domain analysis, Fig. 5.3 shows the change in oscillation amplitude versus
frequency for both prongs around first two fundamental frequency mode. We observe that for
resonance mode at around 33.756 kHz, oscillation amplitude is 0.2 mm which is five orders
of magnitude larger than that at about 17 kHz. The inset shows the frequency response of 2—
12 kHz frequency range. It shows that oscillation amplitude of the free prong (red curve) is
less in comparison to that of fixed prong (black curve).
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Fig. 5.3 (a) and (b) shows frequency response around first two fundamental modes of
oscillation of tuning fork prong. Oscillation amplitude at 33 kHz is five orders of magnitude

large than at 17 kHz. Inset shows frequency response for 2-12 kHz.
5.3.3 Optical fiber attached to tuning fork assembly

Next, the exact probe assembly (optical fiber tip attached to tuning fork) which was used in
our experimental setup to perform shear measurement in a liquid environment was simulated.
The piezoelectric module was employed to compute the effect of optical fiber on oscillation
amplitude of prongs of the tuning form. The optical fiber made of silica glass, 3.5 mm in
length, the radius of 65 um, and tip diameter of 100 nm was fixed to tuning fork free prong
by placing the thin layer of glue in between. All materials used in probe assembly and their

properties are stated in Table 5.1 and 5.2.

In this case, glue as linear viscoelastic material, silica fiber as linear elastic material
and remaining components as the piezoelectric element were used. Similar boundary
conditions as employed in the previous case were used. Voltage was applied across the
electrode of piezo and mechanical deflection in prongs of the tuning fork is measured.
Eigenfrequency and frequency domain analysis was performed. Fig 5.4 is a pictorial
representation of Fundamental oscillation mode around 36 kHz. Fig 5.5 shows displacement

versus frequency around second fundamental mode with and without optical fiber.
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Fig. 5.4 Pictorial representation of second fundamental mode at 36 kHz.
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Fig. 5.5 Frequency response of tuning fork with and without fiber tip around their second
fundamental mode.

We found that after attaching the fiber tip to tuning fork assembly, there is a shift in
resonance frequency toward a higher value. This result agrees well with our experimental
observation. The possible factors which result in a change of resonance frequency towards
higher frequency are discussed in detail below. Attachment of fiber tip to tuning fork can

effect in two ways; (i) mass loading (ii) the stiffness enhancement. Mass loading effect
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results in a decrease in resonance frequency in comparison to only tuning fork resonance
frequency. Stiffness enhancement takes place due to thickening of force sensor which results
in increase in resonance frequency. The shift of resonance frequency to higher frequency in
our experiment suggests the second reason of thickening the force sensor rather than mass

loading.

Off-resonance frequency response was also simulated. It is found that the oscillation
amplitude of the prong attached to fiber tip is oscillating with a smaller amplitude than the
free leg for a range of frequencies. Fig. 5.6 shows the off-resonance frequency response of
probe assembly with an optical fiber connected to tuning fork assembly.
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Fig. 5.6 Off-resonance frequency response of both prongs of tuning fork.

5.3.4 Simulation of a probe assembly in liquid

Acoustic structure interaction module was employed to understand the effect of surrounding
fluid on the dynamics of the force sensor, that will be oscillating in a liquid medium in a real
experiment. In another aspect, this simulation is also helpful in providing information about
the viscous drag of liquid and understand the change in current signal taking place during the

experiment as fiber tip is dipping into liquid.

In Acoustic structure interaction module, acoustic piezoelectric structure interaction was
employed as sensor assembly is piezoelectric. The properties of liquid used for simulation are
listed Table 5.3. Eigenfrequency and frequency domain analysis was carried out as before.

Boundary conditions such as sound wall hard boundary were designated, structure sound
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interaction boundary and other boundary condition were same that employed in the

piezoelectric module.

During eigenfrequency analysis, the shift in resonance frequency of sensor assembly
to lower frequency value was found in the liquid medium. It signifies the effect of viscous
drag of liquid on force sensor. Frequency domain analysis was performed to measure the
change in oscillation amplitude of tuning fork (sensor) prongs with frequency value around
fundamental frequency mode. Frequency analysis was done for two liquids such as water
and paraffin oil. Fig. 5.7 shows resonance tuning curve of the force sensor with its
comparison in an air medium. The simulation results regarding the shift in resonance

frequency agree well (up to 80%) with our experiment.
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Fig. 5.7 Frequency response of force sensor in liquid medium with its comparison in air and

force sensor without fiber tip.

The off-resonance frequency of force sensor was measured in water. It is already observed
that at a frequency below resonance the free prong of the tuning fork oscillates with lower
amplitude in comparison to the fixed prong. From the simulation result in a liquid medium, it
was found out that the oscillation amplitude of the free prong decreases further due to viscous
drag of water. This decrease in oscillation amplitude to a lower value, in turn, gives rise to a
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more substantial differential amplitude than the case when the whole assembly is in the air (
Fig. 5.8). The current flowing through tuning fork is proportional to this differential
amplitude of both prongs. Our simulation shows that, at off-resonance frequencies, while
going from air to liquid medium there should be an increase in the current signal — a fact in
complete agreement with our experimental observation. Thus, these set of results obtained
from FEM simulations directly help us to understand our measurement methodology and

experimental results on the viscous drag of confined liquids.
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Fig. 5.8 Off- Resonance response of force sensor in the air and a liquid medium.
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Table 5.1 Properties of piezoelectric materials

Materi Relative Density
ateri
| Elasticity matrix (Pa) Coupling matrix (C/m?) | permittivity (p,
a
3
(Srs) Kg/m)
(2.-720 8.021 8.467 0 o\o
PZT 8.021 127208467 0 0 O 0 0o o0 0 17.03450 17044 0 0
5H 8.467 8.46711.743 0 0 0 0 o o0 17035 0 0 0 17044 0 7500
0 0 0 2298 0 0 -6.622-6.622 23.240 0 0o o 0 0 81433.
0 0 0 0 2298 g
Q 0 o (] oiay
0.698 8467 0 O O -0.1954 0.1954 0 012120 0 0 4.4093 0 0
Quartz 8.673 -1.790 0 0 0 0 0 0 0 0 0.12127 0.195 0 44092 0 2651
0 e 0o 0 o 0 0 0 4.680
1199 0 0O o0 o0 0O '
1.191 0 0 0 1.792
Qﬁ 0 5794 0 oeﬁ

Table 5.2 Properties of non-piezoelectric material

Material | Density (Kg/m®) | Young Modulus (GPa) | Poisson Ratio
Silica glass 2203 73.1 0.17
Glue 1700 5 0.4

Table 5.3 Properties of liquid

Material | Density (Kg/m®) | Dynamic Viscosity (PaS) | Speed of Sound | Bulk viscosity
Water 1225 le-3 1450 le-2
Oil 1200 .055 2500 0.55

5.4 Conclusion

In this work, FEM simulations were employed to understand the dynamics of the whole force
sensor assembly in the air, water, and paraffin oil. In these simulations, eigenfrequency and
frequency domain analysis was performed. These simulations help us to probe the

fundamental mode of the frequency of tuning fork and to measure the change in oscillation
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amplitude around resonance and off-resonance frequencies. We have examined the change in

oscillation amplitude of our sensor with the different surrounding medium. These results are

in good agreement with our experimental observations and provide information to understand

the sensor assembly in more detail. FEM simulations directly support our measurement

methodology that was developed to measure viscous drag of liquids when confined between

the tip and mica.
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Chapter 6

Conclusions and Future Perspective

6.1 Conclusions

This thesis aims to measure the shear response of nanoconfined liquids at high shear rates. In
our lab, we have built a tuning fork based shear Rheometer and performed off-resonance

measurements with high shear frequency (5-20 kHz) and shear rates (10* - 10° s%).

In this thesis, | have tried to differentiate the effect of confinement and wettability of
the confining surfaces on dynamic response exhibited by nanoconfined liquid. First, we
measured the shear response of water confined between the fiber tip and mica substrate. We
observed a decrease in dissipation coefficient at separations between substrates to be less than
10 nm. We attribute this behavior to following possible reasons; i) violation of no-slip
boundary condition (boundary slippage), ii) shear thinning (shear rate dependent viscosity),
and iii) combined effect of shear thinning and slippage. We observe that our experimental
data was best fitted by a combination of both shear thinning and finite slippage. Afterward, to
understand the effect of slippage, we have measured the shear response of water on five
substrates with variable wettability. We found reduction in dissipation on all substrates
having lower (50° < 6 < 85°%), intermediate (6 ~ 40°) and higher (0 < 5°) wettability. We have
been able to explain this reduction in dissipation on all substrates was with shear thinning
including finite slip length. We have found that the slip length increases with increase in
contact angle, i.e., with a decrease in substrate wettability. We see a considerable decrease in
relaxation time, indicating slow-down in molecular dynamics under confinement as
compared to bulk. However, no appreciable change in relaxation time was observed with
increase in contact angles. Together, these findings enable us to single out the effect of
confinement and substrate wettability on the non-rheological response of water at

nanoconfinement.

Following this, we have tried to understand the difference in dynamic shear-response
of polar and non-polar liquids. We have taken two organic non-polar liquids; OMCTS and
TEHOS, which are globular in shape and act as a model system for oil molecules. We have

chosen these two liquids having different contact angle on the mica substrate, to take into
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account the effect of substrate wettability. We have observed a decrease in dissipation
coefficient for both the non-polar liquids. Once again we could account the reduction in
dissipation by the combined effect of shear thinning and slippage. We have observed that slip
length increases with increase in contact angle on mica. Additionally, we also found out
slowing down of dynamics (increase in relaxation time) for OMCTS and TEHOS at
nanoconfinement in comparison to bulk value. This increase is also one order of magnitude
more than that for water at nanoconfinement. We attribute this observation due to difference
in nature of liquids at bulk, as OMCTS and TEHOS is more viscous in nature at bulk in
comparison to water.. We also observe that decrease in dissipation coefficient for non-polar
liquids (OMCTS and TEHOS) was 7-8 % it was same shown by polar liquid (water).

From these results, we conclude that, if the shear rates are larger than the inverse of
relaxation time of nanoconfined liquid, nanoconfined liquids will undergo non-Newtonian
response irrespective of their chemical nature. We would like to comment that, in most of the
published studies, the non-Newtonian response is not observed for both polar (water) and non
polar liquids (OMCTS, TEHOS), as the dynamic response of both liquids is measured at
shear frequencies < 200 Hz and < 1-2 kHz by using SFA and AFM respectively (Fig. 6.1).
These shear rates are not large enough to capture the non-Newtonian response of the confined

water.

Ax=1A"-10 nm Ax=1A°—10nm
w<200Hz ¥= 10-103S" w<2kHz y= 10-10%s"

v, 7
DY
J'

Fig. 6.1 Possible range of attainable shear frequencies and shear rates SFA (on the left) and
AFM (on the right)

Beside this thesis, we present the future perspective of this work in the following section.

6.2 Future Outlook

In this thesis, the mechanical response of nano-confined liquid was measured using a home-
built dynamic shear-rheometer. To get a direct understanding of the processes, which are
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responsible for showing non-Newtonian behavior for nanoconfined fluid at the nanoscale, the
system needs to be probed optically along with mechanical measurement. There are various
possible ways to implement optical access by integrating mechanical analysis with (i)
Fluorescence correlation spectroscopy, to measure the diffusion coefficient of probe
molecules immersed in a liquid of interest at nano-confinement, and (ii) Raman spectroscopy,
to probe the structural changes taking place at a molecular level giving rise to non-Newtonian

behavior.
6.2.1 Integration with Fluorescence correlation spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a non-invasive optical technique to measure
the diffusion coefficient based on fluorescence fluctuations of solute molecules in a small
volume under equilibrium conditions. In FCS measurements, the fluorescence fluctuations
can be measured by using dilute concentrations (nanomolar-picomolar) of the sample and
using small detection volumes (femtolitre). The autocorrelation function of fluorescence
fluctuations carries information about dynamics of the system at different time scales.
Therefore, by choosing the appropriate model solute, different dynamics can be probed by its
measuring characteristic timescales. Integration of mechanical shear-measurement with FCS
spectroscopy is currently under development in our lab. In this setup, a laser beam of a
particular wavelength is passed through the optical fibre to excite the probe molecules, which
are fluorescent, and present in detection volume. Fluorescence emission signal can be
collected by APD and correlated afterward to measure diffusion coefficient of the solutes

when present in the confined liquid.

6.2.2 Integration with Raman spectroscopy
Raman spectroscopy is a light scattering technique, discovered by Sir CV Raman and KS

Krishnan in liquid* and by GS Landsberg and LI Mandelstam in crystal*™®

that probes the
vibrational energy levels of molecules in the ground and excited electronic state. For a
molecule to exhibit a Raman Effect, there must be a change in its electric dipole polarizability
on excitation. Energy level diagram showing the states involved in Raman spectra is shown
in Fig. 6.2. Vibrational frequencies are a measure of the strength of different chemical bonds
of the molecule, and thus can determine small changes in molecular structure. To get more
information about confined liquid at the molecular level, the laser beam could be passed
through fiber tip to excite the molecule and to record the vibrational signature of molecules in

a confined liquid. A major challenge of integrating Raman spectrometer with shear force
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measurement will be to get enough Raman scattered photons for an acceptable signal to noise

in the obtained spectrum.

Virtual y
energy
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Fig. 6.2 Energy level diagram showing the states involved in Raman process
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