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ABSTRACT
Investigating Mechanisms Underlying Hydrophobic Interaction Between Extended
Surfaces in Aqueous Environments
by
Sreekiran Pillai
The hydrophobic interaction refers to a mutually attractive force experienced by
hydrophobic surfaces or molecules across water. At the molecular scale, it drives the selfassembly of lipid vesicles and micelles and accelerates interfacial chemical reactions. At
the macroscale, it confers upon numerous plants and insects the ability to repel water and
is harnessed in practical applications, such as water-proofing and desalination. However,
despite its ubiquity and significance, mechanistic insights into the hydrophobic interaction
between macroscopic surfaces remain unclear. A significant body of experimental data on
surface force measurements exists, which were obtained following this protocol:
hydrophobic molecules (typically organosilanes) are physisorbed onto molecularly smooth
mica films that are glued onto transparent rigid silica discs and driven towards each other
while measuring forces and distances. We developed a protocol for functionalizing mica
surfaces with perfluorodecyltrichlorosilane (FDTS) to achieve robust, ultra-smooth
hydrophobic surfaces. Then we investigated the consequences of nuclear quantum effects
(NQEs) in water on the hydrophobic interaction. Whereas NQEs are known to influence
physical and chemical properties of water, their impact on the hydrophobic interaction has
remained largely unexplored. We find that the attractive forces between FDTS-coated mica
surfaces were ~ 10% higher in light water (H2O) than in heavy water (D2O) even though
macroscopic measurables, such as the interfacial tensions and contact angles are
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indistinguishable. This is the first-ever experimental demonstration of nuclear quantum
effects at play in modulating hydrophobic surface forces. Towards practical applications,
we investigated the partitioning of small, amphiphilic molecules onto our molecularly
smooth FDTS-coated mica films. These scenarios are relevant in wastewater treatment,
bioresource processing, fermenter broths, and food & beverage industries. Water-soluble
short chain alcohols (ethanol) readily partitioned onto FDTS surfaces and remained
attached onto the surface. The presence of alcohols was confirmed by surface force
measurements, contact angle goniometry of water drops, and gas chromatography. We
investigated protocols for characterizing fouled surfaces and cleaning them. These
protocols were tested on realistic desalination membranes and proved effective. Thus, our
findings could be used to develop robust protocols for characterizing membrane fouling
and cleaning protocols in various separation processes.
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Chapter 1 : Introduction and Background
1.1 Motivation and objectives
Water-repellent (“hydrophobic” and “superhydrophobic”) surfaces are used in a
variety of practical applications, such as water-proofing in construction [1],electronics [2]
[3], and food [4,5] industries, reducing frictional drag in pipes [6, 7]and marine
transportation [8], and desalination by membrane distillation [9-11]. In the natural world,
a number of plants and animals utilize hydrophobic surfaces to achieve water-repellence
and self-cleanability, such as Salvinia [12]and duck feathers [13], and to live unbelievable
life styles, for example, superhydrophobic sea-skaters (Halobates Germanus) are 0.0001%
of the known insects that live on the open ocean surface [14,15]. Large-scale practical
applications of hydrophobic and superhydrophobic surfaces were realized in the early 20th
century by exploiting hydrocarbon coatings [16-20]. Subsequently, Onda and co-workers
reported perfluorinated chemicals exhibiting super-repellence to both water and oils [21].
Simultaneously, the discovery of the lotus effect [22] inspired researchers world-wide to
mimic natural systems, such as beetles[23], spider webs [24], pitcher plants [25], sand
dollars [26], and springtails [27], to understand and engineer wettability of surfaces [28].
In fact, the criteria for quantifying the water-repellence of solid surfaces are based on
measuring contact angles – advancing, qA, receding, qR, and (advancing) apparent, qr – of
sessile droplets of water on them in air. Surfaces are categorized as hydrophobic, if for
water, qr > 90°[19, 29] and superhydrophobic, if for water, qr > 150° and qA - qR < 20°
[30]. The present understanding is that superhydrophobicity to water necessitates surface
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chemistry and surface roughness [19, 31, 32]. The most commonly utilized chemicals in
this context are perfluorocarbons, e.g., common coatings and membranes comprise
polytetrafluoroethylene

and

polyvinylidene

difluoride.

When

hydrophobic

and

superhydrophobic surfaces are immersed under liquids, the microtexture entraps air at the
solid-liquid interface, leading to partially-filled or Cassie states [18, 31]. Subsequently,
under the influence of external pressure or just with the passage of time, wetting transitions
can take the system to the fully-filled (Wenzel) state due to the dissolution of air in the
liquid, deformation of the solid, and/or capillary condensation [17, 26, 31, 33-35]. The
robust entrapment of air is crucial for applications such as desalination, where one side is
warm seawater and the other is cold deionized water, leading to mass transfer (desalination)
from the hot to the cold side. Contact angles remain the most commonly employed criteria
for assessing the omniphobicity of surfaces, and often only the advancing contact angles
are measured [19,29,30,36-38]. Here, we seek molecular-scale insights into
hydrophobicity, dynamics of water interfacing with rigid hydrophobic surfaces, and the
hydrophobic interaction, and apply them to understand practical scenarios better.

Figure 1.1: Contact angles of water droplets on hydrophilic and hydrophobic surfaces
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To do this, first, we developed a protocol for preparing robust, ultra-smooth FDTS-coated
mica surfaces that are stable during the course of experiments to ensure reproducibility.
Next, we used the Surface Force Apparatus to measure the adhesion between these surfaces
in H2O and D2O to unravel the consequence of nuclear quantum effects on hydrophobic
interactions. Interestingly, classical continuum theories and molecular dynamics could not
explain these results. Towards molecular insights, we collaborated with Prof. Tod Pascal
(University of California San Diego) and Dr. Adriano Santana (KAUST) and utilized
classical molecular dynamics and the two-phase thermodynamics (2PT) method with
quantum corrections to extract the entropic and enthalpic components of the free energy.
Given the significance of perfluorocarbons in the applied context, we investigated the timedependent loss of hydrophobicity of model surfaces as a function of trace amphiphilic
contaminants present in real-world scenarios. Subsequently, protocols for cleaning these
surfaces were developed. Insights from these studies were tested on real desalination
membranes by installing them in a test module and exposing them to solutions of similar
composition and observing time-dependent failure pore-filling. Membranes – before and
after surface contamination and after cleaning – were characterized by contact angle
goniometry, chromatography, and module testing. These findings are useful towards
developing robust membrane characterizing and cleaning protocols in separation
technologies.
Taken together, this thesis presents experimental investigations of nuclear quantum
effects on hydrophobic surface forces and the partitioning of small, amphiphilic molecules
at the water-FDTS interface. Computational explanations underlying these experimental
observations, have also been briefly presented. Each chapter starts with an introduction
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followed by the methods used to tackle the research problem. Chapter 3 focuses on the
consequences

of

nuclear

quantum

effects

on

the

hydrophobic

interaction.

Perfluorodecyltrichlorosilane (FDTS)-coated mica surfaces were used in the Surface Force
Apparatus (SFA) to investigate the effects of nanoconfinement of H2O and D2O on the
surface forces. In addition to the FDTS-water-FDTS (symmetric) system, an asymmetric
system comprising FDTS and octadecyltrichlorosilane-terminated surfaces was also tested.
To understand the molecular mechanisms underlying these observations, large scale
molecular dynamics simulations. In chapter 4, the loss in hydrophobicity is reported due to
the presence of trace amounts of foulants in water. The loss of the hydrophobicity is
correlated with SFA measurements of hydrophobic surface forces. Experiments with
microfiltration membranes are carried in test static modules where they separate salty water
from deionized water; the electrical conductivity of the deionized side informs on the
failure of membrane. Complementary characterization included gas chromatography and
contact angle hysteresis.
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1.2 An introduction to hydrophobic interactions
Apolar molecules, such as CH4, N2, O2, and n-C6F6, are known as “hydrophobic”,
because they do not participate in hydrogen bonding with water molecules. As a result,
hydrophobic molecules are only sparingly soluble in liquid water under normal temperature
and pressure (NTP: 298.15 K and 1 atm) [39-41]. Hereafter, the phrases “liquid water” and
“hydrophobic molecules” will be referred to, respectively, as water and hydrophobes.
When dissolved, hydrophobes are encaged inside molecular cavities in water, which
minimizes uncoordinated, dangling hydrogen bonds and maximizes the entropy of mixing
[39, 42, 43] Figure 1.2A. Hydrophobes in water experience and attraction at molecular
separations, which is known as the hydrophobic interaction [39-41]. Alternatively, the
hydrophobic interaction could be explained based on the multibody interactions of water
molecules driving hydrophobes together [44-47]. The self-assembly of DNA [48, 49], gashydrates [50], vesicles [51] and micelles [52] in water are crucial consequences of the
hydrophobic interaction [53, 54].

Figure 1.2: Hydrophobic interactions (A) At microscale where the apolar solute is encaged
by surrounding water. Dashed lines indicate hydrogen bonds (B) Extended hydrophobic
surfaces where the surfaces experience an attractive force as they approach
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When the size of hydrophobes exceeds 1 nm, they cannot be contained inside
molecular cages in water (Fig 1.2 B). Water-hydrophobe interfaces resemble the air-water
interface in the sense that the interfacial water molecules cannot realize the bulk hydrogen
bonding network, leading to enhanced density fluctuations [55]. When two hydrophobic
surfaces approach each other, dewetting occurs, leading to an attractive force between the
surfaces [56]. When two hydrophobic surfaces are brought closer in water, an attractive
force is experienced that cannot be explained by the attractive van der Waals force [42]
[57, 58].This force of attraction at approach is followed up by a higher force on separation
of the surfaces which is the adhesion force or hydrophobic force. This thesis sheds light on
the molecular origins of the hydrophobic interaction

1.3 Previous work
The first studies quantifying hydrophobic interactions between molecular solutes in water
tracked the extent of protein denaturation [39, 40] and rates of chemical reactions [59, 60]
as a function of solvents, temperature, pressure, isotopes and dissolved ions [15, 61].
Oakenfull & Fenwick utilized electrical conductance studies to report that the free energy
of hydrophobic interaction of two methylene groups was ∆G = -1.7 kJ/mol in D2O and ∆G
= -1.4 kJ/mol in H2O[59]. Those results were contested by Marcus, based on the
measurement of heats of hydration of molecular solutes in D2O [60]. Israelachvili &
Pashley were the first to report on the direct measurement of hydrophobic force between
two extended rigid hydrophobic surfaces comprising molecularly smooth muscovite mica
films with physisorbed hexadecyltrimethylammonium bromide (CTAB) molecules [62].
They discovered that as those hydrophobic surfaces approached each other in a 1 mM
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electrolyte, there was a jump-in instability at a distance ~15 nm at which the two surfaces
jumped into contact with each other. When they retracted the surfaces, the magnitude of
force required to separate the surfaces was almost an order of magnitude higher than the
sum of the van der Waals and electrostatics, as described by the famous theory due to
Derjaguin, Landau, Verwey, and Overbeek (DLVO), FTot = FvdW + FE + FPh, where FTot is
the total force, FvdW is the van der Waals force, FE is the electrostatic force and FPh is the
additional force. This additional force was attributed to the hydrophobic interaction that
appeared when the surfaces were within a distance, x < 20 nm, from each other and
followed this empirical exponential relationship with the distance of approach, 𝐹"# =
4𝜋𝛾() × 𝐻𝑦 × 𝑒 .///12 , where 𝛾() is the interfacial tension at the water-hydrophobe
interface (typically, 𝛾() ≈ 40 − 50 mJ m.: ), Hy is a parameter that depends on the
exposed hydrophobic area and 𝐷"# ≈ 1 nm refers to a characteristic decay length of the
hydrophobic interaction. Following the work by Israelachvili & Pashley, others confirmed
the presence of hydrophobic surface force. In 1989 Claesson et al., coated mica with
fluorocarbon surfactants using a Langmuir-Blodgett (LB) method and quantified the
hydrophobic interaction[63, 64]. The film quality resulting from this method exhibited high
contact angle hysteresis. Meyer et al., also used the LB technique to coat a monolayer of
octadecyltriethoxysilane (OTE) for force measurements, where they observed spontaneous
cavitation after the surfaces jumped into contact and the formation of a vapor bridge after
the surfaces were separated [65]. FECO revealed that the surfaces were somewhat rough
for the SFA, albeit the contact angle hysteresis was reasonable. In 2013, Tabor et al., used
AFM to measure forces between oil drops in aqueous electrolytes [66]. The optical
properties of the oil drops were chosen such that the van der Waals forces were absent,
leaving only the hydrophobic interaction to be the dominant attractive force. In this soft
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system, they observed the hydrophobic decay length to be, 𝐷"# ≈ 0.3 nm. Abott et al., in
2015 used thiolated gold surfaces to study the effects of electrical charges on the
hydrophobic interaction[67]. They found that electrically charged surfaces led to higher
hydrophobic forces. Donaldson et al. investigated hydrophobic forces between
polydimethoxysilane (PDMS) layers using the SFA, where they observed a jump-in
instability when the surfaces were separated by ~12 nm [57]. The decay lengths measured
in this work were ~1nm, which was similar to that reported by Israelachvili & Parshley
[62]. Ducker et al., measured hydrophobic force between octadecyltrichlorosilane (OTS)
at pH ≈ 2 to remove double layer force and reported that there were no attractive forces
beyond the separation of 6 nm [68]. Taken together, these reports underscore the lack of
consensus on the quality of hydrophobic films on mica and the magnitude and distancedependence.
Our Analysis:
Physisorbed layers can turn over when pressed against each other and/or when the
hydration levels in the vicinity change and/or as the local concentrations change [69]. For
instance, researchers have shown that CTAB micelles can appear in a variety of shapes as
a function of their concentration [70]. Others have shown that contact angles of water on
physisorbed layers may change over time, which calls into question the conclusions of such
studies on the hydrophobic interactions. Thus, we considered the preparation of smooth,
robust, and reproducible hydrophobic surfaces as crucial to our experiments. Even though
mica and silica have silicate groups, the former is quite passive towards surface
functionalization [71,72]. In response, we developed rigorous protocols for mica
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functionalization by chemisorbed silanes whose robustness was evaluated by immersing
surfaces in water for up to 24 hrs and measuring advancing/receding contact angles.
Another important factor was the degassing the aqueous solution introduced to the
SFA box. Dissolved gases in the solution significantly effects the hydrophobic
measurements through formation of nanobubbles at the surface causing long range
interaction forces [58, 62, 73]. Recent AFM studies by Sivan & coworkers have shown that
non-degassed solution could lead to a ~2-5nm thick layer of condensed gas molecules at
the water-FDTS interface [73, 74]. In fact, they noted an attraction when the AFM tip
approached the gas layer, comprising nitrogen with a density ~300 times that of the
atmospheric air [74]. Thus, degassing of solution is an important step in hydrophobic force
measurements. In the present work, the aqueous solutions were degassed to minimize
spurious effects.
Chapter 2 describes our efforts to develop reproducible protocols for chemically
grafting mica surfaces with perfluorodecyltrichlorosilane (FDTS). We also introduce the
underlying principles for using the Surface Force Apparatus.
Next, we realized that not much is known about the significance of nuclear quantum
effects (NQEs) at water-hydrophobe interfaces. For instance, latest computational reports
on water-mediated interactions between small hydrocarbons and perfluorocarbons suggest
that the consideration of NQEs is crucial in biological simulations [75]. Chapter 3 presents
our investigation of hydrophobic surface forces in light and heavy water to identify the
contributions of nuclear quantum effects.
Next, we investigated the partitioning of small amphiphilic molecules, such as
ethanol, methanol, and isopropanol, at the water-FDTS interface. This scenario is relevant
20

in wastewater treatment, liquid-liquid separation technologies in fermenter broths and
bioresource processing, and fouling of membranes. Chapter 4 presents our complementary
experimental and computational work to provide fundamental insights into the partitioning
of amphiphilic molecules at water-hydrophobe interfaces.
Chapter 5 lists pending questions and avenues of future work.
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Chapter 2 : Preparation of Robust, Molecularly-smooth FDTS-coated
Mica Films and Introduction to the Surface Force Apparatus
2.1 Developing robust hydrophobic surfaces
In the past, researchers have extensively used the physisorption of perfluorocarbons
and hydrocarbons onto mica surfaces in water through cationic surfactants, deposited by
Langmuir-Blodgett films [1-4]. For extensive reviews on this approach to study
hydrophobic interactions, please see Refs. [5-7] Using these physisorption recipes, we
found that the advancing/receding contact angles of water on those surfaces were not stable
over time. For instance, apparent contact angles of water drops on those “hydrophobic”
surfaces could dropped from 𝜃A ≈ 90° to 𝜃A < 90° within seconds, and those surfaces also
exhibited contact angle hysteresis as high as 40° − 50° with advancing contact angles,
𝜃A ≈ 90° − 113° and receding contact angles as low as, 𝜃E ≈ 50° [2, 3, 8-11]. If those
surfaces were introduced in or removed from water, for instance during the filling of an
SFA box, or pressed against each other, for example during a force run, the physisorbed
molecules could overturn and/or acquire unexpected structures, or detach from the surface
underneath [12-14]. Hence, it was not possible to distinguish experimental claims from
artifacts, and we realized that achieving hydrophobicity by chemisorption on molecularly
smooth mica surfaces was a necessary, but missing step, in the assessment of hydrophobic
interactions. We tried several recipes reported in the literature, but did not get results to our
satisfaction. The crucial problem is that unlike silica, mica has lower number density of
hydroxyl groups available to participate in silanation reactions and it is not easy to activate,
i.e. hydroxylate. Standard approach for silica, e.g. exposure to oxygen plasma does not
work for mica; furthermore, mica films used in SFA operations could get physically
damaged if exposed to liquid phase piranha solutions [15]. Previous work by Claesson &
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co-workers,[16] Wood & Sharma [17] and Giasson & co-workers [18], entailing the
activation and silanation of mica films laid the foundation for our protocol development.
For plasma activation, we adapted our radio frequency (RF) O2 plasma generator
(Diener Atto, 40 kHz, 0-200 W) by bubbling the gas through a bath of water. We varied
the gas flow rate, vacuum pressure, and the duration of plasma activation at 200 W RF
power

(details

below).

Next,

we

developed

a

recipe

to

chemisorb

perfluorodecyltrichlorosilane (FDTS) molecules (Figure 2.1) onto activated mica surfaces
in a molecular vapor deposition system (Applied Microstructures MVD100E; details
below). Subsequently, we developed a post-silanation surface cleaning step to remove
excess (physisorbed) FDTS molecules by heat and rinsing with organics (details below).
The process development entailed much trial and error.

Figure 2.1: Molecular structures of perfluorodecyltrichlorosilane (FDTS) and mica.
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Below, a process flowchart presents our rational protocol development, leading to the
optimized parameters, followed by a brief description of the final processes.
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Back silvered mica films glued to silica disks were introduced in the chamber for
mica activation. First, the pressure in the chamber is dropped to 0.2 mbar to minimize airborne contaminants, and then O2 gas was introduced by bubbling it through a water bath
to achieve a pressure of 0.3 mbar (Figure 2.2). After the pressure stabilized, a radiofrequency (RF) plasma was generated using an electrical power of 200 W. Under these
conditions, the activation of mica surfaces took place in ten minutes.

Figure 2.2: A schematic of the mica activation set up using O2 plasma and water vapor

The plasma activated mica surfaces were rendered hydrophobic by vapor phase
deposition of perfluorodecyltrichlorosilane (FDTS) using a molecular vapor deposition
(MVD) setup (Applied Microstructures MVD100E). Prior to deposition of FDTS, the leak
rate inside the chamber and deposition lines were maintained below 2.66 × 10-3 mbar/min
by constant nitrogen purging. We optimized factors, such as temperature and pressure of
deposition was affecting the quality of coating. In the MVD machine the temperature of
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FDTS was set to 60 °C with a FDTS pressure of 0.5 mTorr and water vapor pressure of 6
mTorr. Four injections of FDTS each at the same pressure was required followed up by a
15-minute reaction time. Two cycles of FDTS deposition was required to get a stable
coating on mica, once the mica was plasma activated efficiently.
Due to the presence of loosely bound (physisorbed) FDTS molecules on the
chemisorbed ones, the surface after MVD is not smooth enough, which leads to poor fringe
patterns during SFA experiments. To remove them, FDTS-coated samples where vacuum
baked at 393 K, rinsed with tetrahydrofuran and annealing at 30 mbar, 363 K for 60
minutes. The surfaces were characterized by contact angle goniometry (Figure 2.3, Tables
2.1-2.2) after extended periods of immersion in water and atomic force microscopy
(Figures 2.4-2.5).

Figure 2.3: Contact angles of water on (A) bare mica (water spreads immediately) and
(B) FDTS-coated mica (water beads up, confirming hydrophobicity).
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Table 2.1:Mica functionalization with different plasma activation parameters
Pressure of
oxygen and

Duration

Power (W)

(min)

Water Contact Angles
Advancing

Receding

water vapor
(mbar)
0.8

60

200

101° ± 2°

66° ± 3°

0.5

30

200

102.5° ± 1°

76° ± 2°

0.5

10

200

112.2° ± 2°

82° ± 2°

0.5

5

200

112° ± 2°

85.4° ± 2°

0.3

5

200

116.3° ± 2°

90.3° ± 2°

0.3

10

200

117.2° ± 2°

107.4° ± 2°

0.3

20

200

116.1° ± 2°

103.1° ± 2°

Table 2.2 demonstrates the stability of our FDTS-coated mica surfaces. We incubated
samples in water for controlled durations of time, representative of the duration of our
experiments. We then measured contact angles by advancing sessile drops of water (H2O)
advanced/retracted at 0.2 µL-s-1.
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Table 2.2: Incubation data of mica coated FDTS
Incubation Time (h)

Intrinsic
contact
angle, 𝜃F

Advancing contact
angle, 𝜃G

Receding contact
angle, 𝜃E

0

112°± 1°

118°± 2°

100°± 2°

1

111°± 2°

118°± 2°

100°± 2°

2

111°± 1°

118°± 2°

100°± 2°

3

110°± 1°

118°± 2°

100°± 2°

4

110°± 1°

117°± 2°

100°± 2°

5

110°± 1°

117°± 2°

100°± 2°

6

110°± 1°

117°± 2°

100°± 2°

Figure 2.4: AFM image of mica coated with FDTS rinsed after vacuum baking a) with
perfluorohexane and b) using THF for 1 minute, 5 minute and 10 minutes.
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Figure 2.5: AFM scans on mica coated with FDTS (A) after vacuum baking at 393 K for
60 minutes (B) vacuum baking at 393 K for 60 minutes followed by THF rinsing and
vacuum baking at 363 K for 60 minutes

Below, the final protocol is summarized in a flowchart and the parameters for activation,
silanation, and post-silanation cleaning are tabulated.
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Activation:
Power (W)

Time (min)

Gas

Gas pressure (mbar)

200

10

Oxygen, water vapor

0.3

Silanation:
Gas

Water vapor

FDTS

Gas pressure (mTorr)

6

0.5

Number of injections

1

4

Order of injection

2

1

Temperature (K)

298

333

Reaction time (min)

15

Post-silanation cleaning:
Process

Temperature (K)

Time (min)

Pressure (bar)

1. Vacuum baking

393

60

0.03

2. Rinsing with THF

295

1

3. Vacuum baking

363

60

0.03

Octadecanethiol (ODT) coated surfaces
In addition to FDTS-coated mica surfaces, we used octadecanethiol (ODT) terminated
ultrasmooth surfaces gold-coated mica to prove that the observed effects were not limited
to perfluorocarbons. First, 50 nm-thick gold layer was deposited on mica sheets by
electron-beam evaporation. Next, those sheets were cut into 2 cm × 5 cm rectangles and
glued to SFA disks using the UV glue such that the gold touched the glue (Figure 2.6A-B).
Weights were used to afford a robust contact during the UV-curing. After curing, the
weights were removed and the sample was immersed in ethanol at room temperature to aid
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the detachment of mica from gold and a uniform layer of gold was templated on the disk
(Fig 2.6 C-D). The surfaces were stored in ethanol. Next, the gold surface was
functionalized with octadecanethiol (ODT) by immersing in 1mM ODT solution in ethanol
for 12-18 hours, shielded from light (Figure 2.6E). Subsequently, the surface was washed
with hexane and ethanol and dried with dry N2 gas (Figure 2.6 F).

Figure 2.6 : Thiolation on silica disks (A) Bare silica disk (B) Mica coated gold glued
onto silica disk with weights for support. (C) Templated silica disks with gold and mica
immersed in ethanol to detach mica from gold. (D) Gold templated silica disk (E)
Templated gold disk immersed in 1mM ODT (F) ODT coated silica disk

In chapter 4, ODTS was coated on silica beads for gas chromatography
experiments, to quantify the adsorption of alcohol on hydrophobic surfaces. Silica beads
were chemisorbed with a self-assembled layer of hydrocarbon (octadecyltrichlorosilane).
The silica beads were first stirred in a beaker with acetone for 1 hour, ethanol was used to
filter the particles, and they were put in an oven at 373K for 1 hour to dry. These particles
were treated with piranha solution at 403K and after 1 hour, filtered with water and dried
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in an oven at 373K. This process was used to remove contaminants from the surfaces and
to create hydroxyl groups, which react with the silanes. Right after that, the particles were
added to a solution of toluene and 0.1% (V/V) octadecyltrichlorosilane (ODTS), stirred at
300 rpm and 313K. After 3 hours, the solution was rinsed with toluene and put in an oven
at 373K for 1 hour. These ODTS coated silica beads immersed in organics and waterorganic mixtures were used in gas chromatography to study adsorption of organics on
ODTS surfaces.

2.2 Experimental methods
2.2.1 Surface force apparatus
We employed the Surface Force Apparatus (SFA) as the primary experimental technique
for quantifying hydrophobic surface forces between FDTS surfaces in a variety of media –
H2O, D2O, methanol, ethanol, isopropanol, and water-ethanol mixtures. SFA enables the
measurement of distance between surfaces at sub-nanometer resolution under controlled
vapor, aqueous, or nonaqueous environments [19]. The SFA technique was developed by
Tabor & Winterton to measure van der Waals forces [20]. Since then, Israelachvili & coworkers conducted numerous pioneering studies with this technique and developed new
models and variants [1, 19, 21-24]. SFA technique has been used to study interactions
between, for instance, mica [25, 26], metals [27], biomaterials [28], polymers [29] in dilute
[30, 31] and concentrated electrolytes [32]. Crucially, this platform allows for studying
liquids under nanoscale confinement, which can illuminate, for instance, nuclear quantum
effects and layering of molecules at interfaces.
The distance between the surfaces is measured by multiple beam interferometry using
white light (Figure 2.6). SFA uses molecularly smooth back-silvered (silver thickness of
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~50 nm to render them partially transmitting) mica surfaces of equal thickness glued onto
two macroscopic cylindrical silica discs arranged in a cross-cylindrical geometry. When
white light passes through opposing mica surfaces, with ~50 nm-thick silver layers on their
backside, light is partially transmitted and reflected leading to an optical interferometer.
The transmission function of this interferometer is represented by a series of sharp fringes
of equal chromatic order (FECO), which is extremely sensitive to the distance between the
mirrors and contain the information about the thickness and the refractive indices of the
intervening layers – liquids, solids, and/or gases. FECO are resolved using optical gratings
inside a spectrometer and directed into a camera (Figure 2.6). One of the samples is held
fixed, while the other that is mounted on a cantilever of known stiffness, k, is driven at a
fixed, ultra-slow speed, e.g., 10 nm-s-1, towards it. Interaction forces between the surfaces
– attractive or repulsive – accelerate or retard the approach. This is how the distance and
forces between the surfaces are simultaneously recorded.
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Figure 2.7: Schematic of the SFA 2000 used for all force measurements in the thesis. The
schematic shows the cross-cylinder geometry in which the disks are placed in SFA. Insets
show the interface of the hydrophobic layer coated on the glued back silvered mica and a
reference interference pattern observed through spectrometer and captured by the camera.
Figure adapted from Reference [33]
The exact force between the surfaces is calculated by applying the Hooke’s Law
𝐹 = 𝑘∆𝐷
where k is the stiffness of the cantilever spring and ∆𝐷 is the actual displacement relative
to the expected value (using a motor, for instance).

2.2.2 Multiple Beam Interferometry in SFA
Based on the work of Tolansky[34], detailed analytical solutions for estimating distances
between the surfaces using the interference patterns in the SFA were presented by
Israelachvili[35]. We explain it briefly here: a three-layer interferometer comprises two
back-silvered mica surfaces of thickness Y and refractive index 𝜇N and another medium,
e.g., air or water, of thickness T and refractive index 𝜇O (Figure 2.7). When a ray of light
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enters, 𝐴𝑒 QRS , it suffers multiple reflections and comes out at x=2Y+T as 𝑊𝑒 QRS . At each
interface, the light is transmitted and reflected. Due to symmetry of the system the
V ) are considered the same at x=Y and
coefficients of reflection (r, -r) and transmission (t, 𝜇𝑡
x=Y+T.

Figure 2.8: A three-layer interferometer with layer thicknesses Y, T, and Y and refractive
indices 𝜇N , 𝜇O , and 𝜇N . A ray of light incident on the left side emerges through the right
after multiple reflections. (Figure and derivation adapted from Ref. [35])

For the electric components to be continuous at the boundaries, the following equations
have to be satisfied:
𝐵 = 𝑟Y𝐴 + 𝑡Y𝐷
𝐶 = 𝑡Y𝐴 + 𝑟Y𝐷
𝐷𝑒 .QR\] ^ = 𝑟𝐶𝑒 QR\] ^ + 𝑡𝐺𝑒 .QR\` ^
𝐹𝑒 QR\` ^ = 𝑡𝜇̅ 𝐶 𝑒 QR\] ^ − 𝑟𝐺𝑒 .QR\` ^
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𝐺𝑒 .R\` (^cd) = −𝑟𝐹𝑒 QR\`(^cd) + 𝑡𝜇̅ 𝑁𝑒 QR\] (^cd)
𝑀𝑒 .R\] (^cd) = 𝑡𝐹𝑒 QR\` (^cd) + 𝑟𝑁𝑒 QR\] (^cd)
𝑁𝑒 .QR\] (:^cd) = 𝑟 Y 𝑀𝑒 QR\] (:^cd)
𝑊 = 𝑡Y𝑀
The analytical solution to these equations is presented in Ref. [35], which reduces to
h𝑊i𝐴h =

𝑡 : 𝑡 Y: 𝜇̅i
𝜎

When the silvered layers are highly reflecting, 𝑡 Y → 0, and the above equation is valid only
when 𝜎 → 0 and considering the phase factors, 𝑟 Y = 1, we get
1 − 𝑟𝑒 :QR\] ^ = ±𝑒 QR\` d l𝑟 − 𝑟𝑒 :QR\] ^ m
By solving for real and imaginary parts, equation (B) can be written in real form as
lN.A q m rst(:R\ ^)

tan(𝑘𝜇O 𝑇) = :A.(NcA q uFr(:R\]
where 𝑟 =

] ^))

𝜇N − 𝜇O
i𝜇 + 𝜇 . When the two mica sheets are in contact, T = 0 and the system
N
O

reduces to a one-layer interferometer of thickness 2Y, which makes the left-hand side of
the equation (C) to zero and the equation is satisfied by
2𝑘𝜇N 𝑌 = 𝑛𝜋, 𝑛 = 1,2,3 …
Different orders are therefore related by
1 𝜆{.N − 𝜆{
=
𝑛
𝜆{.N
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𝑛 is the order of interference or fringe order and number of the 𝑛th fringe.

Figure 2.9: FECO for FDTS-coated mica surfaces in 10mM KCl solution. (A) in contact
with the hard wall and (B) separated by a distance D ~ 30 nm

If the sheets are separated by a distance D, the fringe is shifted by ∆𝜆{ to a new and longer
wavelength 𝜆{ /
2𝑘𝜇N 𝑌 = (2𝜇N 𝑌)(𝑘)
𝑛𝜆}
2𝜋
𝜆{ / − 𝜆}
=|
~ | / ~ = 𝑛𝜋 |1 −
~
2
𝜆{
𝜆{ /
= 𝑛𝜋 •1 − ∆𝜆i / €
𝜆{
Substituting in equation (C) we get
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tan •

2𝜋𝜇𝐷
i𝜆/ ‚ =
{

]„…‡
†‰
…ˆ
† Š‹
V rstƒ
:\
‡
]„…†
‰ ‡
…†„]
]„…‡
†‰
…ˆ
† Š‹±(\
(Nc \
V q )uFrƒ
V q .N)
]„…‡
†‰
…‡
†„]

This equation is valid for two back silvered sheets of mica separated by a distance
D with white light passing normally through them, where µ is the refractive index of the
medium, 𝜆/{ is the wavelength of the n ordered fringe at a distance D, 𝜇̅ =

𝜇ŒQ•Ži
}
𝜇 , 𝜆{

and 𝜆}{.N are the wavelengths of n and n-1 fringes when the mica surfaces are in contact
and 𝐹{ =

𝜆}{
(Figure 2.8). The odd fringe shifts are independent of the
‰}
𝜆{ − 𝜆}{.N

refractive index thus gives D regardless of which wavelength is tracked. This equation is
used to find the distance D between the surfaces as:

𝜆{
𝐷=•
€ tan.N •
2𝜋𝜇

2𝜇ŒQ•Ž
Δ𝜆
𝜇 ‚ sin •𝑛𝐹{ 𝜋 𝜆{ €
—
𝜇ŒQ•Ž :
Δ𝜆
𝜇ŒQ•Ž :
•1 + • 𝜇 ‚ € cos •𝑛𝐹{ 𝜋 𝜆 € + •𝑛•–– • 𝜇 ‚ − 1€
{
•

2.2.3. SFA data analysis
The SFA data analysis constitutes the following two steps:
1. Recording videos of FECO fringes and converting the video to images
2. Images analysis
Figure 2.8 presents FECO captured at 2 frames/second from an experiment where two
FDTS surfaces were brought in contact in water, pushed inwards, and pulled apart and this
process was repeated three times. The video was converted into images using a Matlab

45

script. Figures 2.9(A-D) represent the procedure for analyzing the force run. The Fig 2.9A
represents a stack of ~7000 images that are cropped at the center of the odd fringe. The
straight vertical lines represent that the surfaces are in contact.

Figure 2.10: Stages of FECO fringe analysis using MATLAB. (A) A stack of ~7000
images captured during three force runs. (B) Zoomed in image of one force run showing
surfaces coming into contact and separation. (C) MATLAB Gaussian fitting curve for one
force run. Red points represent the pixels of the fringe at a particular frame. (D) Typical
force run plot after Matlab analysis. The filled blue circles represent in-runs, where the
surfaces are brought into contact and unfilled blue circles represents out-runs, where the
surfaces are pulled away from contact. At a particular force, the surfaces jump out of
contact and this point varies according to the system analyzed.
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Following the stacking of images, we zoom in to a particular force run that we want to
analyze. Figure 2.9B shows a such a zoomed-in image for the second force run. Next, using
the MATLAB’s Gaussian fitting, we obtain the frame numbers and the corresponding
pixels (Figure 10 C). Pixels are converted into wavelengths using a calibration obtained by
a mercury lamp with two distinct wavelengths (not shown). Next, the wavelengths are used
to calculate the distance, D, that enables the determination of the force F using the Hooke’s
law. The corresponding force versus distance plot is shown in Figure 2.9D. Each blue point
in Figure 2.9D corresponds to the red point in Figure 2.9C. The distance D = 0 represents
the mica-mica contact, meaning that the separation (or the “hard wall”) is due to the FDTS
layers. The hard wall is D ~ 7 nm, which indicates that the FDTS thickness on each disk is
~3.5 nm. We observe that the hydrophobic force normalized by the radius of curvature of
the disc, which is related to surface energy, is F/R = 110 mN/m (more details in Chapter
3).

2.3 Other Techniques
The SFA is closely related to atomic force microscopy (AFM), but SFA
measurements have distinct advantages over AFM force measurements. For instance, SFA
enables direct measurement of the absolute distance between the surfaces, which is not
possible in AFM. The SFA utilizes extended surfaces, such that continuum models can be
applied to understand mechanics, deformation, and convert forces into energies. Quasithermodynamic-equilibrium relationships between surface forces and separations are
possible due to the SFA architecture that enables ultralow speeds of approach, e.g., 10
nm/sec, whereas AFM force measurements operates at much higher speeds, such as 1 𝜇m/s.
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2.4 Limitations
As SFA is an interferometry-based measurement, its results sensitively depend on the path
of the light beam. White light should pass normally through the surfaces and misalignments
lead to errors. Non-uniform deposition of the mirror, for example due to variation in
deposition rates or silver purity, can lead to, respectively, roughness or optical
inhomogeneity. For higher distance resolution, thin mica substrates are suitable. The
analytical model is valid under the assumption that the light ray components go through
total internal reflection. The accuracy of the whole system also depends on mica quality
and laboratory cleanliness.
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Chapter 3 : Measuring Isotopic Effects at Hydrophobic
Nanoconfinement
3.1 Abstract
Hydrophobic forces refer to the mutually attractive forces experienced by apolar molecular
solutes, such as hydrocarbons, perfluorocarbons, inert gases and surfaces in water leading
to the formation of nanoscale micelles and macroscopic gas-hydrates. Hydrophobic forces
are also known to influence the structures and functions of proteins, lipid membranes and
ion-channels. Yet, despite their significance, a molecular understanding of the physical
origin of hydrophobic forces between extended surfaces is lacking. For instance, the recent
reports on the anomalous behavior of water confined between smooth hydrophobic sheets,
including the lowering of dielectric constants, the formation of cubic crystals at room
temperature and the ultrafast transport of water molecules across hydrophobic nanosheets
and nanochannels, comprise promising but poorly understood phenomena. We consider
accounting for the nuclear quantum effects on hydrophobic forces through laboratory
experiments and molecular simulations. We found that the attractive forces between
molecularly smooth rigid hydrophobic perluorodecyl-terminated surfaces were ~ 10%
higher in light water (H2O) than in heavy water (D2O) even though macroscopic
measurables, such as interfacial tensions and contact angles were indistinguishable.
Molecular dynamic simulations and free energy decomposition analysis revealed this to be
a purely nanoscale effect, brought on by relatively enhanced (compared to the bulk liquid)
zero-point energy and entropy in D2O compared to H2O due to the enhanced coupling of
the former with the low frequency vibrational modes of the hydrophobic surface. These
results advance the notion that interfacial nuclear quantum effects and entropy control the
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stability of water in hydrophobic confinement, which could be possibly be exploited as a
design principle for aqueous nanoscale devices.

3.2 Introduction
Over the past four decades, direct measurements of forces between extended
hydrophobic surfaces in dilute electrolytes of water have confirmed that the (i)
hydrophobic interaction exceeds the sum of surface forces due to van der Waals interaction
and electrostatics, and (ii) the hydrophobic interaction decays exponentially with distance,
with a characteristic decay length, Do as 𝐹"# ∝ 𝛾() × 𝑒 .///™ , where 𝛾() is the interfacial
tension at the water-hydrophobe interface (typically, 𝛾() ≈ 40 − 50 mJ m.: )[1-8].
Careful underwater measurements have revealed decay lengths, Do = 0.3 nm between
liquid oil droplets [9]; Do = 0.8 nm between air bubbles and hydrocarbon surfaces [10];
and 1 nm < Do < 1.7 nm for a variety of hydrophobic monolayers and multilayers on rigid
supports [1, 11]. While this trend suggests that the molecular mechanisms underlying
hydrophobic interactions between extended surfaces might vary with their mechanical
rigidity, molecular insights into the nature of the exponential function and decay lengths,
Do, remain unclear [8,12]. To probe deeper into the effects of hydrogen bonding,
researchers have investigated forces between hydrophobic surfaces in in mixtures of water
with co-solvents, such as ethanol, methanol, and tetrahydrofuran [13-15]. However, under
those circumstances, hydrophobic interactions are invariably reduced, as expected, due to
lower interfacial tensions, sparse hydrogen bonding networks, and preferential phase
segregations. Thus, new experiments are needed to shed light on those issues.
We considered the role of nuclear quantum effects on the hydrophobic interaction;
they are known to affect the static and dynamic properties of water [16, 17], and water53

mediated interactions between small hydrocarbons and perfluorocarbons [18]. While the
bulk properties of H2O and D2O at 298 K and 1 atm are nearly identical, including surface
tension, refractive index, dielectric constant, viscosity, and density [19], there are
significant differences in the vibrational properties at the molecular scale, notably the O-D
stretch is much more localized than the O-H stretch [20]. The infrared attenuated total
reflection (IR-ATR) spectra of D2O shows three distinct peaks at 2395, 2479 and 2587 cm1

, whereas H2O shows a broadband in the same region reflecting much more delocalized

and excitonic vibrational modes [20-22]. The covalent O-D bonds in D2O are stronger than
the O-H bonds in H2O and the non-covalent O--D bonds in D2O are weaker than the
hydrogen bonds (O--H) in water [20, 22, 23]. It has also been demonstrated recently, that
D2O requires nearly six-times higher salt concentration to perturb the bulk hydrogen
bonding as compared to H2O [24].
Previous approaches comparing the stability of proteins, transfer free energies of
molecular solutes, and rates of chemical reactions in H2O and D2O did not follow specific
trends rendering them inapplicable towards making meaningful predictions towards forces
between hydrophobic surfaces in water [25-27]. The evaporation rates of H2O are known
to be higher than that of D2O [28] at 298 K and 1atm but the process might involve multiple
molecules [29]; yet, it is not obvious how to extend those results to understand the
molecular mechanisms underlying forces between rigid and extended hydrophobic
surfaces. In response, we performed direct measurements of hydrophobic interactions
between molecularly smooth hydrophobic surfaces in 5 mM KCl solutions of D2O and
H2O. Against the classic expectation, we found higher attractive hydrophobic surface
forces in H2O than D2O that we detail in the following sections. Force measurements were
performed on symmetric FDTS-FDTS system and asymmetric FDTS-ODT system
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3.3 Materials and methods
3.3.1 Experimental methods
We employed a surface forces apparatus (SFA) to quantify the hydrophobic interactions
between H2O and D2O; details of this technique have been extensively reviewed in the past
[30] and described in Chapter 2. Briefly, SFA uses molecularly smooth back-silvered
(silver thickness of ~50 nm to render them partially transmitting) mica surfaces of equal
thickness glued onto two macroscopic cylindrical silica discs arranged in a crosscylindrical geometry. When white light passes through opposing back-silvered mica
surfaces, an optical interferometer is formed. The transmission function of this
interferometer is represented by a series of sharp fringes of equal chromatic order (FECO),
which contain information about the thickness and the refractive indices of all the optical
layers. The distance D between the surfaces is measured by white light interferometry
(fringes of equal chromatic order (FECO)) with an accuracy of ±1 angstrom (Å) [31].
Back-silvered mica surfaces were treated with oxygen plasma for ten minutes. This step
enhances the coverage of reactive silanol (Si-OH) groups at the mica surface, ultimately
allowing for a stable hydrophobic layer to be grafted. The hydrophobic layer consists of
perfluorodecyltrichlorosilane (FDTS), which we deposited by molecular vapor deposition.
The sample was then vacuum baked for an hour at 120°C for removal of physisorbed
molecules leaving a uniform solid layer of FDTS. All the solutions (heavy water - Sigma
Aldrich 99.8%, and light water - MilliQ (resistivity: 18 MΩ/cm, pH 5.6), containing 5 mM
potassium chloride (Fisher Scientific 99.8%) were degassed by stirring with Teflon-coated
magnetic bars and evacuated for two hours before injecting into the SFA chamber. We
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brought FDTS-coated mica surfaces into contact in dry nitrogen which defines the
reference zero distance, D = 0. Several consecutive measurements were recorded with D2O,
followed by H2O, and the cycle was repeated. FECO images were recorded for each force
run using the Andor Solis software.
Asymmetric system experiments with SFA employed templated gold surface
instead of mica as the substrate. Mica coated gold was templated on to the SFA glass disks
using UV glue to form a partially reflective layer of 50nm gold. The templated gold disk
was immersed in 1mM ODT(Octadecanethiol) solution for 12-18 hours and shielded from
light. The surfaces were thoroughly rinsed with hexane and ethanol and dried with N2 gas
[32]. The resulting hydrophobic coated disks where placed in SFA box in cross cylinder
geometry against back silvered mica coated with FDTS. Several consecutive force runs
were performed by changing the solution from H2O to D2O and vice versa.

3.4 Hydrophobic interaction between FDTS thin films
To examine hydrophobic forces between FDTS thin films in SFA, the back silvered mica
glued onto cylindrical silica disks is coated with FDTS as mentioned in the Materials
section. Contact angle measurements were done prior to force measurements to quantify
the hydrophobicity of the surfaces. Freshly cleaved mica surfaces are hydrophilic,
characterized by intrinsic contact angles, 𝜃F < 5° . The mica samples were passed through
the

same

protocol

to

achieve

smooth,

robust

covalently

grafting

perfluorodecyltrichlorosilane (FDTS) molecules. The resulting surfaces were hydrophobic,
characterized by intrinsic contact angles, 𝜃F = 112° ± 1°, advancing angles, 𝜃G =
118° ± 2°, and receding angles, 𝜃› = 100° ± 2°, for the H2O/air and D2O/air systems
(Figure 3.1, Table 1). There were no significant differences in the wetting behaviors of
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H2O and D2O drops on FDTS/mica surfaces. The water repellence of coatings can vary
with time due to surface degradation/deformation [33] and contamination [34]. We
therefore investigated the stability of our FDTS/mica surfaces immersed in water for
periods equal to the duration of our surface forces measurements, and we found that they
remained stable for at least six hours

Figure 3.1: (A) Wetting of mica with water: H2O and D2O water spread on mica yielding
ultralow contact angles; (B-C) Sessile drops of H2O and D2O placed gently on FDTS/mica
surfaces yield contact angles that are indistinguishable.
Table 3.1 demonstrates the stability of our FDTS-coated mica surfaces. We incubated
samples in water for controlled durations of time, representative of the duration of our
experiments. We then measured contact angles by advancing sessile drops of water (H2O)
of volume 6µl dispensed through a stainless-steel capillary and advanced/retracted at 0.2
µL-s-1.
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Table 3.1 Incubation data for mica coated with FDTS
Incubation Time (h) Intrinsic
contact

Advancing

contact Receding

angle, 𝜃G

contact

angle, 𝜃E

angle, 𝜃F
0

112°± 1°

118°± 2°

100°± 2°

1

111°± 2°

118°± 2°

100°± 2°

2

111°± 1°

118°± 2°

100°± 2°

3

110°± 1°

118°± 2°

100°± 2°

4

110°± 1°

117°± 2°

100°± 2°

5

110°± 1°

117°± 2°

100°± 2°

6

110°± 1°

117°± 2°

100°± 2°

Surface forces between FDTS surfaces in water at angstrom scale resolution is
quantified using a surface force apparatus (SFA) [30]. Silica discs, with FDTS/mica/silver
films glued onto them, were placed in a cross-cylinder geometry, such that the backsilvered layers facilitated the accurate determination of the distances between the surfaces
by white light multiple beam interferometry [30]. To measure the forces, we brought the
surfaces together at slow speeds of ~10 nm s-1 (Fig 3.2) immersed in 5 mM KCl degassed
solutions of H2O or D2O. We found that the FDTS surfaces attracted each other due to
hydrophobic forces starting at distances D ~ 10 nm, followed by a jump-in instability
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bringing the surfaces into contact (typical areas ≈ 100 µm: ), as reported by others [3537]. The total adhesion force, Fad, was measured by separating the surfaces from contact,
upon which a spring instability resulted in a jump-out from contact (Figure 3.2). From the
precise values of the jump-out distance, Djump, and the spring constant, k, we calculated the
total adhesion force, Fad = k × Djump.

Figure 3.2: The interactive forces measured between mica coated with FDTS surfaces in
5 mM KCl solution of H2O and D2O. The representative force curves are shown. The
outrun points for D2O are enlarged for visibility.

First, we measured the adhesion in H2O, followed by measuring the adhesion in D2O, and
observed a significant decrease upon changing the solution (Figure 3.3a). To confirm that
this result is not due to surface contamination or degradation, both of which can strongly

59

affect measurements of hydrophobic interactions [35], we repeated the cycle, and observed
adhesion recovery in H2O and adhesion decrease in D2O. In a separate experiment, we
measured the adhesion in D2O, followed by measuring the adhesion in H2O, and the
adhesion increased correspondingly (Fig 3.3b)

Figure 3.3: Summary of adhesion forces measured on FDTS-FDTS system. (A) Adhesion
forces measured on water, followed by heavy water and then water again on the same
sample contact point and we observe a decrease in adhesion forces by ~10% in heavy water,
which is recovered when the FDTS system is in water. (B) Adhesion forces measured in
heavy water, followed by water and then heavy water on same sample contact point where
an increase in adhesion by ~7 % is observed.

3.5 Hydrophobic interactions between FDTS and ODT thin films
The decrease in adhesion on hydrophobic surface on the introduction of D2O had to be
further studied experimentally, for which an asymmetric hydrophobic system was set up.
The top disk on the SFA was the traditional back silvered mica, coated with FDTS and the
bottom disk was gold templated silica disk which was coated with octadecanethiol (ODT).
Chemisorption of ODT on gold was done by immersing 1 mM solution in ethanol for 12-
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18 hours, shielded from light. Following which the surfaces were rinsed with hexane and
ethanol and dried with dry N2 gas [32].
Force measurements on the asymmetric system (FDTS vs ODT) lead to a similar decrease
in hydrophobic forces when the solution was changed from H2O to D2O, and the forces
where recovered upon changing from D2O to H2O

Figure 3.4: Summary of adhesion forces measured on FDTS-ODT system. Adhesion
forces measured on water, followed by heavy water and then water again on the same
sample contact point and we observe a decrease in adhesion forces by ~15% in heavy water,
which is recovered when the FDTS system is in water.
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3.6 Discussion and conclusions
Hydrophobic force measurements in presence of H2O and D2O shows that at a
nanoconfinement, light water has a hydrophobic force higher by ~ 10%. This increase is
observed on different hydrophobic surfaces and is a consistent throughout the
measurements. The decrease in adhesion when the solution in changed from H2O to D2O
is recovered when the solution is changed from D2O back to H2O. Even though the
percentage difference between the forces measured in H2O and D2O is similar in all
experiments, a strong variation is observed in the magnitude of adhesion forces in all
experiments. This variation in magnitude of the forces is common for hydrophobic systems
and is likely due to the film quality and contact mechanics [35]. To minimize the effects of
such variations, the contact point was always kept constant over the course of a single
experiment. Over the full data set of symmetric (FDTS-FDTS) and asymmetric (FDTSODT) systems, adhesion in D2O was 90 ± 3 % of the adhesion in H2O (Figure 3.5D).
Force measurements on hydrophobic surfaces has a cumulative effect of
hydrophobic, electrostatics and van der waals forces. The experiments performed
throughout has the both the solutions, H2O and D2O with 5mM KCl which makes the
electrostatic forces similar. The van der waals contribution to the forces has to be
calculated, for which Hamaker constant has to be calculated. The Hamaker constants for
FDTS-H2O-FDTS and FDTS-D2O-FDTS systems is calculated using the following
equation [38]:
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where εi (i = 1,2,3) are the dielectric constants for FDTS (we assumed it to be same as that
of perfluoroethylene), H2O and D2O, respectively, as 2.1, 80, and 79.7; ηi (i =1, 2,3) refer
to the refractive indices of perfluoroethylene, H2O and D2O, respectively, which are 1.359,
1.3333, 1.328; ѵe = 3.0 ×1015 s-1 is the main electronic absorption frequency in the ultraviolet region. Using the equation for the van der Waals force FvdW = -AH/6D2, we estimate
the maximum vdW force at the contact (D = 0.17 nm) for the FDTS-H2O-FDTS and FDTSD2O-FDTS systems to be 17.9 mN/m and 18.4 mN/m at respectively. With the van der
Waals contribution being virtually equal in H2O and D2O, the measured adhesion
difference indicates that the hydrophobic force is correspondingly ~10% stronger in H2O
than in D2O.
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Figure 3.5: (A and B) Representative hydrophobic forces measured between FDTS-coated
mica surfaces measured in H2O and D2O using the SFA. (C)Representative hydrophobic
forces measured between FDTS and ODT coated surfaces. (D)The data demonstrate that
the hydrophobic adhesion between two FDTS-coated mica surfaces is almost 10% higher
in H2O than in D2O. The uncertainties (standard deviation - 1σ) are indicated by the error
bars.

To gain molecular insights into our experimental observations, we performed large-scale
molecular dynamics (MD) simulations using the flexible TIP4P-2005 water model [39].
The model created comprises of two 2D periodic graphene sheets (37×37 Å2) and adjusted
the internal cavity spacing to accommodate varying numbers of water molecules, estimated
to form integer water layers, assuming a water van der Waals radius of 3.2 Å. We obtained
the optimal number of water molecules for each water layer spacing from a Monte Carlo
procedure [40, 41] ensuring the minimum potential energy. By varying the sheet
separation, we simulated the SFA experiments, and tested the stability of individual water
layers on the hydrophobic surfaces sequentially.
This model satisfactorily reproduces the properties of the bulk liquid and reasonably
approximates the competing NQEs at room temperature [42] .We equilibrated the model
systems comprising parallel graphene sheets and confined H2O or D2O at ambient

64

conditions (Figure 3.6A) and we approximated the quantum thermodynamics (free energy,
entropy and ZPE corrected enthalpy) by applying the Two-Phase Thermodynamics method
to classical MD trajectories [43].
Our MD simulations (conducted by Prof. Tod Pascal, Prof. Mishra CRG collaborator from
University of California San Diego and Dr. Adriano Santana, a postdoctoral scholar in Prof.
Mishra’s Group) reveal nonlinear differences in the relative quantum free energies of
interfacial D2O and H2O molecules under hydrophobic nanoconfinement compared to
those in bulk D2O and H2O liquids. As a benchmark, the classical mass density profile,
average number of hydrogen bonds per molecule (h-bonds), and distribution of h-bond
energies show no discernable isotope effect. Figure 3.6B presents the excess density of
states (DoSex) function for various separation distances, D. In the instructive special case
of D = 0.7 nm (with a water monolayer between the graphene sheets), we find the
characteristic spectral features for “free” OH (~3660 cm-1 with this water model) and “free”
OD (~ 2640 cm-1). We calculate two competing thermodynamic effects due to the shifts in
the vibrational properties of interfacial H2O and D2O molecules. First, the increased
population of broken interfacial h-bonding states leads to a positive ZPE correction and
enthalpic destabilization (Figure 3.6C). Concomitantly, the intensities of the symmetric
and asymmetric O-H (D) bond stretching peaks are reduced compared to those of the bulk
liquid, leading to a negative ZPE correction. Overall, the destabilizing broken h-bonding
effect dominates and, critically, H2O molecules in the first layer next to the hydrophobic
interfaces are more destabilized compared to D2O due to the higher frequency of the O-H
bond than the O-D bond [20]. This destabilization effect provides the likely nanoscopic
mechanism for the experimentally-measured stronger adhesion in H2O than D2O.
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Figure 3.6: Thermodynamics and spectroscopy of hydrophobic nanoconfinement.
(A)
Schematic of our MD simulation cell. We apply 1 atm of constant pressure to the graphene
sheets and vary the number of water molecules (red and white dots) between the sheets.
(B) The normalized excess density of states [DoSex(v)] for D2O (red) and H2O (blue) with
frequency, v. Contributions arising from internal vibrations (bond stretching and angle
bending – top panel) and rotations about the center of mass (lower panel) are shown. We
separately plot the DoSex(v) for (i) D = 0.7 nm, (ii) D = 1.0 nm and (iii) D = 2.7 nm sheet
separations, compared to the full bulk liquid spectrum (iv). We scaled the D = 2.7 nm
spectrum by a factor of 10 to enhance visibility. For the internal vibrations, the dashed
vertical lines indicate (with increasing frequency) the O-H (D) symmetric and asymmetric
stretches and the broken hydrogen bond peak. Convergence to the bulk DoS is observed
around D = 2.7 nm. (C) Excess per-molecule free energy (top panel), enthalpy (middle
panel) and entropy (bottom panel) of confined D2O (red) and H2O (blue) as a function of
increasing D. Solid points represent the quantum corrected free energies/enthalpies, which
display a pronounced NQE between the isotopologues. Hollow points represent the free
energies/enthalpies obtained from the classic energies (potential energies from the MD
simulations), which does not display NQE. Middle Inset: Excess zero point energy
contributions to the quantum enthalpy. (D) Plot of the difference in the excess DoS in H2O
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and D2O as a function of D. The total (black) is positive, meaning that H2O has larger
quantum corrections than D2O. Contributions arising from vibrational motion (gray)
dominate those arising from rotational motion (pale blue).

In addition to the shifts in the stretching properties of interfacial water molecules, we find
increases in the low energy rotational states at the interface compared to in the bulk liquid,
and the appearance of new peaks in the range 320-450 cm-1 and 150-300 cm-1 in the spectra
of interfacial H2O and D2O, respectively (Figure. 3.6B). Thus interfacial water molecules
near the hydrophobic surface have more sluggish (lower frequency) rotational dynamics
relative to the bulk liquid [44], causing an increase in the relative entropy, heat capacity
and overall stability of D2O molecules compared to in H2O, a finding recently reported by
Park and co-workers from their investigation of friction at the mica-water-graphene
interface [45]. Finally, we find that both the diffusional and liberational (molecular rattling
motions such as those that occur in a solid) modes are affected by the hydrophobic surface,
although these effects compensate for each other and thus there is no appreciable difference
between H2O and D2O.
Analysis of the stability of water molecules hydrophobically confined at larger sheet
separation shows that isotopologue NQEs extend up to the third interfacial layer,
preferentially stabilizing D2O molecules approximately ~ 1.5 nm from the hydrophobic
surface (Figure. 3.6D). Beyond these three interfacial layers, we find that the excess free
energy of D2O converges faster to the bulk H2O. Thus at large surface separations, the
solid/liquid surface tension in H2O is similar to D2O. Moreover, we applied the Young’s
equation [46] to the calculated surface energies and found the contact angles of 109o and
107o for H2O and D2O respectively, in good agreement with our experimental
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measurements. Our calculations therefore present a thermodynamic rationale for the
experimental measurements. A dewetting transition occurs when two hydrophobic sheets
slowly approach each other, and the magnitude of this hydrophobic force is directly
proportional to the free energy difference between the confined and bulk water molecules
[47]. At the nanoscale, our calculations show that H2O molecules are relatively destabilized
compared to D2O due to NQEs, resulting in the larger hydrophobic force measured
experimentally. This means that NQE in liquid water next to hydrophobic surfaces is a
purely nanoscale phenomenon, due to internal vibrational and rotational properties of the
molecule. We confirmed this hypothesis by means of quantum MD simulations employing
the coarse-grained mW water model [48] (a structureless, many-body potential), which did
not show isotopologue NQEs.
In summary, we have advanced a thermodynamic rationale for the measured isotopic effect
of hydrophobically confined water, based on considerations of NQEs arising from shifts in
the rotations and intramolecular vibrations at the interface. Our findings highlight that the
inclusion of NQEs in molecular simulations should yield a better understanding of
intermolecular and surface phenomena in nanofluidics [49] and biology [50]. The
preferential stabilization of D2O in hydrophobic nanoconfinement over H2O also presents
advancement opportunities for separation processes at the nanoscale and nanosensor arrays
with extreme sensitivity to isotopologues.
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Chapter 4 : Molecular Insights into the Partitioning of Amphiphilic
Molecules at Water-Hydrophobe Interfaces: Fundamentals and
Applications
4.1 Abstract
A variety of industrial processes entail the removal of small organic molecules from
aqueous solutions, such as in fermenter broths, wastewater treatment, food and beverage
processing, and bioresource processing. An umbrella of these processes, known as
membrane distillation (MD), remove volatile organics (at low concentrations) from
feedwater by the application of heat and the use of hydrophobic or superhydrophobic
membranes. In a typical direct contact membrane distillation (DCMD) process, a
membrane separates cross-flowing streams of warm, feedwater and cold, pure water and
liquid entry inside the pores is prevented by the capillary pressure. If the pure water side is
replaced by a low-pressure environment, e.g. 0.2-0.5 atm, (“vacuum”), the process is
known as vacuum membrane distillation (VMD). While DCMD can be used for < 0.1%
(V/V) concentration of organics, VMD is used for high alcohol concentrations, such as 34%
ethanol (V/V). MD membranes, typically composed of or coated with perfluorocarbons
such as polytetrafluoroethylene and polyvinylidene difluoride, are vulnerable to organic
fouling over time, leading to the loss of hydrophobicity and the intrusion of feedwater
inside membrane pores and process downtime. Here, we investigate the loss of
hydrophobicity of ultra-smooth perfluorodecyltrichlorosilane- (FDTS-) terminated mica
surfaces as surrogate surfaces exposed to ethanol-water mixtures in the volumetric ratios:
0%, 0.1%, 0.5%,1% ,18%, and 100%. We explore why ethanol partitions at the waterFDTS interface despite its miscibility in water. The extent of the adsorption of ethanol onto
ultra-smooth FDTS/mica surfaces is evaluated by (i) measuring hydrophobic surface forces
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by bringing apposing FDTS-coated mica surfaces in contact and separating, and (ii)
withdrawing the surfaces from the mixture, drying with N2 gas, and measuring
advancing/receding contact angles of water drops on them. Our surface force
measurements, contact angle goniometry, and gas chromatography on FDTS-coated silica
beads exposed to water-ethanol mixtures, all confirmed significant adsorption. Our carful
study of receding contact angles of water drops revealed that simple backwashing of the
surface with pure water or drying it with N2 gas at 2 atm were insufficient to remove the
adsorbed alcohol molecules. We found that heating these surfaces to 363 K for 1 hr restored
the original hydrophobicity as confirmed by our surface force measurements and contact
angle goniometry. To simulate a realistic scenario, we tracked the loss of hydrophobicity
of FDTS-coated ultrafiltration membranes with an average pore diameter of 12 µm
separating 0.1% (V/V) ethanol-water mixture containing 0.6 M NaCl on one side from a
pure water reservoir. Due to the adsorption of alcohol onto the pore walls water penetrated
into the pores and the separation was severely compromised within 4 hours. To gain
insights into the origins of hydrophobic interactions, we performed potential of mean force
calculations using molecular dynamics simulations, and we found that the multibody
effects in water lead to a ~ -2.5 kBT potential well on the free energy landscape at the waterhydrophobe interface. These findings should aid the development of rational, rigorous
monitoring and cleaning protocols for MD membranes.
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4.2 Introduction

Water repellence of surfaces is characterized based on advancing, qA, receding, qR, and
(advancing) apparent, qr, of sessile droplets of water under saturated vapor conditions. If

qr > 90°, surfaces are categorized as hydrophobic [1, 2], and if qr > 150° and qA - qR < 20°,
surfaces are categorized as superhydrophobic [3]. The present understanding is that
superhydrophobicity necessitates surface chemistry and surface roughness [2, 4, 5]. The
most commonly utilized chemicals in this context are perfluorocarbons, e.g.,
polytetrafluoroethylene and polyvinylidene difluoride [6, 7]. When a hydrophobic or
superhydrophobic surface is immersed in water, the microtexture entraps air at the solidliquid interface, leading to partially-filled or Cassie states and avoiding imbibition of water
inside pores [4, 8]. This robust entrapment of air in the membrane is utilized in technologies
for separating small molecule organics from aqueous feeds, for example, in fermenter
broths [9], wastewater treatment [10], food and beverage processing [11], and bioresource
processing [12]; other applications include drag reduction [13] and water desalination [14,
15]. Membrane distillation (DCMD) enables robust physical separation of feed-streams
from the permeate sides using hydrophobic and superhydrophobic membranes [6, 16-19].
In direct contact membrane distillation (DCMD), the permeate side comprises a stream of
cold deionized water (Figure 4.1), whereas if it comprises air at low pressure, the process
is known as the vacuum membrane distillation (VMD) [20]. In comparison to
pervaporation, an energy intensive liquid-liquid separation technique that entails the
dissolution of permeants in the membrane followed by their diffusion [21], MD processes
can be designed with lower carbon footprint because the latter can utilize low-grade waste
heat from industrial and natural sources, such as low-enthalpy geothermal or solar-thermal
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[6, 22]. Here, we investigate the thermodynamic drivers for the time-dependent loss of
hydrophobicity of surfaces and membranes immersed in water-organic mixtures.

Figure 4.1: Schematic of a typical direct contact membrane distillation (DCMD) setup - a
hydrophobic membrane separates a salty stream (hot) of water from a deionized (cold)
stream, flowing in opposite directions. Only water vapor transports across from the hot to
the cold side. (Figure adapted from Ref. [14]; Illustrator: Ivan Gromicho, KAUST)

In pure water, wetting transitions to the fully-filled (Wenzel) state are led by the dissolution
of air in the liquid, deformation of the solid, and/or capillary condensation [4, 23-27]. When
present in trace quantities, water-soluble amphiphilic contaminants, e.g., ethanol, are not
expected to partition at the water-hydrophobe interface, thereby losing their extent of
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hydration. Similarly, when a hydrophobic surface is withdrawn from water-organic
mixture, rinsed with pure water, and dried, for instance, by blowing dry nitrogen gas, those
small molecules are not expected to not remain adsorbed on the surface. In contrast,
hydrophobic surfaces get fouled by organics, leading to the loss of their hydrophobicity
[28-30]. Other mechanisms for the loss of surface hydrophobicity, not considered in this
work, include the physical degradation of membranes, for instance, due to harsh operating
conditions, including heat [31], abrasion [32] and severe chemical cleaning protocols [28,
33-35]. With the loss of hydrophobicity, capillarity drives the intrusion of feedwater inside
membrane pores. The standard protocol for characterizing the cleanliness of membranes
entails the measurement of contact angles – advancing, receding, and apparent [36];
though, many reports utilized only advancing contact angles [31, 37, 38]. Arunachalam et
al.,have recently demonstrated that contact angles – advancing, apparent, and receding may not always report on the true liquid-repellence, due to the localized nature of the
measurements [39]. Towards gaining fundamental insights into the partitioning of small
molecule organics at water-hydrophobe interfaces, we applied complementary
experimental and computational techniques. Specifically, we utilized ultra-smooth
perfluorodecyltrichlorosilane- (FDTS-) terminated mica surfaces as model hydrophobic
surfaces and exposed them to ethanol-water mixtures containing 0-100% alcohol (v/v).
Ethanol and FDTS were used as model foulant and hydrophobic surface, respectively,
because of their industrial relevance (discussed above). Protocols for regenerating
hydrophobicity were also explored.
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4.3 Materials and methods
4.3.1 Model organofoulants.
The model organics used in this study were ethanol, methanol and isopropyl alcohol
(99.9% purity, obtained from Sigma Aldrich and used as-received). Water-alcohol
mixtures comprised 10 mM KCl (Fisher Scientific 99.8%) in MilliQ water with the
volumetric ratios: 0.1%, 0.5%,1% and 18%. Before surface force measurements, water was
degassed using a mechanical pump (0.03 bar) to avoid nucleation of bubbles at the waterhydrophobe interface [40, 41]. In order to prevent the passage of moisture into the pump,
a Liebeg condenser, placed in an ice bath, was placed between the flask containing water
and the vacuum pump. Degassing was done for two hours after which the alcohol was
added and mixed quickly, before introducing the mixture into the SFA box.

4.3.2 Surface force measurements with FDTS-coated mica surfaces.
Surface force measurements were performed using the Surface Force Apparatus
(SFA2000, SurForce LLC, Santa Barbara, CA) [42]. As detailed in Chapter 2, SFA utilizes
white light interferometry to measure the distance between the surfaces. To realize the
interferometer, molecularly smooth mica films were coated with 50 nm-thick silver using
metal evaporator (deposition rate < 0.2 nm/s). These mica films were then glued onto silica
disks (radius of curvature, R ~ 2 cm) using a UV glue (Norland optical adhesive 81), such
that the silvered-side touches the glue. The glue used here is stable under a wide range of
solvents, including those involved in this study. Before grafting FDTS, mica was activated
using a process that we developed (details in Chapter 2). Briefly, it entails the
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hydroxylation of the potassium-alumino-silicate lattice of mica surface using a radiofrequency oxygen plasma containing steam (pressure 0.3mbar, power 100%). These
surfaces were covalently grafted with FDTS by a molecular vapor deposition process
(Applied Microstructures MVD100E; details in Chapter 2). Subsequently, the samples
were vacuum-baked at 393 K for 60 minutes to remove physisorbed FDTS layers, followed
by rinsing with tetrahydrofuran to also remove any non-covalently-bonded FDTS
molecules. The samples were then vacuum baked at 363 K for 60 minutes to get rid of
tetrahydrofuan. This protocol yields a uniform layer of FDTS on mica that does not degrade
during the course of our experiments. Two FDTS/mica samples, thus prepared, are installed
in the SFA in a cross-cylinder geometry, which yields contact areas of ~100 µm: . Once a
good contact point, devoid of point-defects or cracks, is identified, experiments follow this
order: water (10 mM KCl), water-alcohol mixtures in an increasing order of alcohol
concentration, ending with water (10 mM KCl).

4.3.3 Measurement of contact angle using goniometer.
Apparent advancing/receding contact angles of water drops were measured using a Kruss
Drop Shape Analyzer DSA100. The method entailed forming a drop of water at the rate of
0.2 μL-s-1 on the surface until the volume reached 2 µl. Subsequently, it is advanced and
receded by 1 µl. This procedure is repeated at three locations on each sample while
recording images. The images were analyzed using the Advance software, fitting the triple
line with the tangent method to estimate the contact angles. The difference between
advancing and receding contact angles is known as the contact angle hysteresis, which
provides valuable insights into surface chemistry for ultra-smooth contamination-free
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surfaces (i.e. free of topographical features) [43]. We took precautions to keep our samples
clean (protocols for cleaning and storage reported in Refs.[39, 44, 45]), but a complete
avoidance of contaminants, for instance from air and walls of the container, is not possible
[46, 47]. Our characterization of alcohol adsorption by contact angle was as follows:
FDTS-coated mica surfaces were immersed in water-alcohol mixtures, rinsed with water,
dried with nitrogen gun (4 atm pressure) followed by goniometry. For an ultra-smooth
hydrophobic surface with chemisorbed molecules, the contact angle hysteresis of water
should be zero, but nanoscale asperities and physisorbed contaminants lead to non-zero
values, as observed experimentally. As amphiphilic molecules adsorb onto the surface from
water-ethanol mixtures, the contact angle hysteresis increases significantly.

4.3.4 Computational Section. Our molecular dynamics (MD) simulations (conducted
by Dr. Adriano Santana, a postdoc in Prof. Mishra’s Group) comprised a water reservoir
with ethanol molecules interfacing with a 3.8 × 4.2 nm2 graphene surface as the surrogate
for the FDTS-coated mica. We applied periodic boundary conditions in x, y, and z
directions. Two scenarios were studied: (a) dilute case, where we add a single ethanol
molecule to 862 SPC/E water molecules, which is equivalent to 0.45 % (V/V) (Fig 4.9 A),
and (B) saturated case, where we saturated the graphene surface with 70 ethanol molecules
plus 700 water molecules above, which corresponds to a concentration of 22.2% (V/V) (Fig
4.9 B). The cell dimensions were the same in these scenarios: 3.8 × 4.2 nm2, while the zaxis for the diluted and saturated cases were 2.51 nm and 2.15 nm, respectively. The whole
simulation cell is in periodic boundary conditions. Potential of mean force (PMF) was
calculated for each scenario that gives the Helmholtz free energy path for dragging an
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ethanol molecule from the water-graphene interface into the bulk along the z-axis. Because
scheme 2 has 70 ethanol molecules, we picked one that was lying on top and closer to the
middle of the graphene sheet to capture the effects of neighboring alcohol molecules in
addition to that of the hydrophobic surface. We employed the LAMMPS software package
[48] for MD simulation, and the collective variables interface (COLVARS) [49] module
was used for the PMF study. To obtain the PMF, we used the adaptative biasing force
method [50]. The COLVARS settings for the harmonic walls were the same in both
systems: a force constant of 0.002 kcal mol-1/(Å)2, a width of 0.1 Å and a sampling region
of 20 Å in the z-axis.
Water was described with the SPC/E model [51]. The H-O-H angle was kept rigid using
the SHAKE algorithm [52]. The graphene sheet and ethanol molecules were described
using the OPLS-AA force field, using the same parameters as used by Kommu [53] . We
employ the velocity-Verlet algorithm [54] to integrate the equations of motion with a
timestep of 1 fs. The van der Waals interaction has an inner and outer cutoff of 9 and 12
nm respectively. The Coulomb long-range interactions are described with the PPPM [55]
method and a k-space tolerance of 10-3 kcal mol-1. The details of the whole simulation
procedure are as follows: we minimized the simulation box with the conjugate gradient
(cg) [56] algorithm with a force tolerance of 10-5 kcal mol-1/Å and an energy tolerance of
10-4 kcal mol-1. Then, we heated the system in the NVT ensemble with the Nose-Hoover
[57] thermostat and a Tdamp of 100 timesteps. Afterwards, we equilibrated the system in
the isothermal-isobaric (NPT) ensemble at a constant pressure of 1 atm for 5 ns until the
water box gives a density of 1 gm cc-1. Finally, we performed 5 ns in the NVT ensemble,
followed by a 100 ns simulation run where the final PMF was obtained.
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4.4. Results and discussion
4.4.1 Hydrophobic surface forces.
To measure surface forces between FDTS-coated surfaces separated by 10 mM KCl
solutions in water, methanol, ethanol, and isopropanol, we brought the surfaces together at
ultra-slow speeds of ~10 nm-s-1 to minimize hydrodynamic effects. Each alcohol force run
was done separate samples with water followed by the alcohol and water again at the same
contact point. The total adhesion force, Fad, was measured by separating the surfaces from
contact, upon which a spring instability resulted in a jump-out from contact (Figure 4.2).
From the precise values of the jump-out distance, Djump, and the spring constant, k, we
calculated the total adhesion force, Fad = k × Djump. Figure 1 presents the adhesive surface
forces along with force-distance data (in the inset) between FDTS-coated mica surfaces in
pure water, methanol, ethanol, and IPA). In water, we found that the FDTS surfaces
attracted each other due to hydrophobic forces starting at distances D ~ 10 nm, followed
by a jump-in instability bringing the surfaces into contact (typical areas ≈ 100 µm: ), as
reported by others [58-60]. In the case of pure alcohols, the interactions between FDTS
surfaces is van der Waals, which leads to weaker forces (Figure 4.2).
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Figure 4.2: Normalized adhesive forces measured between the FDTS-coated mica surfaces
separated by water, methanol, ethanol and IPA, using the Surface Force Apparatus. The
magnitude of each of the forces in the bar-plot is an average of five force runs, standard
deviation of which is represented by the error bars. Forces are normalized with respect to
water and decrease in adhesion is significant in pure alcohols. The inset presents
representative force-distance curves in methanol (red), ethanol (green), and IPA (brown),
where solid and hollow symbols, respectively, denote out-runs and in-runs, respectively.

Next, we investigated variation in hydrophobic surface forces as a function of alcoholwater volumetric ratios: 0.1%, 0.5%, 1%, 18%, and 100%. Depending on the film quality
and contact mechanics at the point of contact, there could be significant variation in the
magnitude of surface forces [58]. To minimize the effects of such variations, the contact
point was always kept constant over the course of a single experiment. Adhesion was
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measured in 100% water, followed by alcohol-water mixtures. Surface forces in alcoholwater mixtures were normalized with respect to those in pure water. We observed a 33%,
45%, 55%, and 70% decrease in the hydrophobic force, respectively, in 0.1%, 0.5%, 1%
and 18% (V/V) ethanol-water mixtures Figure 4.3(A-D). In each set of experiments after
alcohol-water mixtures, we rinsed the surfaces with pure water – akin to backwashing –
and measured surface forces in water. Our expectation was that given the high miscibility
of alcohol in water, it would be removed from the FDTS surface. To our surprise, the
surface forces did not recover back to the original value, underscoring the fact that alcohol
molecules had remained physisorbed onto the surface. With increasing alcohol
concentration, the extent of physisorption increased, until it reached 18% (V/V), after which
there was no further decrease in FDTS-water-FDTS case, suggesting that the surfaces had
been saturated with the organic (Figure 4.3D).
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Figure 4.3:Normalized hydrophobic forces between FDTS-coated mica surfaces separated
by water, followed by water-ethanol mixtures, followed again by water to ascertain
physisorption of organics at the FDTS-water interface. (A) 0.1% (V/V) ethanol
concentration; (B) 0.5% ethanol concentration; (C) 1% ethanol concentration D)18%
ethanol concentration. The hydrophobic forces measured at 18% ethanol is similar to that
measured in pure ethanol.

4.4.2 Contact angle measurements.
Pillai et al., have recently shown that hydrophobic nanoconfinement of water could lead to
unexpected results – nuclear quantum effects lead to higher hydrophobic surface forces
between FDTS surfaces when separated by H2O than in D2O under normal pressure and
temperature (Chapter 2). In contrast, those effects do not come into play at FDTS-water
interfaces, i.e. without nanoconfinement. Thus, we sought to confirm that the adsorption
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of organics onto FDTS surface was a general phenomenon, independent of confinement
effects. To this end, we measured advancing, receding, and apparent contact angles of
water drops onto FDTS-coated mica surfaces that have gone through the following
protocol: surfaces were first immersed in water-alcohol mixtures for 10 minutes followed
by rinsing with water and drying with N2 gas (pressure 4 atm). Figure 4.4 summarizes the
contact angle measurements – interestingly, the advancing and apparent contact angles do
not change dramatically, whereas the receding contact angles are most sensitive to
physisorbed amphiphilic species on the surface. As observed in the trend in the surface
forces, receding contact angles for 18% and 100% ethanol concentrations are quite similar,
suggesting that the alcohol molecules have saturated the FDTS surface. Similar trends in
contact angles were observed with methanol and isopropyl alcohol (Table 4.1 and 4.2)

Figure 4.4: Contact angle measurements of FDTS on mica: (A) Contact angles on mica
coated FDTS with water, methanol, ethanol and IPA. (B)Mica coated with FDTS is
immersed in water and different ethanol concentrations (0.1%,0.5%,1%,18% and 100%)
for 10 minutes. Following this the samples are dried in nitrogen and contact angle
measurements are performed. The static and advancing contact angles remain almost
constant throughout, while a decrease in receding angle is observed due to the adsorption
of alcohol molecules on FDTS.

89

Table 4.1: Contact angle measurements of water drops on FDTS-coated mica that is first
immersed in the methanol-water mixtures for 15 minutes, rinsed with pure water, and
dried with N2 gas.
Methanol

Advancing

Receding

Static

contact angle

contact angle

contact angle

Water

118.3° ± 1°

100.5° ± 1.5°

112° ± 2°

0.1%

117.6° ± 1.5°

94.3° ± 2°

113.5° ± 1°

0.5%

118.2° ± 2°

91.8° ± 1.5°

112.3° ± 1.5°

1%

117.2° ± 2.3°

90.5° ± 1°

110.4° ± 2°

18%

115° ± 1.5°

83.5° ±1°

111.5° ± 1.5°

100%

117.2° ± 1.3°

82.1° ± 2°

112.5° ± 2°

concentration

Table 4.2: Contact angle measurements of water drops on FDTS-coated mica that is first
immersed in the isopropanol-water mixtures for 15 minutes, rinsed with pure water, and
dried with N2 gas.
Isopropanol

Advancing

Receding

Static

Water

117.5° ±1.5°

101.2° ±1°

113° ± 1.6°

0.1%

118.2° ± 1.2°

93.4° ± 1.5°

114° ± 2°

0.5%

116.3° ± 2°

92.2° ± 1.6°

114.2° ± 2°

concentration

90

1%

117.1° ± 1.8°

89.3° ± 2°

112.5° ± 1.5°

18%

118.5° ± 2°

81.5° ± 1.5°

113.2° ± 0.5°

100%

119.1° ± 1.3°

80.2° ± 2°

112.4° ± 1.6°

4.4.3 Fouling of hydrocarbon surfaces.
To demonstrate that the physisorption of amphiphilic molecules onto hydrophobic
surfaces in water is a general phenomenon, and not limited to perfluorocarbons, we
exposed octadecyltrichlorosilane- (ODTS-)coated silica beads to ethanol-water
mixtures.[61] To this end, ODTS-coated silica beads were immersed in 0.1% and 100%
ethanol solutions, rinsed with water, and dried in air; the same procedure was repeated for
pristine silica beads. For characterization, the samples were transferred into a sealed vial
and heated at 363 K for one hour. This step was to remove physisorbed molecules.
Subsequently, a Hamilton gas syringe was used to transfer the gas from the vial to a gas
chromatography chamber (Agilent Technologies 7890A GC System). Figure 4.5 represents
the GC results showing the ethanol peaks from the samples coated with ODTS treated with
0.1% and 100% ethanol samples. Reference ethanol peak was obtained by passing ethanol
vapors to GC (Figure 4.5 inset). Bare silica beads did not physisorb detectable alcohol, as
confirmed by the lack of a peak at the ethanol retention time.

91

Figure 4.5: Gas chromatograph of ODTS coated silica beads and immersed in 100% and
0.1% ethanol solutions. Inset: Gas chromatograph of pure ethanol.

4.4.4 Regeneration of hydrophobicity.
We confirmed by multiple techniques that amphiphilic solutes in water partition at waterhydrophobic interfaces of perfluorocarbon and hydrocarbon. Furthermore, we found that
simple rinsing and blow-drying with N2 gas is insufficient to recover hydrophobicity. Thus,
we conducted a systematic study to regenerate the surfaces, without subjecting to harsh
chemical or thermal conditions. We found that an exposure to T ≥ 363K for 60 minutes
was sufficient to reliably remove physisorbed molecules, as evidenced by the recovery of
hydrophobic surface forces in water (Figure 4.6A), complemented by water receding
contact angle data (Fig 4.6B).
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Figure 4.6: (A) Force measurement data of FDTS vs FDTS in water, ethanol (100%),
followed by water. The samples are vacuum baked at 363K for 60 minutes, and force
measurements are performed. (B) Receding contact angle measurements on FDTS coated
mica. 1) Fresh FDTS samples 2) FDTS sample immersed in ethanol and dried in air 3)
FDTS sample immersed in ethanol, vacuum baked at 363K for 60 minutes.

4.4.5 Testing adsorption and regeneration on real membranes.
We investigated time-dependent pore-filling of FDTS-coated, commercial polycarbonate
membranes (Whatman Nuclepore 111116 47mm diameter, pore size 12 µm) (Figure 4.7B).
To this end, we used a home-built module that allowed us to separate pure water from 0.6
M NaCl water containing 0.1 % or 18% ethanol (V/V) at 293K and 1 atm (Figure 4.7A).
The module also facilitated the measurement of the electrical conductivity of the pure water
reservoir using a Hanna electrical conductivity meter (HI 98192). We also added food
coloring (green) to the salty side for the visual detection of leakage. At the beginning of
the experiments, the hydrophobic membranes robustly prevented the mixing of the
solutions. However, within four hours the membranes got penetrated by the alcohol-water
mixture for the either case, as demonstrated by conductivity measurements (Figure 4.7C).
The loss in hydrophobicity due to penetration of alcohol was recovered by vacuum baking
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the membrane at 363K for 60 minutes (Figure 4.7D). Regeneration of hydrophobicity was
observed in force measurements and contact angle measurements by vacuum baking the
samples at 363K for 50 minutes. The same effect was seen on the polycarbonate
membranes coated with FDTS used for pore leakage testing. Regeneration of membrane
was done through air drying as well as vacuum baking. Once the membrane is installed
back to the setup, it was observed that the air-dried membrane failed in 30 minutes, which
indicates that the adsorbed alcohol molecules are not desorbed from the surface which leaks
to pore leakage. Further, the membrane vacuum baked at 363K for 60 minutes was
observed to be stable and produced similar conductivity data as pristine membrane. This
indicated that vacuum baking lead to the removal of adsorbed alcohol molecule from the
hydrophobized membrane surface.

Figure 4.7:(A) Schematic of the home-built membrane-leakage testing module. (B)
Scanning electron microscopy of FDTS coated polycarbonate membranes (1-2) front side
and (3-4) back side (C) Conductivity versus time data recorded for 0.6M NaCl,0.1%
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ethanol mixture and 18% ethanol mixture (D) Conductivity versus time data recorded for
0.6 M NaCl, FDTS coated polycarbonate membrane was immersed in ethanol, dried in air
( blue square ) and vacuum baked at 363K (red square )for 60 minutes. The hydrophobicity
of membrane is regenerated when the membrane is vacuum baked.

4.4.6 Molecular dynamics results.
To gain molecular insights into the origins of partitioning of alcohol at the waterhydrophobe interface, we employed molecular dynamics simulations. Two scenarios were
simulated: (i) dilute (0.45 % V/V; Fig. 4.8A-B), and (ii) concentrated (22.2% V/V; Fig.
4.8C-D). The details of the simulation procedure and unit cells have been presented in the
Section 2.3. We used a graphene sheet as a surrogate for our FDTS-coated surface for
simplicity; we have previously confirmed that the apparent contact angles of SPC/E water
(nano)droplets on this surface are in excellent agreement with our experimental results with
FDTS [62] .To achieve alcohol saturation on the graphene, we fully covered graphene with
as many ethanol molecules as possible (density of the layer was 1.4 g/cc). After an
NPT/NVT equilibration procedure, the saturated ethanol layer was still intact, though it
had reorganized with a density of 0.7 g/cc (Fig 4.9C). In fact, we found that the interfacial
ethanol molecules formed a II-D percolated hydrogen bonded network, which had
unexpected consequences (Figure 4.8D, and detailed below).
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Figure 4.8: Snapshots from MD simulations: (A-B) Dilute mixture, and (C-D) Saturated
case. (B) Zoomed in area near to graphene surface showing single alcohol molecule. (D)
Saturation of graphene surface with alcohol creating a network of strongly adsorbed
alcohol. Graphene was removed from background for clarity. (Color scheme: carbon atoms
of ethanol molecules are green, hydrogen atoms are white, oxygen atoms are red, hydrogen
bonds are dashed black lines and the carbon atoms of graphene are grey).

For the dilute ethanol-water mixture, the potential of mean force (PMF) calculation
converged after 50 ns of simulation time, revealing that there is an energy-minima at d=3.4
Å with the potential well-depth of 𝜟A = -2.1 kcal mol-1 (Figure 4.10A). This result is in
good agreement with a recent study: the adsorption energy (Eads) of ethanol on graphene
pores, Eads= -1.5 kcal mol-1[53]; the enthalpy of adsorption (𝜟Hads) for gaseous ethanol
onto graphene, -𝜟H= 10-16 kcal mol-1, depending on the surface coverage [63]; and the
inverse gas chromatography measurements of adsorption energies of ethanol on graphene
also yielded 𝜟Hads= -7.3 kcal mol-1[64]. For the saturated case, the PMF revealed an
energy-minima on the Helmholtz free energy surface at a distance of d = 3.4 Å and a depth
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of 𝜟A = -6.4 kcal mol-1 (Figure 4.9B). Thus, in this case ethanol molecules are tightly
bound of the surface (Figure 4.9B). This result is in qualitative agreement with ab initio
molecular dynamics simulations and DFT calculations of the adsorption of polycyclic
aromatic hydrocarbons onto graphene with Eads increasing linearly with the number of rings
in the molecule (with Eads in the range 10-16 kcal mol-1, exothermic) [65]. A similar effect
is seen with DFT-D calculations of methanol adsorption on graphene, where Eads increases
with the number of methanol clusters from -4.8 kcal mol-1 for one single methanol molecule
to -8.4 kcal mol-1 for a cluster of five methanol molecules adsorbed on graphene [66].

Figure 4.9: PMF result for the diluted case, (A), and saturated case (B).Both system show
a minima at 3.4 Å from the graphene and diluted case has an Eads = -2.1 kcal mol-1 and the
saturated case has Eads = -6.4 kcal mol-1.
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4.5 Summary and concluding remarks
To summarize, we applied complementary experimental and computational techniques to
gain fundamental insights into the partitioning of ethanol as the surrogate small
amphiphilic molecule at the water-hydrophobe interface. Direct surface force
measurements, contact angle goniometry, and gas chromatography confirmed the
physisorption of ethanol on model perfluorocarbon and hydrocarbon surfaces and a
perfluorinated commercial ultrafiltration membrane, when they were exposed to ethanolwater mixtures. The strength of the physisorption was underscored by the fact that rinsing
(or backwashing) with water and drying with N2 gas (4 atm pressure) was insufficient to
remove them. In response, we developed a mild protocol for recovering hydrophobicity,
which entailed heating the fouled surfaces at 363 K for 1 hr. Our MD simulations revealed
that the multibody effects in water drive the amphiphilic molecules to the waterhydrophobe interface, where they favorably interact with the hydrophobe and their polar
group interacts with water. In the case of concentrated alcohol solutions, which we
simulated by saturating the graphene surface with alcohol molecules, we found that the
alcohols formed a hydrogen bonded percolation network in which, adjacent ethanol
molecules interacted with each other as well as with graphene. In this scenario, while the
bound ethanol molecules lose entropy, their enhanced interactions compensate the free
energy due to high enthalpic change. As a result, significantly deeper potential well for the
partitioning of ethanol at the water-hydrophobe interface was observed. Thus, with the
increasing concentration of ethanol in water, the effect on the loss of hydrophobicity was
non-linear, leading to saturation at 18% (V/V). These findings should be translatable to
other small molecule organics. We predict that while longer alcohols would partition more
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to the surface, but there will be a cross-over in the portioning and size based on the
formation of hydrogen bonded percolation networks on the surface. Last but not least, our
simulations do not capture the effects of surface roughness, which crucially influence
wetting and physisorption. Small amphiphilic molecules could reside on the “steps” formed
between the discontinuous molecular layers (despite our efforts in achieving perfect
monolayers). Taken together, these findings should advance rational protocols in
characterizing membrane fouling by amphiphilic organics and their regeneration and the
development of superior liquid-liquid separation technologies.
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Chapter 5 : Summary and future directions
5.1 Summary
To summarize, we started off with developing a robust protocol to achieve ultrasmooth hydrophobic surfaces for SFA measurements. Using this method, we covalently
grafted perfluorodecyltrichlorosilanes (FDTS) and octadecanethiol (ODT) to realize
symmetric FDTS-water-FDTS and asymmetric FDTS-water-ODT configurations in the
SFA. Our careful experiments revealed a ~10% decrease in the hydrophobic surface force
as the nanoconfined liquid was changed from H2O to D2O, which increased by 10% when
the solution was changed back from D2O to H2O [1]. This is the first experimental
demonstration of nuclear quantum effects in modulating hydrophobic surface forces.
Remarkably, the advancing and receding contact angles of water drops – H2O and D2O on these surfaces were identical, indicating that the observed NQE were a purely nanoscale
phenomenon. Classical molecular dynamics could not explain these results. In order the
explain our results, our collaborator (Prof. Tod Pascal from University of California San
Diego) developed a molecular model that accounted for zero-point energy corrections. Our
MD simulations revealed that due to the hydrophobic nanoconfinement, the vibrational
density of states of the H2O molecules shifted to higher frequencies and the rotational
modes shifted to lower frequencies, thereby increasing their zero-point energy. As a result,
nanoconfined H2O was more unstable than D2O, which led to higher hydrophobic surface
force. Thus, our experiments and complementary simulations have provided a
thermodynamic rationale for hydrophobic surface forces. The insights from this work could
be harnessed, for instance, to separate H2O and D2O and other isotopologues based on
NQEs using nanofluidics.
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Next, the ultra-smooth hydrophobic surfaces were further used to study the effect
of partitioning of amphiphilic solutes at the water-hydrophobe interface, which is relevant
in several separation technologies. Collectively, our experiments revealed that 0.1%
ethanol-water solutions (V/V) could lead to significant physisorption of ethanol onto
hydrophobic surfaces, leading to significantly decreased hydrophobicity and pore filling in
membranes. Interestingly, FDTS surfaces got saturated with alcohol at 18% ethanol
concentration. It was also shown that this physisorption of alcohols from FDTS could not
be undone by rinsing with pure water or drying with air. In fact, heating the surfaces at
363K for 60 minutes was able to remove the physisorbed organics. Our data also
underscored the importance of receding contact angles in determining the extent of surface
contamination. Thus, insights from this work should help in characterizing fouled
hydrophobic surfaces and membranes and developing cleaning protocols.
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5.2 Future directions
Development of robust hydrophobic surfaces and the SFA could open doors to many
interesting research avenues, such as:
•

It would be interesting to explore the impact on hydrophobic surface forces of other
deuterated small molecules, such as methanol and formic acid, which are not
hydrophobic in the bulk sense (they show contact angles below 90° on FDTS
surfaces). However, NQEs emerging in nanoconfinement could yield measurable
differences in forces.

•

Recent reports correlating diets with aging have suggested that the accumulation of
D2O in mitochondria could influence aging and onset of diseases [2-4]. We learned
about this work from its proponents, as they found our work on NQEs in
nanoconfinement very interesting. Thus, future investigations of hydrophobic
surface forces in mixtures of H2O and D2O might be useful.

•

It would be interesting to investigate the variation in hydrophobic surface forces
between FDTS surfaces as a function of temperature. The resulting data will also
be useful in testing molecular models.

•

Industrially, stable hydrophobic coatings are useful in desalination by membrane
distillation, wastewater treatment, and liquid-liquid separation. FDTS-coated mica
surfaces could thus provide molecular insights into fouling and cleaning protocols,
for instance under inorganic and biological fouling.
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•

Effect of carbon chain lengths on membrane fouling rates can be evaluated by using
our surface preparation protocols and subsequent analysis by the SFA and contact
angle goniometry (receding angles). Effects of complex organic foulants, such as
humic substances and proteins should be investigated [5].

•

Further experiments with 1-propanol, 2-propanol and butanol and MD simulations
will provides insights into the formation of hydrogen-bonded percolation networks
of alcohols at the water-hydrophobe interface.
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