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Abstract

The interactions between polymers and solid-water interfaces involve various interesting physical
processes, which are fundamental questions for both scientific research and a variety of practical
applications, such as underwater adhesives, anti-fouling and stabilization of interested
materials/particles. This study focuses on investigating the fundamental single-molecule
interactions between polymers and solid surfaces in an aqueous environment using Single

Molecule Force Spectroscopy (SMFS).

With the help of stimuli-responsive oligo ethylene glycol copolymer, the influence of polymer
hydrophobicity on single-molecule adhesion force was studied using one polymer-substrate pair.
By changing the NaCl concentration, the polymer underwent a transition from a hydrophilic to a
hydrophobic state due to the suppressed hydration of side chains. It was found that the single-
molecule adhesion force on a MoS: basal surface in the presence of 1 mM NaCl was around 53
pN. The force almost remained constant in low NaCl concentration up to 0.5 M, followed by a
significant increase with increasing NaCl concentration before approaching a plateau at NaCl
concentration as high as 1 M, which indicated that the single-molecule adhesion force was

sensitive to polymer hydrophobicity.

To further understand the probed dependence of single-molecule force on polymer hydrophobicity,
the anisotropic property of MoS2 was utilized to separate the contributions of electric double layer
interaction (EDL), van der Waals interaction (vdW) and hydrophobic attraction from total single-
molecule interactions. The observed pH-independent force excludes the contribution of EDL to
the total single-molecule interaction. Compared with the hydrophobic basal surface of MoS2, the

single-molecule adhesion force between the hydrophilic edge surface of MoS:2 and the studied
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copolymer was found to be smaller than the lower detection limit of SMFS (9 pN). Thus, the vdW
interaction was demonstrated to play a minor role in single-molecule interaction between the
studied polymer and MoSz surface. The overall investigations ruled out the dominant role of EDL
and vdW interactions on single-molecule interactions and illustrated that the hydrophobic
attraction might be the main driving force of single-molecule interaction between hydrophobic

polymers and surfaces.

To capture the underlying physics, a simple thermodynamic model was derived in the third part of
this study. Based on the law of energy conservation, the energy inputted into the system by peeling
the polymer chain from a solid-water interface under external force was related to the change of
entropic free energy and adhesion free energy of the polymer chain. As the driving force holding
the polymer on the MoSz-water interface was demonstrated to be mainly hydrophobic attraction,
in common with other investigations, the adhesion free energy was quantified using hydrophobic
hydration free energy. The single-molecule forces of polymers on MoS:2 and highly oriented
pyrolytic graphite (HOPG) surfaces were used to test the validity of the derived model. The good
agreement between the experimental data and theoretical model further confirmed the dominant
role of hydrophobic attraction in single-molecular interactions between polymers and hydrophobic

surfaces.

In the fourth part of this thesis, the in-depth understanding of SMFS investigation between
different polymers and MoS: surfaces was used to navigate the structure design of polymers for
MoS: exfoliation. The performance of MoS: for various applications can be significantly improved
when exfoliated into a single-layer. The key for the efficient aqueous exfoliation relies on the
proper selection of polymer that is able to functionalize and stabilize the exfoliated MoS:

nanosheets in water. Therefore, the understanding and quantification of polymer-solid interaction
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in water is highly desired for the selection of suitable organic functionalization agents. Among the
polymers studied, cationic poly (vinylbenzyl trimethyl ammonium chloride) (PVBTA) was
indicated to be promising for efficient exfoliation of MoS: due to its good water compatibility and
strong interaction with both the basal and edge surfaces of MoS2. Compared with previously
reported values, scaled production of single-layer MoS2 nanosheet exfoliated by the selected
polymer was achieved to be one magnitude higher concentration using magnitude less treatment
time. These results demonstrated that the insights from SMFS investigation is highly effective to
optimize the functionalization and stabilization of interested materials in practical applications. To
be noted, this study provided an efficient approach to discover appropriate surface active polymer
for effective functionalization of MoS:2 and could be applied in a variety of practical applications
demanding optimization of materials, including underwater adhesion, dispersion or

functionalization.
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Chapter 1

Introduction



1.1 Background and motivations

Polymers are very large molecules composed of many repeating units. Due to their broad range of
physical and chemical properties, they play essential and ubiquitous roles in our daily life. Some
of their applications rely on their bulk mechanical properties. However, for other applications,
interfacial adhesion properties are very important. For example, the performance of polymer brush
surfaces that offer controllable attachment and detachment properties relies on the stimuli-
responsive interfacial adhesion between a polymer and foreign objects/surfaces. In the field of
underwater adhesion, the overall adhesion strength is strongly dependent on the interfacial
adhesion of polymers and studied surface. In flocculation systems, the capability of designed
flocculants in removing suspended solid particles from suspension is significantly influenced by
the interaction between polymers and solid particles. Among these practical applications, one can
easily extract a fundamental scientific problem: how do polymers interact with solid surfaces in

water?

To answer these fundamental questions, having appropriate equipment is indispensable. Up until
now, a variety of techniques have been utilized to probe the interaction between interested
polymers and solid surfaces in water. These techniques are surface force apparatus (SFA), quartz
crystal microbalance with dissipation monitoring (QCM-D) and atomic force microscopy (AFM)
with a colloidal probe. SFA works by sensing the interaction between two smooth macroscopic
cylindrically curved raw or polymer coated Mica surfaces positioned at 90 ° to each other. QCM-
D technique probes the interaction between polymers and solid substrates in liquid by monitoring
the resonance frequency and dissipation. These information can be linked to the adsorption amount
and the layer’s viscoelastic property using appropriate theoretical models. By using a colloidal
probe, AFM can also reliably reveal the interaction between polymers and substrates by
monitoring the deflection of the AFM cantilever. However, the aforementioned techniques probe
the integral behavior of numerous interacting polymer chains and can only provide macroscopic
averaged results. To decipher the underlying mechanisms, it is highly desirable to unravel the
fundamental single-molecule interactions. However, investigations of interactions between

polymers and solid surfaces at a single-molecule level remains limited.

In the past several decades, tremendous attention has been devoted to investigating existing natural

systems. As in nature, how living things adapt themselves to the environment is inspiring for the



optimization of current synthetic systems. For example, in order to increase the strength of
underwater adhesives, efforts was devoted to understanding the adhesion mechanisms of mussels.
Rigorous research on the adhesive proteins in mussels revealed the essential role of 3.,4-
dihydroxyphenethylamine (Dopa) in interfacial adhesion through its capability of forming
bidentate coordination and/or hydrogen bonding. Recently, it was found that Dopa is not the only
important parameter that determines underwater adhesion. Hydrophobic domains in mussel
adhesive proteins were demonstrated to provide extra attractive interaction when interacting with
hydrophobic surfaces. These findings open a new direction in understanding the naturally
occurring adhesion systems and offer a new strategy in improving the performance of synthetic
underwater adhesive systems. However, up to now, the quantitative influence of polymer

hydrophobicity on interfacial adhesion and insights at the single-molecule level remained elusive.
1.2 Objectives and scope of the thesis

The main objective of this work is to fill the knowledge gap of current investigations on single-
molecule interactions between stimuli-responsive polymers and solid surfaces in aqueous
environment. To provide insights into the partitioning of electric double layer interaction, van der
Waals interaction and hydrophobic attraction on the total interaction between a single polymer
chain and solid-liquid interface. Moreover, efforts were also devoted to link the fundamental

SMES study to practical applications.

The first part of the thesis focuses on how a single stimuli-responsive polymer chain interacts with
hydrophobic surfaces, as well as the dependence of the single-molecule force as a function of
environmental stimuli. In this part, Single Molecule Force Spectroscopy (SMFS) was applied to
study the single-molecule interaction between stimuli-responsive oligo ethylene glycol copolymer
and the hydrophobic basal surface of MoSz. The objective is to understand the interfacial behavior
of oligo ethylene glycol copolymer on solid-water interface in response to the change of

environmental stimuli.

In the second part, the focus of the study is partitioning the contributions of van der Waals
interactions and hydrophobic interactions to the total single-molecule adhesion force. Therefore,
singe-molecule adhesion forces probed on the hydrophobic basal surface and hydrophilic edge
surface were compared to claim that the van der Waals interaction plays a minor role in our studied

system. The validity of the proposed method is supported by the fact that the hydrophobic



interaction cease to play a role on hydrophilic surfaces and the van der Waals interaction in
polymer-edge and polymer basal scenarios are exactly the same or in same magnitude. The

partitioning is highly relevant to a series of fundamental investigations in a variety of disciplines.

The third part of the thesis focuses on deriving a thermodynamic model to relate the single-
molecule force with entropic free energy and hydrophobic hydration free energy. It confirmed the
dominant role of hydrophobic attraction in governing the single-molecule interaction between
stimuli-responsive polymer and hydrophobic. It is desirable to link the experimental and
theoretical investigations. Meanwhile, it is beneficial to a variety of applications because

guidelines for molecular optimization of polymers are provided.

The last part of the thesis extended the scope of SMFS from fundamental investigations to practical
applications. MoS:2 was used as an example with an objective to show that the insights from single-

molecule force spectroscopy can be very beneficial for materials preparation.

The major contributions of this thesis to science is revealing the fundamental single-molecule
interaction between stimuli-responsive polymer and MoSa, which allows the determination of the
magnitude of the force and its dependence on environmental stimuli. By varying the water
chemistry, substrates and polymer composition, partitioning of the individual fundamental
interactions was realized and the hydrophobic attraction was demonstrated to be the dominant
contribution between neutral polymer and hydrophobic surfaces. Meanwhile, the knowledge gap
on the van der Waals interaction between an organic molecule and extended surface in solution
was filled. The van der Waals interaction in this scenario was found accounted for less than 10%
of the total single-molecule adhesion force. Theoretical model relating the single-molecule force
with entropic free energy and hydration free energy was derived and confirmed the important role
of hydrophobic attraction in single-molecule adhesion force. Meanwhile, an efficient approach of
finding suitable polymers for functionalization and stabilization of desired materials was proposed

that was beneficial for determining solutions to problems encountered in materials science.



1.3 Structure of the thesis

This thesis has been structured as a compilation of papers. Chapters 3-5 are research papers that
have been published in, submitted to scientific journals or still in preparation. The key content of

each chapter is shown as follows:

e Chapter 1 presents the overall introduction of the thesis which includes the background,

motivations, objectives and scope of the thesis.

e Chapter 2 provides a comprehensive literature review on the experimental and theoretical

researches related with the single-molecule investigation of polymer-solid interaction in liquid.

e Chapter 3 introduces the investigation of the single-molecule interaction between a neutral
oligo ethylene glycol copolymer with hydrophobic basal surface of MoS: and the influence of
water chemistry. A version of this chapter has been published as: Tang, Y. C., Zhang, X. R.,
Choi, P., Liu, Q. X., Xu, Z. H., Probing Single-Molecule Adhesion of a Stimuli Responsive
Oligo (ethylene glycol) Methacrylate Copolymer on a Molecularly-Smooth Hydrophobic
MoS: Basal Plane Surface. Langmuir 2017, 33 (40), 10429-10438.

e Chapter 4 illustrates the interactions between the neutral copolymers with hydrophobic basal
and hydrophilic edge surfaces of MoS:2 and their dependence on solution pH and polymer
compositions. The experimental results excluded the presence of electric double layer
interaction and demonstrated that van der Waals interaction is negligible in the total single-
molecule adhesion force, indicating the essential role of hydrophobic attraction in governing
the polymer-MoS: interaction. A manuscript based on this chapter is still in preparation: Tang,
Y. C.; Zhang, X. R.; Choi, P.; Liu, Q. X.; Xu, Z. H. The Contribution of Hydrophobic

Attraction to Molecular Adhesions on Hydrophobic Surface in Water, In preparation.

e Chapter 5 A theoretical model which quantitatively relates the single-molecule adhesion force
with entropic free energy and hydrophobic hydration was derived. The good agreement
between the experiments and model confirmed the dominant role of hydrophobic attraction
between the neutral oligo ethylene copolymer and hydrophobic surfaces. A version of this
chapter has been submitted: Tang, Y. C.; Zhang, X. R.; Choi, P.; Liu, Q. X.; Xu, Z. H.
Underwater Adhesion of a Stimuli-Responsive Polymer on Highly Oriented Pyrolytic Graphite
(HOPG): A Single-Molecule Force Study, submitted.



Chapter 6 SMFS technique was utilized to find appropriate functionalization agent for the
efficient exfoliation of MoS: into single-layer. Compared with reported values, an order of
magnitude higher concentration of single-layer MoS2 nanosheets in water was produced in
magnitude less time. A manuscript based on this chapter has been submitted: Tang, Y. C.;
Zhang, X. R.; Choi, P.; Manica, R.; Liu, Q. X.; Xu, Z. H. Noncovalent Functionalization of
MoS:2: Single-molecule MoS:2-Polymer Interaction and Efficient Aqueous Exfoliation of MoS:

into Single-layer, submitted.

Chapter 7 presents the conclusions of this thesis and recommendations for future research.



Chapter 2

Literature Review-Experimental Techniques and Theories Related with

Single-Molecule Investigations of Polymer-Substrate Interactions



2.1 Introduction

Interactions between macromolecule/polymer and solid-liquid interfaces is one of the most
fundamental questions for various scientific research and practical applications. Up to now,
tremendous efforts have been devoted to this area and various technical methods have been utilized
to fill the knowledge gap. Though techniques such as QCM-D and SFA have been widely utilized
to investigate the interplay between polymers and solid substrates, the available information are
quite limited. In QCM-D, the shift of resonance frequency and dissipation observed in the
experiment can only be linked to the adsorption amount and the layer’s viscoelastic property!. In
the case of surface force apparatus (SFA), only macroscopic averaged results are obtained?.
Though combined SFA and AFM investigation has confirmed the scaling law between the
macroscopic SFA results and single-molecule AFM interactions*>, the direct quantification of
single molecule interactions by SFA is challenging because it is very difficult to quantify the
number of interacting polymer chains. When microscopic investigation is desired to reveal the
force relevant to a single-molecule adhesion and the underlying thermodynamics, new approaches

are highly desired.

The pursuit on this has led to the development of several experimental tools to realize the

investigations at molecular scale. Nowadays, optical tweezer®!?, magnetic tweezers'!"!

and single
molecule force spectroscopy (SMFS)!®2! have been demonstrated to be applicable for
investigations in molecular scale. Among them, the single molecule force spectroscopy (SMFS)
technique has relatively low requirements on the instrument because it is based on traditional
atomic force microscopy (AFM) technique. The other two require special sophisticated
instruments and procedures. In general, the SMFS technique allows the quantification of the force
corresponding to peel a single polymer chain from solid-liquid interface with force sensitivity at
pN level. As it is the primary equipment we use for the single-molecule study, this chapter begins
with the description of the principles of AFM and how it was accommodated to study the behavior
of a single molecule at solid-water interface. Certain key technical aspects for SMFS study will be

introduced, as well as data analysis methods and fundamental theoretical theories in polymer

physics.



2.2 Single-molecule force study using Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) was invented in 1986 as a scanning tool by Binnig, Quate
and Gerber for investigation in nanoscale’’. Besides serving as a powerful tool for surface
topography characterization, the improvements made to AFM have expanded its application scope
from surface characterization to direct measurements of intermolecular/surface forces with high
resolution and sensitivity?>. Nowadays, the broad spectrum of its applications covers electronics,

semi-conductors, materials, manufacturing, polymers, biology and biomaterials.

The Single Molecule Force Spectroscopy (SMFS) technique is based on the AFM platform. It
probes the force mediating by a single polymer chain between the AFM tip and the substrate during
experiment. The early work in this field involves the investigation of the changes of polymer
conformation upon external mechanical perturbation®®. In such experiments, the conformation of
the single polymer chain can be manipulated to test the validity of the fundamental theories in
polymer physics, which couldn’t be achieved using macroscopic experimental techniques, such as
SFA. Meanwhile, the key parameters describing the elasticity of a polymer chain (Kuhn length,
persistence length) can be obtained by fitting the experimental collected force curves®2¢. When
this technique is applied to study the polymer-solid interactions*’%%, the dynamics and statistical
distributions of the single-molecule force is obtained rather than the ensemble average from the
microscopic bulk experiments. The emergence of this technique offers new approach that is
promising to extract more fundamental information for bio macromolecules and synthetic

polymers in solution or at solid-liquid interface.

In general, the high sensitivity of the technique allows its application into various fields, including
DNA unfolding'?, DNA-molecule interactions®*=°, protein unfolding'®, the single polymer
stretching®!3, the polymer-substrate interactions®® and antibody-antigen interactions®. These
investigations provide single macromolecule insights on conformation, chain elasticity, ligand-
receptor interactions and energies associated with the change of water chemistry or detachment

from the solid-water interface.
2.2.1 Principle of Atomic Force Microscopy (AFM)

The atomic force microscope was initially developed to overcome the limitations of the scanning

tunneling microscope (STM), which can only be utilized to image conductive samples¢-’. Instead



of based on the concept of quantum tunneling, the AFM works by sensing the force interacting

between the sharp tip and the studied surface'® %,

The typical setup of AFM involves a very sharp tip (mounted on cantilever), a piezoelectric (PZT)
actuator and a position sensitive photo detector. The cantilever acts as force sensor in AFM, which
deflects under loads. Usually, the cantilever can be regarded as spring and the relationship between
the force and deflection follows the Hooke’s law. The spring constant of a cantilever depends on
the mechanical property of the material used and its geometric design. In general, longer, narrower
and thinner cantilevers have smaller spring constants. Due to the high force sensitivity, these
cantilevers are good for force measurements. The cantilevers with high spring constants are ideal

for surface topography characterization in tapping mode.

Figure 2-1 Zooming of a AFM chip with 6 cantilevers (MCST, Bruker). A: the AFM cantilevers
mounted on both sides of a silicon chip; B: the zooming of the cantilevers which illustrates the two
designs of cantilever: triangle and rectangle; C: the zooming into the tip of the cantilever. (figures

B and C are adopted from the Bruker website for MSCT AFM probe™®).

The working mechanism of AFM relies on sensing the interactions between the tip and sample
when scanning a very sharp tip over the sample surface with very small separation distance®.
Usually, the specimen is mounted on a piezoelectric scanner which can position the sample three-
dimensionally with high accuracy. However, in other cases, the relative movement of the sample
and AFM tip is realized by moving the AFM tip as the AFM tip is mounted on the scanner. A
schematic representation of the setup of the AFM is briefly shown in Figure 2-2 which describes
the scenario that the sample is mounted on the scanner. When the tip (or sample) is being scanned
in the (x,y) directions in imaging mode, the force interacting between the tip and the sample

induces deflection on the soft cantilever (the common spring constant is between 0.01 N/m to
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several N/m). At the same time, a laser beam is focused on the free end of the cantilever and
reflected into the photodiode sensor. The position of the laser spot in the photodiode changes when
the cantilever bends, which is used to monitor the status of the cantilever. Usually, the force
interacting between the sample and the tip is very small (in Nano newton scale). Thus, a design
called “laser lever” is incorporated into the design of AFM to amplify the tiny bending/deflection
signal of cantilever. Typically, there are 4 elements in the photodiode*’. The differential signal
between the two top elements (A) and the two bottom elements (B) provides signal on the vertical
deflection of the cantilever. It is used to generate vertical information. Similarly, the differential
signal between C and D provides a measurement of the torsional deflection of the cantilever and

1s used to obtain lateral information.

A - B

Photodetector segments

Figure 2-2 Schematic representation of the mechanism of AFM !® (A) and the Quad Photodetector

Arrangement®’ (B).

The two most common modes available for surface topography characterization in the AFM
technique are contact mode and tapping mode. The contact mode relies on the feedback of the Z-
position of the tip so that a constant cantilever deflection is maintained. In this mode, the tip is
usually in contact with the surface and is not suggested for soft or unstable samples. The tapping
mode imaging is performed when the cantilever is mechanically excited at its resonance frequency.
Now, it is wieldy accept that the amplitude of the oscillation is dependent on the proximity of the
tip to the sample surface. Meanwhile, its phase is linked with the visco-elastic response of the
sample. Thus, the topography and the visco-elastic information of the sample can be obtained

simultaneously when the amplitude is maintained as a constant during tapping mode imaging.
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2.2.2 Single Molecule Force Spectroscopy (SMFS)

Besides imaging across a certain area of the sample, the AFM can also be utilized to stretch a
single molecule or peel it from solid surface, a method known as single molecule force
spectroscopy (SMFS)*. The general idea is to approach and retract the tip from the substrate
continuously at interested locations aiming to probe the interactions mediated by one or several
polymer chains. The polymer-substrate interactions, inter/intra molecular interactions can be

quantified statistically by analyzing the collected force curves.

When the tip has been engaged, the piezo is subjected to a voltage ramp generated by computer
that is fed to the piezo power supply. First, the piezo extends to establish the tip-sample contact
and then move back to its original position. This completes a measurement cycle. When the piezo
retracts, it pulls the cantilever with it, as well as the attached molecules. Pulling the molecule from
surface generates tension and bends the cantilever by AZ. (Figure 2-3). The cantilever deflection,
AZ. is measured by the photodiode. The weak point in the system (inter/intra molecular
interactions, interactions between polymer and substrate, interactions between polymer and tip)
tends to break when the force is increased to a certain extent. When it breaks, the cantilever would
fully or partially restore its relaxed state. In the case when a polymer chain is peeling from the
substrate, the cantilever would back to its undisturbed state when the whole polymer chain
detached from the surface. AZc, AZp is recorded by the computer and utilized to plot the force
curve. The force is proportional to AZc and their relationship follows the well-known Hook’s law.
Therefore, the force can be calculated using the following equation: F = KAZ,. In the equation,
K is the spring constant of the cantilever which should be calibrated before each experiment using
the available calibration methods*'. The K value determined by different methods may differ by
as much as 10-20%. Normally, the method based on thermal noise developed by Hutter and
Bechhoefer*? and later modified by Butter and Jaschke*® is favored due to its simplicity and

acceptable accuracy.
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Figure 2-3 Schematic illustration of the principles of SMFS. (A) extension of polymer chain #.

and (B) desorption of polymer chain from solid surface®.

The difference of the probed single-molecule events usually lead to different features of the
collected force curves. The occurrence of thaw-teeth pattern in the collected force curves?-2°
usually can be attributed to the stretching of polymer chain/chains. By fitting the force curve with
appropriate models, the elasticity of the studied polymer chain can be estimated. When unfolding
a protein molecule under external force, thaw-teeth pattern in the collected force curves is
frequently observed. Figure 2-4 (A) shows the experiment setup and Figure 2-4 (B) shows the
representative force curves in the experiment. Multiple thaw-teeth patterns in the force curve
indicate that several domains in the protein are probed and unfolded sequentially*$. However, when
a polymer chain is peeled from the substrate, plateau of constant force is usually observed in the

collected force curves (Figure 2-4 (C)).

A Detection laser B 400 = C .
PSD | AL =~15nm 500} %
— i g‘
800 1 400 “ ﬂ
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8 200 300+ w
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Piezoelectric scanner

Figure 2-4 Single Molecule Force Spectroscopy (SMFS). (A) Cartoon of the setup of the single

molecule force experiment, which consists of an AFM probe, a protein and a piezoelectric scanner.
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The force on the molecule is quantified by the deflection of cantilever*®; (B) the typical force
representative of the un-folding of a protein*®; (C) the typical force curve when a polymer is peeled

from the substrate shows plateau feature®*,

Generally, the force measured by SMFS is loading rate dependent*’. In the fast loading regime,
the pull-off force increases logarithmically with the loading rate®®. As is widely accepted, the
stretching of a polymer chain at interface should be analyzed in this regime. When in low loading
regime, the SMFS is performed in near-equilibrium state. As a result, the measured force is solely
determined by the thermal equilibrium between bound and unbound states and shows no
dependence on the velocity of the cantilever**. This is the case when a polymer chain is peeled

from solid-water interface.
2.2.3 Cantilever calibration

The calibration of the cantilever is important in the SMFS measurement. This step basically
determines the accuracy and the reproducibility of the experimental results. Generally, the
quantification of the cantilever spring constant can be divided into two steps: the determination of
the deflection sensitivity and thermal tune. The deflection sensitivity of the cantilever relates the
relationship between the signals obtained in photodiode (with unit in mV) with the deflection of
the cantilever (with unit in nm). The thermal tune provides the spring constant of the cantilever.
Usually, the spring constant provided by the supplier for commercial AFM probes is not used in
the data analysis because it only represents the average values and may deviate significantly from
the real value of a specific cantilever. In this study, the calibration of the cantilever was done before

and after each experiment.

The deflection sensitivity (Defl. Sens.) was defined as the measure of the cantilever deflection

(AZc) over the photodiode signal (AV), the unit is nm/V:

Defl. Sens.= 2 2.1
efl. ens. = - .

In the experiment, approaching and retracting force curves were collected to determine the
deflection sensitivity. For a typical force curve obtained in the experiment, the inverse slop is by

definition, the deflection sensitivity of the used AFM cantilever. Usually, 20-30 force curves were
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collected to obtain a statistical average value of deflection sensitivity. The correct value of the

deflection sensitivity converts the raw force curves to analyzable force curves.

The determination of the spring constant of the cantilever is performed using the method developed
by Hutter and Bechhoefer*?. The thermal fluctuation of an AFM cantilever is in the order of 3 A
at room temperature. Therefore, the AFM cantilever can be approximated as one dimensional

harmonic oscillator. According to the equipartition theory, the energy associate with it is kz77/2:
K(AZc?) = kgT 2.2

Where K is the spring constant of the cantilever, AZ. is the displacement of the cantilever, kgis the
Boltzmann’s constant and 7 is the absolute temperature. As a result, the spring constant of the
cantilever can be quantified using the following equation:

kgT

=2 2.
(AZc?) 3

However, due to the presence of noise from the environment (acoustic noise or the noise from the
building) and the electronic noise from the equipment, the direct calculation of the K with equ. 2.3
using root-mean-square (RMS) fluctuations of a freely moving cantilever is not accurate. This
problem is solved by using power spectral density of the fluctuation, which follows a Lorentzian
shape in absence of noise sources. Even when the noise sources is present, it only adds a
background to it and can be easy subtracted. The area below the resonance peak is a measure of

the cantilever fluctuations and its integral relates the spring constant by:

kgT
K =28 2.4
P

Where P is the area under the characteristic peak of the power spectrum of representing the bending

mode of the cantilever®.
2.2.4 Force curves and data analysis

A force curve representing one or few polymer chains peeled from substrate is shown in Figure 1-
5A. The way that how the force curve should be analyzed to extract insights is one of the
fundamental questions for the SMFS study. Up to now, theories have been developed to show the

physical picture that how a single polymer chain is peeled from the substrate. It is wildly accepted
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that the plateau event represents the polymer chain moves freely as it is peeling from the

30-51 Tt means that the macromolecule

substrate**. This is usually called as frictionless assumption
on the surface cannot support a net horizontal friction force®'. When the polymer chain is
continually peeled from substrate, the portion of the polymer that is still in contact with the surface
is sliding over the surface> to maintain a constant angle between the peeled portion of polymer

chain and the substrate (90 ° °! for plateau force case).

As force curves with characteristic equilibrium desorption feature are obtained, the heights of the
plateaus can be used to determine the strength of polymer-substrate interactions at single-molecule
scale. However, significant fluctuation of probed forces is observed due to the instability of the
system and noise from environment or equipment. Thus, reasonable analysis of the SMFS data
always includes a statistical study. In general, the heights of the force plateaus are analyzed, and

the Gaussian equation is applied to get statistical average adhesion force for a single polymer chain

(Figure 2-5).
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Figure 2-5 The typical force curve with plateau feature obtained when a polymer chain is peeled

from interested substrate (A) and the corresponding single polymer peeling statics (B)**.

2.3 Experimental studies of single chain mechanics using single molecule force spectroscopy
(SMFS)

A variety of scientific research and practical applications calls for the deep understanding of single
polymer chain mechanics. The understanding level may help to bridge the relationship between
the first order chemical structures, the behavior of the polymer under the perturbation of external

forces or adsorption of small molecules and the final macroscopic properties. In addition, the single
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chain mechanics may also help to test the existing theories in the field of polymer physics and
drive necessary optimization or development. The ability to study fundamental interactions at the
molecular scale has been revolutionized in the past several decades and several examples were

shown to give a brief introduction on the applications of SMFS.
2.3.1 Entropic-elastic behavior of synthetic polymers at the molecular scale

The entropic-elastic behavior of a single polymer chain is one of the several fundamental questions
in polymer physics. Up until now, theoretical treatments have been proposed to understand the
statistical behavior of a single polymer chain and explain the macroscopic properties of bulk
polymers, such as the elasticity of rubber. However, the lack of appropriate technique that is able
to probe the entropic-elasticity of a single polymer chain plagues the society. With the emergence

of the SMFS, the experiments at the molecule scale began to be accessible.

These updates were of great importance for understanding of the influence of side chain on the
entropic-elastic properties of polymer. For example, the Zhang and his coworkers?® studied the
behavior of poly(dimethylacrylamide) (PDMA) and poly(diethylacrylamide) (PDEA) in response
to external forces. The results elucidated that the force-extension curve of these two polymers are
almost identical in low force regime. However, deviate significantly in the high force regime. As
these two polymers share the same backbone, the difference was attributed to the difference on the
side chain. After a series of SMFS experiments, the different behavior of the polymer under
external force was demonstrated to be due to the bulkiness of the side chain, the hydrophobic
interactions and hydrogen bonding. Meanwhile, the steric effects were also revealed to be

important>>,

Furthermore, based on the collected force-extension curves, the validity of the existing theories
were tested. The nice agreement of the theories and the experiment results in low force regime
demonstrated that the underlying physics of the entropic-elastic properties of polymers are indeed
captured by the theories. However, the results also suggested that enthalpy should not be

neglected>.
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2.3.2 Single-molecule study of intermolecular interactions

Beyond the scope of the entropic-elastic properties of polymers, the SMEFS is also demonstrated to
be powerful to reveal the intermolecular interactions. One typical example of such investigation
was performed on self-complementary recognition quadruple hydrogen-bonded 2-ureido-4[1H]-
pyrimidinone (UPy)>*-3¢. In the measurement, both substrate and the cantilever were modified with
short chain UPy disulphide. The molecular scale interactions confirmed that the unbonding
behavior of the supermolecular complexes is loading rate dependent. The force corresponding to
the cross-over regime between loading rate dependent and pseudo loading rate independent is

around 145 pN.

Probing the single molecule adhesion force of amino acid 3,4-dihydroxy-L-phenylalanine (Dopa)
on solid-water interface is another typical example®’. In the measurement, a clean metal oxide
substrate and a Dopa modified cantilever were utilized. The results demonstrated that the bonding
of catechol on metal oxide surface is surprisingly strong and reversible. In detail, the force
corresponding to detaching a single catechol from the substrate can be as high as 700 pN.
Furthermore, the force is shown to be sensitive to oxidation. Higher irreversible forces were probed
when Dopa is oxidized. This is attributed to the formation of covalent bond between the catechol

and amine modified surface.

The van der Waals interaction was demonstrated to act ubiquitously among bodies and
molecules®®. However, it is very difficult to isolate and measure pure vdW forces at the molecular
scale. Recently, breakthrough was made and the direct measurement of the van der Waals
interaction between an organic molecule and solid surface in vacuum was reported>’. The choice
of the studied molecules and the large molecule-surface separation during force measurement
ensures that the probed interaction can be interpreted as purely vdW interaction. The interaction
between the conjugated organic molecules and substrate were found highly dependent on the size
of the molecule. The linear growth of the vdW attraction with molecular size was then attributed
to the increased deconfinement of electrons in the molecules. The author advocated that such

interactions should be take into account in new proposed theoretical treatments.
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2.3.3 Single-molecule study of macromolecule-small molecule interactions

Usually, the SMFS experiments are performed in liquid environment. It allows the direct study of
the interactions between polymer and interested small molecules. Such kind of study relies on the

analysis of the single chain elasticity before and after the addition of the small molecules.

Hydrogen binding/interaction is one of the most important interactions between solute and water
molecules in aqueous environment. Thus, the bonding of water molecules to a serials of polymers
were studied®®®!. As it demonstrated, poly(ethylene glycol) (PEG) behaves like an ideal entropic
string in organic solvent (hexadecane). However, in aqueous solution, due to the hydrogen bonding
with water molecules, an evident deviation with FJC model was observed. The data analysis
indicates that the bonding energy between a water molecule and each repeating unite of PEG is

around 3.0 + 0.3 kgT.

Besides the hydrogen bonding, the interactions between polymer and iodine was also
investigated®. The experiments were carried out in aqueous solution (aqueous solution of K1, KI3)
using poly(N-vinyl-2-pyrrolidone) (PVPr) as a molecular probe. By integrating the deviated area
between the collected force and the ideal FJC fitting curve, the interaction energy was estimated

to be 3.6 ksT per unit repeating unit.

Furthermore, the SMFS attracted also great academic interests in the past several decades in the
field of biology. This is because the provided insights at the molecular scale is indispensable to
understand a variety of phenomenon. For example, the bonding of small molecule to the DNA%3.
In such systems, the probing of the interaction is realized by quantifying the rapture interactions
between DNA and small molecules. Thus, the DNA need to be immobilized onto gold surface and
the small molecule attached to the AFM tip to facilitate the experiment. As was shown in Zhang
and his coworker’s work®, the interaction between acridine and DNA is around 36 pN. Two
energy barrier with distinctively different interaction length were observed® when the data is
analyzed with appropriated models. Hydrophobic interaction and n-n interactions were believed

to responsible to the energy barrier with long and short interactive.
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2.3.4 Single-molecule study of macromolecules unfolding

In biology systems, all the biological motions, is believed driven by forces at the molecular scale.
On the other side, the reduction of motion by binding of ligands to its corresponding receptors or
folding of a polypeptide to three-dimensional structure involves the formation of interactions that
overcome the thermal and other opposing forces. Thus, it is desirable to understand the behavior

of a biological macromolecule (protein) in response to external forces.

Fernandez and his coworker studied the response of Ubiquitin under the perturbation of external
forces!®. Trajectories were found continuous and marked by several distinct stages in the collated
force curves. Meanwhile, the time needed for folding is found dependent on the contour length of
the unfolded protein and the force applied during folding. In a following paper, the ubiquitin
polyprotein extends in discrete steps of 20.3 + 0.9 nm marking each unfolding event upon a step
increase in the stretching force®. Furthermore, the unfolding rate was demonstrated to be
exponentially dependent on the applied force and can be described by a two-state Markovian

process that obeys the Arrhenius equation.

Besides protein, RNA was also studied with SMFS. In the experiment, mechanical force was
manipulated to induce the unfolding and refolding of single RNA molecules'®. It is found in the
experiment that the RNA is bi-stable when kept at constant force within a critical force range and
hop between folded and unfolded states. Furthermore, the force-dependent equilibrium constants

for folding/unfolding was also determined.
2.3.5 Single-molecule study of polymer-substrate interactions

The adhesion of polymer at solid substrates is of critical importance for a broad range of
applications ranging from medical treatment, coating industry, mining industry, adhesive industry,
etc. However, various traditional techniques such as QCM-D and surface force apparatus (SFA)
can only provide macroscopic averaged information and has no access to study the interaction in
single molecular level. With the emergence and development of SMFS, the study of polymer—

interface interaction in single-molecule level becomes readily accessible.

The SMFS is powerful as it can be used to study the adhesion of bio-macromolecules on solid-
water interface. It is one of the several fundamental questions for life science and bio processes in

living organisms. Usually, the possibility of observing macromolecule peeling event can be
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increased by covalently linking the studied polymer/macromolecule to AFM tip. The revised
experimental approach gives rise to readily collection of force curves with plateau feature. By
using this method, the single-molecule adhesion force of spider silk peptide (C16) on diamond
surface was determined to be 58+8 pN. It is close to the value predicted by Molecular dynamics
(54+15 pN)®. Based on the combined experimental and theoretical investigations, Hugel and his
coworker claimed that the standard force fields used in classical simulations are applicable in
modeling the hydrophobic attraction of peptides on hydrophobic surface®®. Meanwhile, they also
advocated that the contribution of the hydrophobic effect and the van der Waals interactions are

comparable and largely cancelled out.
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Figure 2-6 SMFS experiment of peeling a bio-polymer from hydrophobic diamond surface. (A) A
typical SMFS force curve of peeling a spider silk peptide (C16) from substrate in 20 mM NaCl
background solution. (B) The schematic representation of the setup of the SMFS experiment. (C)
Plateau height. (D) The statistical distribution of the SMFS results, giving a mean single-molecule

adhesion force of 58 + 8 pN°®°,

Furthermore, with the help of SMFS, the influence of surface potential, pH, surface property and
salt concentrations on the interaction between polymer and interested surfaces could also be
revealed. The desorption force obtained was found dependent on the surface hydrophobicity®’. The
single-molecule desorption force increases monotonically with increasing hydrophobicity of the
substrate. However, the influence of electrical properties of the substrate was found to be within
15% 8 and the influence of surface roughness is negligible®. Although the desorption force

obtained by SMFS decreases with increasing salt concentration (NaCl, Nal and NaH2PO4) and
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follows the Hofmeister series, the effect is found to be very weak and only obvious at high salt

concentrations®’- 79,

Besides biopolymers, the SMFS technique was also widely applied to investigate the interactions
between synthetic polymers and solid substrates. Seitz and coworkers studied the interaction of
partial hydrolyzed poly-N-vinylformamide (PVA) with silica surface?’. The peeling force was
found increases with increasing degree of hydrolysis. This is attributed to hydrolysis, which
generate more positive charges along the PVA chain. Furthermore, the interactions between PVA
and silica surface is found to be sensitive to ionic strength. Smaller desorption force is probed in
solution with high salt concentration. The force reaches its lower limit at 45 pN when the
electrolyte concentration is high enough (100 mM). Based on a simple linear model derived from
Debye-Hiickel approximation, the interaction of PVA with silica surface was divided into two
contributions: electrostatic interactions and non-electrostatic interactions. The electrostatic
contribution is screened in high salt concentration while the non-electrostatic interaction keeps

constant.

By utilizing the SMFS technique, non-electrostatic interaction is also found important in determine
the interactions between a single polymer chain and studied solid surface in water. Zhang and his
coworkers probed the interactions between an home-synthesized polyelectrolyte (poly(2-
acryamido-2-methylpropanesulfonic acid), PAMPS) and amine functionalized silica surface via
SMFS’!. Since the force curve shows a long plateau, the polyelectrolyte is believed to adopt a train
like conformation at the solid-water interface. The desorption force between polyelectrolyte and
positively charged solid surface is found around 120 pN and insensitive to ionic strength. The
authors believed these results can be attributed to the major contribution of non-electrostatic

interactions between PAMPS and solid surface.

Besides that, the SMFS also provides insights on influence of the molecular architecture on the
single-molecule adhesion force?®. In the experiment, brush polymer and dendronized polymer were
used as model polymers. Their single-molecule interactions were probed on hydrogenated
diamond in water. Surprisingly, the side chains of polymer brush showed no significant effect on
the magnitude of the probed desorption force. For highly branched dendroinized polymer, it was

found still mobile on the surface. Similarly, the results demonstrated that the single-molecule
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adhesion force corresponding to the polymer chain peeling event is not affected by the presence

of long side chain.

Stimuli-responsive polymer is a hot topic in polymer science’>””. The unique properties of them
entitle them to be able to sense the change of environmental stimuli and respond to in its
characteristic way. Based on these properties, smart surfaces offering interesting controlled
attachment/detachment’®" and self-cleaning properties®! have been developed. For these systems,
one fundamental question arises: how does a single polymer chain interact with solid surface in
aqueous solution. Recently, SMFS technique was applied to study the single-molecule adhesion
of a stimuli-responsive polymer on model gold surface. In the experiment, a statistical copolymer
composed of di(ethylene glycol) methyl ether methacrylate (MEO2MA, Mw188.22) and
poly(ethylene glycol) methyl ether methacrylate (PEGMA, average Mw 500) was synthesized.
The UV-vis illustrates that the copolymer underwent a transition from hydrophilic state to
hydrophobic state when the NaCl concentration in background solution is increased. The detailed
SMEFS experimental results demonstrate that the copolymer adopts different conformation on Au
surface in high NaCl concentration buffer because the bridging length was dramatically reduced>.
Meanwhile, the single-molecule adhesion force on gold was found lower when the copolymer is
in collapsed state. Meanwhile, the cooperativity effects is profound in collapsed state compared to

that in hydrated state.

Furthermore, SMFS was also employed to understand certain systems that directly linked with
industrial processes. HPAM was reported to be capable of improving bitumen recovery when
added during extraction process®>. With the help of SMFS, the desorption force between HPAM
and various substrates were measured at single molecular resolution®’. Silica, mica and bitumen
coated silica were utilized to represent the sand grain, clay and bitumen droplets. Highest
desorption force around 100 pN was measured from mica surface while bitumen surface shows
the lowest single-molecule adhesion force (around 40 pN). Based on the obtained data, a

mechanism was proposed which explain the previous reported data very well.

The interactions of polymer with clay surfaces is of vital in governing the flocculation
performance. Deep understanding is needed to propose reasonable working mechanisms and
update the guidelines for designing new flocculants. The interaction of Al(OH)s-polyacrylamine

hybrids flocculants (Al-PAM) and silica surface was then quantified via SMFS. Ionic bonds
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between AI(OH)s particles and silica substrate with strength around 1253 pN was monitored. The
interaction of PAM and silica surface was believed to be based on hydrogen bonding which
generate moderate desorption force around 250 pN. Based on the SMFS results, the author
believed that the enhanced flocculation performance of AI-PAM can be attributed to the reduced
electrostatic repulsion between clay particles after AI(OH)s; particles adsorption and easily

accessible PAM chains by clay surfaces for polymer bridging.
2.4 Theoretical study of single-molecule polymer-substrate interaction

The rapid development of the experimental SMFS study promotes the development of the theories
that are capable of capturing the underlying physics of the polymer chain peeling event. Up to
now, the physical picture of the polymer chain peeling is clear, and the theoretical analysis agrees

well with experiment results.
2.4.1 Theory of single polymer chain peeling mechanics

The SMFS experiments resolve the detaching of a single polymer chain from substrate under
mechanical perturbation. The experiment involves a sharp AFM probe, a desorbed portion of the
polymer chain, the polymer chain portion on the substrate and the substrate. From the view point
of force balance, the elastic force associated with the deflection of the cantilever is balanced by
the force holding the polymer on substrate. The desorbed portion of the polymer chain between
the cantilever and the substrate served as a spring, which transfer the force from the AFM probe
to the polymer chain on substrate. Thus, the analysis of the polymer chain peeling process calls for
a clear understanding of the behavior of single polymer chain upon stretching, in other words, the

force-extension relationship of a single polymer chain.

Freely-jointed-chain (FJC) and worm-like-chain (WLC) models are two commonly used
theoretical models in polymer physics, which describe the relationship between the mechanical

force and the end-to-end distance. In this thesis, these two models are introduced.
2.4.1.1 Freely-jointed-chain model

The freely-jointed-chain (FJC) model is the simplest model that describes the statistics of a
polymer chain. It assumes that the monomers of a polymer chain are connected with no

restriction®. Thus, the polymer is treated as a chain of rigid bonds linked together by flexible
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connections. In general, the steric interactions between the monomers are neglected, which means
that the polymer has no volume. Though it is too ideal to describe the real polymer chain in this
way, the FJC model still provides important insights to the behavior of a single polymer chain and

1ts statistics.

The polymer chain can be considered as a string of N monomers with length of by each. As is
shown in Figure 2-7, each monomer is described as a bond vector (77, 75, ..., 7y), and the length of
the each vector equals to bo (|7;| = by). When one end of the chain is fixed as the origin, the

position of the monomers can be specified though position vectors:

R_n) —R, =T, Forn=1,2,3, ... N 2.5

Figure 2-7 A freely-jointed-chain.

Thus, the end-to-end vector connecting two ends of the polymer chain can be calculated as the

sum of the all bond vectors.

N
ﬁ227 2.6

However, due to the random conformation of the polymer, the vector R does not offer much insight

into the statics of the polymer chain as its value and direction is not known (it can point to any



direction and the value of R can varies from 0 to Nbo). From the view point of statics, the ensemble

average end-to-end vector is zero ((ﬁ ) = 0) as the monomers are randomly oriented with respect
to each other and their orientation are independent with each other. This problem can be solved by

estimating the mean-square end-to-end distance (R?).
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where 6;; is defined as the angle between two bond vectors. As no correlation is found between
bond vectors, the ensemble average value of Z?’zlzyziﬂ(cos@i ;) 1is 0. Then, the equation 2.8

gives a typical mean-square end-to-end distance estimation based on the monomer number and

monomer length.

J(R?) =V/Nb, 2.8

However, describing a real polymer by this model is too crude. During the derivation of the
aforementioned mathematical relationship, assumption was made that the monomers are linked
together freely. It is definitely not true for real polymers. Restrictions do exist between adjacent or
remote monomers due to the presence of preferred angle for chemical bond (109°23” for C-C
chemical bond) and steric interactions. Thus, real polymer chain is not as flexible as an ideal freely-
jointed-chain. This problem was addressed by the introduction of Kuhn segment and Kuhn length
(/). The concept of Kuhn length is defined as the length of a segment that contains multiple
monomers and such segments can be treated as freely jointed units in the chain®®. Therefore, the
Kuhn length is always larger than the monomer length. The length of the Kuhn segment indicates
the stiffness of polymer chain and is influenced by the above-mentioned restrictions. The statistical
behavior of a real polymer chain can be described using Kuhn segment (/) (longer than the
monomer length) and its number () (smaller than the monomer number N).
nl=1L

2.9
nl? = (R?)
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Up until now, the statistical description of mean-square end-to-end distance using Kuhn length has
been introduced. In order to obtain the mathematical relationship between the single polymer chain
restoration force and mean-square end-to-end distance, probability distribution function of the end-
to-end distance is required. In detail, if the long polymer chain can be regarded as a freely-jointed-
chain and one end of the polymer chain is assumed to be at the origin, a mathematical expression
that estimates the possibility of finding the other end of the chain in a unit volume dxdydz can be

obtained. In order to simplify the derivation, the introduction starts from one dimensional case.

Assume that a random walk of the total n step shops at the position d, the number of forward and

backward steps would have to satisfy the following relationship:

ng+mn,=n
2.10
ng—mn,=d
Thus, the total possibility of this case can be described as:
! !
P(d) = c o« pY ok ptTY = v * 27N = e x 27N
n nf! Np, 1 1 2.11
?(n+d) ! E(Tl—d) !

Where p is assumed to be the possibility of moving a step forward and 1-p for backward. As the
random walk has no bias, the possibilities of the forward and backward steps are identical (0.5).

The Equation (2.11) is then simplified by taking natural log on both side of the equation:
1 1
InP(d)=Inn!—In (E(n + d)) '—In <§(n — d)> '—nin 2 2.12
As the number of n is very large, Stirling’s approximation is applied:

InP(d) = ! l ! d - l ! d
n P(d) <n+§> nn—(z(n+ )+§) nz(n+)
2.13
5 (n 5)ins 5 n2m —nin

The Equation (2.13) is again simplified with Taylor’s expansion to approximate In(n — d):
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1 d? 1/d\? 1 514
lnP(d)=—§lnn—7+§(£> (n+1)+(n+1)ln2—§ln2n—nln2 .

As n is much larger than 1 (n >>1), the equation is finally simplified to:

d2
exp (— %> 2.15

Thus, the possibility of finding the other end of the polymer chain at R in 1 D random walk can be

N[~

PO = (g7)

obtained as:

, R?
P(R)=C=xexp (— 2an> 2.16

where C is a normalization factor and can be determined by summing the probabilities over all

possible states of a chain, which should be 1. Thus the value of C was determined:

+ oo +oo

- R?\ &
f P(R) dR=C f exp (— anz>R =Cx+2mnl? =1
- - 2.17
C= 1
V2nnl?

Now, the possibility of finding one end of the polymer chain in one dimensional random walk is
obtained, which can be extended to 3 dimensional random walk easily. Since the random walk has

no preference on x, y, z direction, the steps on X, y, z direction is one thirds of the total number of

walks (% n, assumes that the total number of three dimensional walk is 7). In three dimensional

- - - - 2

random walk, the R can be divided into three non-correlated components: Ry, Ry, R, (R, +

- 2 - 2 -
R, +R, = R?). Thus, 3D random walk is simplified into three 1D random walks. The

probabilities for all of them can be expressed as:

- 2
S V3 3R,
P(R,) = —— exp |~ 2.18
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V3 3R,

P(Ry) B V2mnl? FEP\ T o
V3 3R,
=\ . z
P(RZ) 22 i exp( 2nlz>

Thus, the total probability of a 3D randomly picked chain has the end-to-end vector Ris:

P(R) = P(R) » P(Ry) * P(R;)

3 - 2 - 2 - 2
V3 3R, 3R, 3R,
= * — * — * —_
ommz) P\ T oniz | TP T nz | TP\ T 22
3 - 2 - 2 - 2
3 \2 3(R, +R, +R,) 2.19
() o0
2mnl? 2nl?

3 N
( 3 )i 3R?
= E 3 —_
2nnl? exp 2nl?

Obviously, the probability distribution function of end-to-end distance in 3D space is Gaussian.

This the reason why this model is also referred as Gaussian chain model. With this probability
distribution function in hand, the radius of gyration (ﬁg), which is another important parameter for
polymer can be easily calculated:

L, 1% 20 ml2 1

R, =H(Z(ﬁ—f’) )=~ =¢(R%) 2.20

j=1

By knowing the probability distribution function (P (ﬁ)), the thermodynamic properties of the
system, such as entropy and entropic free energy of the polymer chain can be estimated.
Furthermore, mathematical expression which describes the relationship between applied force and

end-to-end distance can be derived. This relationship is important since it is indispensable for

SMEFS experimental data analysis. The number of conformations (€2) available for a polymer chain

with end-to-end distance is R can be related to P(ﬁ) by:
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Q(R) = P(R) * Quotar 221

where (2;,¢q; 15 the total number of the available conformation for a polymer chain with »
segments. The exact value of the (2;,;,; does not influence the calculation of the entropy of the

polymer chain, S.

-

3k, R2

-5 2.22
2nl?

S(R) = kgin 2(R) = Sy —
Here, S, is a constant and kg is Boltzmann’s constant. As is evident in the equation, the entropy
of the polymer chain decreases as the polymer chain is stretched/extended. As the polymer is
extended, or in other word, the end-to-end distance is increased, the segments of the polymer has
to realign to accommodate themselves with the specific separation. When the polymer chain is
fully stretched to its contour length, the segments has to be perfectly aligned. In the derivation of
the FJC model, the interactions between monomers/segments are neglected. Thus, the internal
energy of the polymer chain does not change upon stretching/extending. The Helmholtz free
energy is then obtained:

3k TR?

AZU—TSZUO-}-W—TSO 2.23

The equation 2.23 correlate the extension/stretching of single polymer chain with the free energy

of the system. The Helmholtz free energy A reaches its minimum value when the end-to-end

distance is zero (ﬁ = 0). Meanwhile, by differentiate the Helmholtz free energy with the end-to-
end vector, the relationship of the restoring force with end-to-end distance can be obtained, as the
energy inputted into the system only stored as Helmholtz free energy.
0A _ 3kgTR _3kyT

Fodd

C = - 2.24
oR nl? nl?

It is easy to notice that the polymer chain that can be treated as FJC behaves as a traditional spring
and the stiffness is dependent on the environmental temperature 7. The stiffness of the polymer

chain is linearly proportional to the environmental temperature.

However, the previous derivation is only valid for very weak force so that the distributions of the

segments still follows the Gaussian distribution. In the real cases, the mathematical function
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describes the probability of segment distribution changes when the polymer is subjected to an

external force. The partition function can be calculated as:

~FR
Z =fd?1fd172 ...fd?nexp<k T) 2.25
B

As the energy is separable,

n n
ﬁﬁ:ﬁZTzFZ?l FZl*l*cose —FlZcosHi 2.26

where f is the unit vector of the applied force, |7;| = [ and 0; is the angle between unit vector of

applied force ( f ) and bond vector of segment i. We have Z = Z;*because each segment is

independent with each other.

m T —Flcos 8, kgT Fl
Z4 =J;) d(pljo sin 6, exp (kB—T> df; = 4r Fl smh(kBT> 2.27

Thus, the end-to-end distance of the polymer under external force can be obtained:

(R) = OA kTaan kTa<l( h(Fl)) lF)
F 8T % nBaFnsm T n

_ l< th<Fl> kBT)
=nl(co T Fl

This is the well-known FJC model which relates the external force with the end-to-end distance.

2.28

It has been widely applied to study the single molecule stretching mechanics and provide updated

insights.

In general, it fits the experimental data well in low force range, when the entropic effects govern
the relationship between force and end to end distance®®’. However, when the external force is
high, the FJC model is not suitable as the enthalpic effects could not be neglected®. A revised
version of FJC model was then proposed by Smith and his coworkers by adding a new parameter-

the segment elasticity Kscgment. The new model is referred as extended FIC model®.

(R) = ( th( Fl) kBT) L + nk 2.29
=Xx=|co kB Fl contour Ksegment .
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where x is the end-to-end distance of the polymer chain under mechanical force. Different with
the FJC, the extended FJC model treat the segment as a unit spring which is able to deform under
external force. With this optimized model, elastic properties of various polymers were obtained by

fitting the collected force curves?® 602093,

2.4.1.2 Worm-like-chain model

Instead of representing the polymer as a string of segments with flexible connection in FJC model,
the WLC model treat the polymer as a continuous flexible rode that has a characteristic term of

bending modulus or persistence length [,. Thus, the worm-like-chain (WLC) model provides

better description for stiff polymers.

Figure 2-8 A worm-like-chain.

L, is defined as the characteristic length over which the correlation of the direction of the tangent

vector is lost. Thus, it is a parameter that represents the stiffness of the polymer chain.
—S
(t(0) - t(s)) = exp(7-) 2.30
P

Meanwhile, the persistence length is also linked with the bending modulus (B) of a polymer

chain®*:
B = kyTl, 231

Based on these, the energy associated with bending an elastic rod by angle of 6 can be described

as:
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2

dt(d)
ds

B kpTl L
Ebending = kBT_H2 = pj
0

2L 2

This question mathematically relates the persistence length with the thermal energy of the chain.

Then, the mean square end-to-end distance can be obtained®*:

l l l l
R23Y=(R-R) = ds - Nds') = ds - . Nds'
(R?) = (R-R) <j0t(s)sj0t<s>s> jo sjo<t(s) ((s")ds

L L |s — 5| L( &
=fds-fexp — ds' =20L,L|1+-—-(e -1
0 0 Lp L

When the contour length of the polymer is much larger than the persistence length (L >> 1)), the

2.33

L
term e '» = 0. Thus, parameter of persistence length can be linked with the Kuhn length in FIC
model, where lgyp, = 21,. The relationship of the restoring force and end-to-end distance can be

described:

kyT 1 1

X
L 4(1_%)2 4 L

This is the basic form of the mathematical expression that relates the force with end-to-end distance
using WLC model. It was widely applied to analyze the experimental SMFS results. However,
deviation of this model with the experimental data is found when force is large. Odijk added an
enthalpic bond stretching modulus K, to this model and gave the following mathematical

relationship:

1
|1k F 535
PRt T\FL ) TR '

Later on, the model was further modified by Want et.al.

F = —_t ——
4+ 2.36
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The modified model shows good agreement with the experimental data both in low or relatively

high force range.
2.4.2 Single polymer chain mechanics

The emergence of the SMFS technique allows the experimental determination of the response of
single molecules under external mechanical force. The results provide insights into its elasticity
and the behavior of a single polymer chain at solid-liquid interface. Such experiments are not
resolvable by traditional macroscopic techniques’. Typical setup of SMFS experiment that
focuses on the investigation of single-polymer chain at the solid-liquid interface includes a
polymer modified AFM probe and an interested substrate. The attractive interaction between the
polymer and substrate in liquid promotes the adhesion of polymer on solid-liquid interface. The
response of the polymer chain adsorbed on the interface upon external mechanical perturbation is

probed and recorded when the polymer modified AFM tip approaches and retracts continuously.

Up to now, two distinctively different situations has been encountered: Polymer stretching or
polymer chain peeling. The polymer chain stretching is typical when the studied polymer anchors
on the substrate or the interaction is very strong. Much longer relaxation time compared to the time
scale of the experiment leads to the occurrence of saw-teeth feature in the collected force curves.
Important information such as the elasticity of the polymer chain or the binding of cosolutes on
macromolecule can be obtained by analyzing the results with suitable theoretical models. On the
other hand, when the relaxation time for polymer-substrate interaction is smaller than that of the
SFMS experiment, the obtained force curves represent the breaking of the polymer-substrate
interaction can be used to quantify the equilibrium interactions between a single polymer chain

and substrate in solution.

In this thesis, the study is focusing on the second scenario as only the polymer-peeling event
provides opportunities to determine the equilibrium single-molecule adhesion force. The
characteristic plateau feature in the collected force curves indicates the polymer chain moves freely

30-31 1t means that

when peeling from substrate®*. This is usually called as frictionless assumption
the macromolecule on the surface cannot support a net horizontal friction force and be peeled from
substrate at an average angle of 90 © with respect to the substrate®'. Such scenarios have been

found on flat homogenous substrates, such as diamond surfaces®, self-assembled monolayers’®,
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silica surfaces’” and gold surfaces**. Thus, the influence of charge effect®’”- °3%°, the hydrophobic

effect®® and surface roughness® on single-molecule interaction were able to be studied.

Probability density (x10-3)

collapsed

1 1 1 1
100 200 ~ 300 400 20 0 20 40 60 80 100
Tip-surface separation (nm) Force (pN)

Figure 2-9 (A) Illustration of pulling a polymer chain out of its collapsed globule; (B)
superposition of ~300 force-extension curves, which indicates the pulling of several single chains

simultaneously; (C) Histograms showing the force distribution of baseline and the first step'®.

It is worth pointing out that polymer chain peeling event is not the only case that plateau feature
can be observed in the collected force curves. Walker and his coworker reported that plateau event
is also typical when polymer chain is pulling out of its collapsed globule in poor solvent!?’ (Figure
2-9). Thus, when a plateau force is obtained in the experiment, it is important to find out the real
physical process during the SMFS experiment. In polymer chain peeling cases, the polymer-
substrate bond is broken when the polymer is peeling from the substrate. Therefore, the plateau
height is dependent on substrate, which leads to a substrate dependent single-molecule adhesion
force. On the other hand, when polymer chain is pulled out of its collapsed globule, the single-
molecule force is substrate independent as the force only relies on the solvent-solvent, solvent-
monomer and monomer-monomer interactions'®. Thus, in SMFS experiment, the dependence of
the single-molecule force on the substrate can be used as a criterion to judge which scenario should

be used to describe the underlying physical process.

To be noted, when polymer adsorbs on the solid-water interface, only part of the chain lay flat on
the interface. The rest part of the polymer chain is either in loops conformation or in tails
conformation'®!. Theories have been developed to understand the size statistical distribution of
train, loop and tail'®>. However, only the polymer in train conformation can be probed during

peeling process. Since the loop is already in the solution, no force can be setected.
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Figure 2-10 (A) Typical force curve obtained in SMFS experiment representing single-molecule
peeling event. The inset shows the experimental setup; (B) The peeling of the polymer chain from

substrate and the dependence of free energy on the pulling distance H*.

During the SMFS experiment, the free energy of the system is composed of three terms: the
adhesion free energy of the adsorbed portion of the polymer chain, the entropic free energy of the
stretched portion of the chain and the elastic free energy of the deflected AFM cantilever®. The
adsorption free energy can be obtained as the product of the adsorption free energy per unite length,

A, and the contour length of the polymer chain portion that adsorbs on the substrate, L-s.
Gaa = AL —5) 2.37

where L is the contour length of the whole polymer chain and s is the contour length of the polymer
chain portion that is stretched. The entropic free energy is obtained by integrating the entropic

force f of the stretched polymer chain portion from the initial state with almost no extension to the

final extension H.

H
Gop, = j f(H'/s) dH’ 2.38
0

The function of f(H'/s) is the mathematical relationship between the entropic stretching force
and the end-to-end distance. It is dependent on the model utilized in the analysis. Usually, the
WLC model is believed appropriate to describe the polymers with certain stiffness. The

relationship is given by:
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H
s 2.39

The last portion for the total free energy of the system is the elastic free energy of the cantilever.
This form of free energy can be determined using the spring constant of the cantilever (K) and the

deflection of the cantilever:
1 1
G, =§Kx2 =§K(DP—DC—H)2 2.40

The relationship between the adhesion free energy per unit length A and the peeling force can be
obtained by minimization of the free energy G with respect to the contour length of the desorbed

portion of the polymer chain®’.

!

H
dG d(Gad + Gen + Gel) Smin H’ H H
S pmin = =/1+f Z)acH's) - ( )=o 2.41
dS mn dS o f S ( / ) min f Smm
Thus, when the equation is rearranged and WLC model is used, we have:
Hl
Smin H H ), s

It is evident from the equation that the peeling force is always larger than the adhesion free energy

per unit length as part of the energy is stored as entropic free energy in the stretched polymer chain.
H

In general, the value of is smaller than 1. However, it may approach and close to 1 when the

Smin

force is large, which effectively stretches the polymer chain to its contour length.
2.4.3 Hydrophobic hydration

The process of peeling a polymer chain from substrate leads to the transfer of the polymer from
solid-water interface to water. At this time, the hydration of the polymer chain occurs. In general,

the hydration of a molecule can be defined as the process to insert a molecule into water phase.

Usually, the hydration process can be divided into two steps: 1) the creation of cavity to
accommodate the foreign molecule and 2) placing the molecule into the cavity. The first step is

energetically unfavorable as the breaking of water-water interactions and reduction of
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conformational freedom of the water molecules are encountered. On the other hand, the second
step is usually energetically favorable as attractive interactions such as hydrogen bonding,

electrostatic, polar and dispersive interactions are established.

In this thesis, the term of hydrophobic hydration needs to be introduced. As the name implies, it
is defined as the process that insert a hydrophobic solute into water. It is a special case for
hydration. In this case, the cavitation free energy dominates the overall hydration free energy
because the attractive interactions between the hydrophobic solute and polar water is weak. The
determination of the free energy associated with the hydrophobic hydration is found to be
complicate. A size dependent hydration phenomena is predicted'®® and observed!®*. The small
solute case is shown in Figure 2-11A. In the graph, methane is used as a model small hydrophobic
molecule. Due to the presence of methane, the water molecules are excluded from the space where
methane occupies. As the volume is small, the water molecules does not have to loss the hydrogen
bonding to stay at the interface. The water molecule only need to reorient to cover the surface of
solute, which allows the maintaining of the hydrogen-bonding. However, distinctly different
situation is encountered in large solute case. The presence of large surface does not allow the
survival of all hydrogen bonding. As a result, a fraction of the hydrogen bonding is lost. Usually,
for the water molecules near the extended hydrophobic surface, approximately one hydrogen

bonding is lost per water molecule.

The idea, which advocates that the hydrogen bonding of water molecules near a small hydrophobic
particles is maintained and partially lost when close to a large hydrophobic surface was first
proposed by Frank Stillinger many years ago®’. It provide physical basis for the understanding of

hydrophobic effects.
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Figure 2-11 Configurations of water molecules near hydrophobic cavities obtained with

molecular-dynamics simulations'®.

The term of free energy change AG can be utilized to predict if one process is likely to happen or
not. In the case of solvating a molecule, the free energy change AG is the reversible work for the
solvent to solvate the solute. At room temperature and 1 atm pressure, the free energy difference
between water in its vapor and liquid phase is relatively small compared to its thermal energy.
This ensures that the cavities in water has an interface similar to that between liquid and vapor°,

30, 32

which was confirmed recently by theoretical analysis*® 32 and simulation'®-3!>3%46 Then the free

energy cost to hydrate the spherical cavity of radius R can be estimate as AG = 4mR?y +
(g)nR3p ~ 4mR?y, where p refers to the pressure and y is the water-vapor surface tension. For

macroscopic cavities, the contribution of pressure-volume term is significant. However, it is
negligible when the size of the cavity (R) is small and less than several nanometers at room

temperature.

In the case of large solute size, the hydrophobic solute induces the presence of extended
hydrophobic-water interface. As a result, the solvation free energy includes a component which
scales with the surface area. However, the hydration of a small solute is completely different. Its
hydration only leads to the re-ordering of hydrogen bonding. The re-ordering only influence the

surrounding water within about one correlation length, which gives a solvation free energy scales
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more likely to the volume rather than the surface area of the solute. Thus, the hydration free energy

AG is proportional more accurately to R® than to R°.
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Figure 2-12 (A) Solvation free energy for a spherical cavity in water as a function of the cavity

size!'%,

The Figure 2-12 clearly shows how the normalized solvation free energy changes with the solute
size. The solvation free energy grows linearly with the solute volume when its size is small. In the
case that a large solute is used, the hydration free energy is proportional to the exposed surface
area. The crossover region is about 1 nm. However, one has to be clear that the transition is

collective rather than a sharp and sudden phase transition.
2.5 The interaction between stimuli-responsive polymer and hydrophobic-water interfaces

The concept of stimuli-responsive polymer has been proposed for years. It is a special type of
polymer which is able to sense the environmental stimulus and respond to it in its own way. Up to
now, various kinds of switching polymer were developed and synthesized””. The effective stimuli
can be light!®, salt>3, temperature!®®1%’ pH!, CO2!%® and so on. Various polymeric materials for
practical applications have been developed based on these stimuli-responsive polymers, which
couple the stimuli-responsive behavior with the control of molecular activities, such as the
adhesion of polymer to solid-water interface®. Such behavior of polymers is of paramount
importance in many applications, including treatment of medical device surfaces, controlled

attachment/detachment’®-30

and self-cleaning®'. Thus, understanding the interaction between a
single stimuli-responsive polymer chains with interested solid-water interface is important to

reveal the fundamental interactions and provide updated insights.
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Meanwhile, the main driving force that promotes the interaction between polymer and substrate is
highly desired to be understood and their individual contribution be quantified. Besides the
common van der Waals interactions and electric double layer interactions, hydrophobic attraction
is also important. Though it has been investigated for decades, its role in molecular scale and more
importantly, the underlying physical mechanism remains to be explored. The above two points
consist the backbone of this thesis, which strives to provide updated single-molecule interaction
of stimuli-responsible polymer with model hydrophobic surfaces. Furthermore, quantify the role

of hydrophobic attraction at molecular scale.

Besides that, the SMFS was also utilized to find an appropriate functionalization polymer for the
effective exfoliation of MoS: into single-layer for its practical applications. The results confirmed
that this approach is efficient and effective. Meanwhile, the results demonstrate that the proposed
approach can be extended to other applications where interaction between polymer and solid

surface in liquid is important.
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Chapter 3

Probing Single-Molecule Adhesion of a Stimuli Responsive Oligo (ethylene
glycol) Methacrylate Copolymer on a Molecularly-Smooth Hydrophobic MoS:

Basal Plane Surface
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3.1 Introduction

The chalcogenide derivatives of Molybdenum (Mo) have been shown to be versatile building

blocks of high performance functional materials for various applications, including

110-111 112-113

nanotribology'®®,  photocatalysis , drug delivery , catalysis of hydrogen evolution
reactions (HER) 4115 and power generator!!S, etc. Nano-size MoS:2 with one- or two- dimensional

structures on the other hand were found to be necessary for practical use since interesting

1117-118 1119 120

properties such as optica ,mechanical’ ", electronic and chemical properties'“” of nano-MoS2
disappeared in the corresponding large 3D bulk materials. Furthermore, MoS: flakes in nano- or
micron-size with one or few molecular layer thickness favor applications concerning size

limitations and/or pursuing high efficiency.

Such unique characteristics of MoS: has led to the development of several exfoliation methods to
prepare single- or few layered MoS: flakes. Lithium intercalation is a typical chemical exfoliation
method'?!. The lithium inserted into the MoS: layers reacts with water to generate the hydrogen
gas at the interface that promotes the exfoliation process. Ultrasonication has also been used to
exfoliate MoS: in the presence of appropriate organic solvent!?*'2*, This protocol is able to

124

produce mono- or multilayered MoS:2 sheets of small lateral sizes'~*. Recently, milling combined

with ultrasonication has been shown to produce high concentration monolayer MoS: flakes'%.

Although the exfoliated MoS: flakes provide an excellent platform for applications, further proper
surface modification by organics has been shown to be critical. A MoSz-graphene composite sheet
of high lithium storage capacity was developed for lithium-ion batteries. MoS2-graphene hybrid
material in the robust paper form was produced with addition of poly(ethylene oxide) (PEO) while
loose powder which is not suitable for further application was encountered without any polymer
addtives'?®. Drug carrier for effective cancer therapy is another application field that nano-size
MoS: has been empolyed'?’. In particular, Doxorubicin was loaded on Chitosan-modified nano-
MoS: flakes and applied as chemotherapeutic drug nanocarriers. It provided combined
chemotherapy and photothermal therapy, showing promising results on cancer treatment''?. In the
experiment, the results indicated that the biocompatibility and stability of the MoS:2 nanosheets,

which were critical for drug carrier applications, were improved by modification of Chitosan.

Due to the importance of polymer modification in tailoring the properties of nano-size MoS: for

specific applications, a clear understanding of the polymer-MoS: interaction especially down to
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single-molecule level would be highly desired to optimize the current systems and promote future
development. Recently, it was reported that the nonpolar segments of protein can firmly bind to
MoS: surface!?8. Thus, it is interesting to know how does the hydrophobicity of the polymer

influences the final polymer-MoS: interaction.

To address these problems, in this study, the polymer-MoS: interaction down to single-molecule
level was studied. The oligo (ethylene glycol) methacrylate copolymer which has been proven to
be promising polymer for biomedical applications'?® was used as a model polymer. This well-
known stimuli-responsive polymer is composed of a hydrophobic backbone of methacrylate and
oligo ethylene glycol (OEG) side chains with varying lengths. The OEG side chains form H-bonds
with surrounding water molecules, which are regarded as the main factor that is responsible for
the hydrophilicity of the polymer!**-13!, The overall behavior of the copolymer, especially at high
polymer concentration in water, depends on the competition of polymer-polymer interaction and
polymer-water interaction. Thus, the oligo (ethylene glycol) methacrylate copolymer would

132-134

undergo a hydrophilic to hydrophobic transition in response to environmental stimuli (e.g.

temperature, salt) due to the suppressed hydration of side chains!?% 135138,

By using this copolymer, we aim to quantify its single-molecule interaction on MoS: basal plane
surface, as well as exploring the influence of the hydrophobicity of the polymer on the single-
molecule adhesion force with MoS: basal plane surfaces. The emergence of the Single Molecule
Force Spectroscopy (SMFS) provides an excellent platform to probe the single-molecule adhesion
force of a polymer chain on various substrates®> 27346783 n this study, it was used to characterize
the single-molecule adhesion force of oligo (ethylene glycol) methacrylate copolymer on a MoS:
basal plane surface. Force curves with characteristic equilibrium desorption features were obtained
for the first time between a copolymer and hydrophobic MoS:2 basal plane surface. The heights of

the plateaus were used to determine the strength of the single polymer chain-MoS: interaction.
3.2 Materials, characterization and methods
3.2.1 Materials

The water used in the experiment was particle free and purified with Milli-Q system. (3-
Aminopropyl)  triethoxysilane ~ (APTES), = N-Hydroxysuccinimide = (NHS),  N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), triethylamine (Et3N), copper
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(I) bromide (Cu(I)Br), dioxane, N,N-Dimethylformamide (DMF), a-Bromoisobutyryl bromide
(BIB), 2,2"-bipyridyl (bpy), di(ethylene glycol) methyl ether methacrylate (MEO2MA, 95%, MW
188.22), poly(ethylene glycol) methyl ether methacrylate (PEGMA, average Mn 500), 4,4'-
Azobis(4-cyanovaleric acid) (ACVA) and the RAFT agent 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid were purchased from Aldrich. The silica wafer was purchased from
nanoFAB in University of Alberta. The bulk crystalline MoS: used in the study is a pure mineral
purchased from WARD’s science.

3.2.2 Synthesis of oligo (ethylene glycol) methacrylate copolymer (P(MEO:MAx-co-
PEGMAY), x:y=10:1) and polymer brush.

The copolymer was synthesized via RAFT polymerization and the detailed procedure can be found
elsewhere®*. The monomers were purified by passing through a neutral aluminum oxide column
to remove the inhibitors. In a typical experiment, 3.2 g di(ethylene glycol) methyl ether
methacrylate (MEO2MA) and 0.8 g poly(ethylene glycol) methyl ether methacrylate (average Mn
500) (PEGMA or MEOsMA) were mixed with 8 mL dioxane (solvent). After that, 3 mg 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (RAFT agent) and 1.1 mg ACVA
(initiator) were added into the flask. The function of the RAFT agent used in the synthesis is critical
for the polymerization to be performed in pseudo living polymerization manner rather than
traditional radical polymerization with high possibility of chain termination. The flask was then
sealed and purged with nitrogen for 1 h to remove the oxygen inside. After polymerized for 24 h
in 75 °C, the system was exposed to air. Milli-Q water was added to dissolve the gel-like polymer
solution. The polymer was further purified by dialysis against Milli-Q water and dried by
lyophilization.

The stimuli-responsive oligo (ethylene glycol) methacrylate copolymer brush with same
composition was grown on silica surface using SI-ATRP according to the method described by
Brown et al'*°. In general, the silica wafer was cleaned and oxidized with plasma for 15 min. The
resultant wafer was placed in a glass vial containing 50 uL. APTES and 20 pL. EtsN. The vial was
then sealed and left at room temperature for 2 h. After that, the wafer was placed in an oven for 1
h to crosslink the APTES. The APTES modified silica wafer was further modified in solution
containing BIB (0.37 cm?®, 3 mmol, 0.05M), EtsN (0.41 cm?, 3 mmol, 0.05M) and CH2Cl2 (60 cm?)
to form an initiator monolayer. MEO:MA (MW 188.22) (3.2g, 17 mmol) and PEGMA (average
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Mn 500) (0.8g, 1.6 mmol) was dissolved in DMF/Water (V/V=I1:1) at room temperature and
degassed by continuous purging with dry argon. Then, bipy (234 mg, 1.5 mmol), Cu(I)Br (107
mg, 0.75 mmol) was added to this solution. The mixture was further stirred and degassed. The
initiator coated silica surface was sealed in flask and degassed (3 high-vacuum pump/Ar refill
cycles). The solution was syringed into the flask to submerge the sample completely. After 20 h,
the sample was removed and washed with DI water and dried under a stream of N2. The sample

was stored under N2 until needed.
3.2.3 Polymer analysis.

THF phase size-exclusion chromatography was performed in GPC system equipped with Styragel
HR1 GPC column and light scattering detector (ELSD 2000). A series of polystyrene standards
were used for GPC calibration. The polymer was dissolved in 5 mg/L and 10 pL was injected at a
flow rate of 0.5 mL min™'. The design molecular weight of the polymer is 330 kDa while the
measured Mw= 200 kDa with PDI=1.7. 1H NMR was performed in 10 mg/mL in CDCI3 on a 200
MHz NMR spectrometer (Bruker).

3.2.4 Transmittance measurement.

The cloud point representing the lower critical solution temperature (LCST) property of the
copolymer was characterized using a UV-Vis spectrometer (Varian Carey 50). In general, the
polymer was dissolved at 4 mg/ml in phosphate buffer solution (PBS, pH 7.4) containing different
concentration of NaCl. The solution was quickly heated up to 52.5 °C in 30 s and the transmittance

was then monitored using the wavelength of 400 nm during the cooling process.
3.2.4 Cantilever modification.

Rectangular silicon nitride cantilevers purchased from Bruker (MLST) were used in the
experiments. The cantilevers were functionalized with (3-Aminopropyl) triethoxysilane (APTES)
according to the well-developed procedure®*. The amine-silanized cantilevers were deprotonated
by immersing in sodium borate buffer solution (150 mM, pH 8.5) for 30 min. Then, 0.5 mL 4
mg/mL poly(oilgo(ethylene glycol)) copolymer solution was mixed with 0.5 mL sodium
phosphate buffer solution(10 mM phosphate, 137 mM NaCl, pH 7.4) (transparent solution). After
that, 50 mg EDC and 50 mg NHS were added. The coupling reaction of the polymer and cantilever

proceeded for 1 h in room temperature. To be noted, the chemical linkage (amide group) that links
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the polymer chain to APTES modified AFM cantilever tend to hydrolyze when is exposed to water.
Thus, the polymer linked cantilever was used immediately after the modification process. The

shelf life can be extended to 2 days if shored in chloroform.
3.2.5 Single Molecular Force Spectroscopy (SMFS).

The SMFS measurement was performed on Multimode 8 AFM using picoforce scanner with a
fluid cell. The spring constant of the cantilever was calibrated before or after each experiment
using equipartition theorem*. The cantilevers used in the experiment were bought from Bruker
(MLCT) and the typical spring constant was around 0.03 nN/nm with a mean resonance frequency
of 10 kHz. The MoS: was peeled with Scotch tape to expose the clean surface before each
experiment. The sampling rate was 6 kHz and various pulling velocity and surface delay time were
used. Data were then baseline corrected and analyzed. Each experiment was repeated at least 3

times with different cantilevers in different days.
3.2.6 Contact angle measurement.

The samples were placed on top of glass slides immersed in a quartz cuvette. The cuvette was then
filled with heptane. Typically, a water droplet with various concentration of NaCl (approx. 5 pL)
was generated at the tip of metal needle and brought in contact with the sample surface. The needle
was then retracted and the contact angle measured. Contact angle equilibrium typically took 10 to
1000 s depending on the solution concentration. The plateau regions of the curves were taken as
equilibrium contact angles. The reported values are average ones with standard error obtained from

at least three different experimental results.

3.3 SMFS results of oligo (ethylene glycol) methacrylate copolymer in solution with various

NaCl concentration

The layered structure of crystalline MoS2 with molecularly-smooth basal planes'®® was
characterized by Atomic Force Microscopy (AFM) technique and a typical AFM image obtained
in air is shown in Figure 3-1A. The root mean squared (RMS) roughness of MoS: within the same
layer is less than 0.1 nm, as calculated from a typical 1000 x 1000 nm scan size AFM image. The
basal plane surface of MoS: is naturally hydrophobic with a water contact angle in the range of 80
- 90° ! A fresh molecularly smooth MoS: surface was prepared by peeling off the top layer of

the surface with Scotch tape immediately prior to the experiment. To increase the possibility of
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observing polymer detachment event, the Si3sN4 AFM cantilevers were chemically modified and
linked with oligo (ethylene glycol) methacrylate copolymer chains (Figure 3-1B) before the SMFS
experiment (detailed information can be found in experimental section). Typically, an oligo
(ethylene glycol) methacrylate copolymer functionalized AFM tip was first lowered onto a MoS:
surface in the liquid at constant rate of 500 nm/s with a maximum load of 2 - 4 nN and then
retracted at the same rate. Both approaching and retracting force curves were recorded in each

force measurement cycle. In the data analysis, the retracting force curves were baseline corrected.
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Figure 3-1 (A) Atomic Force Microscope (AFM) image of a MoS: basal plane surface in air. (B)
Schematic representation of detaching an oligo (ethylene glycol) methacrylate copolymer chain

from a MoS: substrate in an aqueous solution. (C) The chemical modification process to link the
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polymer to the ATM tip.

As is widely accepted, the attractive interaction between the polymer and the substrate promotes a
part of the polymer chain to lay flat on the substrate in aqueous solutions’® 42, When the cantilever
is retracted during the SMFS experiment, the polymer chains previously adhered to the substrate
are forced into the solution, initiating the peeling process of the polymer from pre-adhered
substrate (Figure 3-1B). Usually, a plateau of a constant force is observed when the polymer chain
detaches from the substrate. Since the binding or rebinding of the polymer segments on surface
occurs much faster than the experimental sampling rate'*, the plateaus in the staircase-like force
curves are characteristics of equilibrium desorption process. The height of the plateaus can be
interpreted as the adhesion force between a single polymer chain and the substrate**. It is noted
that when a macromolecule adsorbs on a solid substrate, there is a distribution of the loops and
trains'®?. The trains contain the monomers that are in direct contact with the solid substrate while
the loops are the segments that are out into the solution. In the experiment, the interaction of the
polymer-substrate is quantified by peeling a single polymer chain from the interface. Thus, the
presence of trains on the interface is a prerequisite for our measurement. For loops, since they are
already in the solution, no valuable information on single-molecule polymer-substrate interaction
can be obtained. However, we did obtain force curves that were representative of the presence of
loops (two ends of the loop are in direct contact with the substrate). The presence of the loops
would lead to the U shape like features on the collected force curves. In particular, the force would
drop when one end of the loop (previously on the substrate) was forced into solution. Meanwhile,
the force increased and then formed a plateau when the other end of the loop, which previously
laid flat on the substrate, was pulled and peeled from the substrate. However, the possibility of

such an event is relatively too low to obtain reliable statistics.

The interaction force curve of the stimuli-responsive polymer with MoS: basal plane surface in
the presence of 0.14 M NaCl aqueous solution as shown in Figure 3-2 was used as an example to
illustrate how we obtained the typical adhesion force between a single polymer and substrate from
raw data. A typical force curve obtained in the SMFS experiment after baseline correction is shown
in Figure 3-2A. The multiple steps on the staircase-like force curve indicate that multiple polymer
chains were probed during the experiment. The detailed peeling process of three polymer chains

that is associated with the force curve is shown schematically in Figure 3-2B. In the initial stage,
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three polymer chains are in contact with the substrate as shown in Case 1 and the probed force
corresponding to peeling three polymer chains is represented by the first plateau (step) in Figure
3-2A. The force curve jumps to the second plateau at approximately 2/3 force magnitude of the
first plateau (Figure 3-2A Case 2) at the point when one of the three polymer chains completely
detaches from the substrate. As the cantilever is further retracted from the substrate, the measured
force plateau represents peeling off the two remaining polymer chains from the substrate until
detaching the second polymer chain shown as a sharp decrease in the adhesion force to the third
plateau (Case 3) where the force between a single polymer chain and MoS: is measured (Figure 3-
2A). Finally, baseline was obtained after a third sharp decrease in the adhesion force, marked as

the detachment of the last polymer chain from the surface (Case 4).
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Figure 3-2 Single molecular adhesion (detachment) force measurement: (A) A typical force curve
of an AFM cantilever with attached oligo (ethylene glycol) methacrylate copolymers was retracted
from MoS: basal plane surface at 500 nm/s in the presence of 0.14 M NaCl background solution.
(B) Schematics showing multiple polymer chains probed during the experiment. Histogram of
adhesion forces in 0.14 M NaCl (C) and 2 M NaCl (D). The last three detachment events in the
force-extension curve were selected and analyzed although more plateaus were observed for some

of the force curves.
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As shown in Figure 3-2C, the trimodal distributions represent multiple polymer chains being
involved in the detachment process. In the experiment, a considerable amount (more than 2000)
of force curves akin to the one shown in Figure 3-2A were collected using different cantilevers to
obtain statistically representative adhesion force distributions. The fitting of the histogram using
Gaussian equation provides the mean typical adhesion force for the peeling events of single, double
and triple chains. The detachment force of a single, double and triple polymer chains from MoS2
surface measured from a Gaussian distribution fitting is 55 + 6 pN, 109 + 8 pN and 162 + 7 pN,
respectively. The near integral multiple of the adhesion force demonstrates that the multiple chains

were indeed probed in the measurement.

One may argue that the measured plateau does not necessarily represent the detachment force of a
polymer chain from the substrate since similar force plateau was reported when stretching (forcing
out) a hydrophobic polymer chain from its collapsed globule in an aqueous solution'® ', To
confirm the measured force plateau is indeed representative of adhesion force between the polymer
chains and substrate surface, the SMFS measurement was performed on various surfaces in 2 M
NacCl aqueous solutions, in which the force to stretch a polymer chain from its globule should be
the same. At this NaCl concentration, the polymer tends to form a collapsed globule, which offers
the highest probability to measure the force of pulling out a single polymer chain by stretching it
in the given solution'® %4 As shown in Figure 3-3, for oligo (ethylene glycol) methacrylate
copolymer in 2 M NaCl solution, the adhesion force is around 116 + 11 pN on PTFE surface, in
comparison to 75 + 8 pN on MoS:2 surface. Meanwhile, no adhesion force was detected on
hydrophilic silica surface. However, it is important to check the conformation of the polymer are
similar in both conditions to reach the conclusion that the we are observing polymer chain peeling
event rather than polymer chain pulling out of its collapsed globule. The distributions of the plateau
length for last polymer detachment event on MoS: and PTFE surfaces were shown in Figure 3-3C
and 3D. Meanwhile, the distribution of the pull length in the I mM solution is shown below as
well (Figure 3-3E). In solution containing 1mM NaCl, the distribution of the pull length was
bimodal with one population centered on 50 nm and the other at 120 nm. When 2 M NaCl solution
was used, the bimodal distribution was also observed. However, the plateau length distribution
shifted to higher values. The bimodal peaks were found centered at 100 and 250 nm. These results
illustrate that the polymer does not adopt collapsed conformation on the MoSz-liquid interface in

high salt (2 M) background solutions. As the plateau length distribution for the same polymer on

51



PTFE surface in 2 M solution was found higher than that of MoS2, the result indicates that the
conformation states of the polymer are similar on these two studied surfaces. Thus, it is safe to
conclude that the plateau force observed in this study originates from the polymer chain peeling

from MoS2-water interface.
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Figure 3-3 The force required to peel a single oligo (ethylene glycol) methacrylate copolymer
chain in 2 M NaCl background solution from (A) MoS: and (B) PTFE surface and plateau length
distribution for last polymer detachment event on MoS2 (C) and PTFE (D). The plateau length

distribution for last polymer detachment event on MoS:2 in presence of 1mM NaCl.

In our study, the hydrophilic-to-hydrophobic transition of the polymer was modulated under
isothermal conditions around 23°C by changing the concentration of NaCl aqueous solutions. As
an effective stimulus for hydrophilic-to-hydrophobic transition of the oligo (ethylene glycol)
methacrylate copolymer (see Appendix A for details), the NaCl concentration was varied from 1
mM to 2 M. The average adhesion force for a single polymer chain as a function of NaCl
concentration is shown in Figure 3-4. The force remained almost constant in low NaCl
concentration up to 0.5 M, followed by a significant increase with further increasing NaCl

concentrations until a plateau at very high NaCI concentrations. Similar stimuli responsive
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behavior of the oligo (ethylene glycol) methacrylate copolymer from hydrophilic-to-hydrophobic
transition in the same range of NaCl concentrations was observed using cloud-point
characterization under the isothermal condition around 23°C (Appendix A). The contact angle of
NaCl solution with different concentrations on polymer surface confirms that the transition did
happen for the polymer we used in the experiment (Appendix A). The critical NaCl concentration
for transition at 23°C is around 0.5 M which is consistent with the results of SMFS study that the
single-molecule adhesion force begins to change noticeably at NaCI concentration around 0. 5 M.
Since the hydrophobicity of the MoS:2 was not sensitive to the electrolyte concentration (Appendix
A), these results demonstrate that the observed increase in the adhesion force between the oligo
(ethylene glycol) methacrylate copolymer and MoS: with increasing NaCl concentration indeed
reflect the dependence of molecular interaction (adhesion) between the two on the change of the

hydrophobicity of polymer.

Previous investigation has shown that polymer adopts the shape of a collapsed hydrophobic
globule in high salt aqueous solutions**. The loss or partially loss of the polymer-solvent
interaction had shown its impact not only a on the conformation of the polymer, but also on the
adhesion of polymer with the Gold substrate**. As Nash and his coworkers reported, the monomer-
monomer (inter- or intra molecule) attractive interaction result in a 33% increase in the adhesion
force per molecule for two-molecule peeling case on gold**. Furthermore, the adhesion force per
single-molecule was found to decrease by 45 % when the salt concentration was increased from
0.14 to 1 M. Unlike these previous results, we did not observe the inter- or intra-monomer
interaction. Only polymer-substrate interaction was probed since the adhesion force per single-
molecule adhesion for one-molecule, two-molecules and three molecules pulling cases were
almost identical. Furthermore, in our experiments, the single-molecule adhesion force was found
to increase by 36% when the salt concentration increased from 1 mM to 2 M. This significant
increase in the adhesion force is much larger than any deviation due to the uncertainty of the AFM
force measurement (£10%). One possible explanation of the different results observed using the
same polymer lies in the fact that different substrates were used. We believe the influence of the
substrate is important as there is no adhesion between the oligo (ethylene glycol) methacrylate
copolymer and hydrophilic silica surface in NaCl aqueous solutions of all concentrations studied.
The adhesion force between the polymer and gold substrate might be mainly van der Waals

interaction which was significantly screened in high salt concentration and resulted in a decreased
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adhesion force at high salt concentration solutions. Previous theoretical work has shown that the
driving force for hydrophobically driven assembly near hydrophobic surfaces is weaker than that
in bulk which suggests that the hydrophobic surface will bind to and catalyze the unfolding of
macromolecule'®. Detailed results showed that the hydrophobic polymer chain folded (adopt
collapsed globule) in bulk solution while unfolded/conformation rearranged at the hydrophobic
substrate-water interface (quasi-2-dimensional conformation)!*®. As a result, monomers of the
polymer are in direct contact with the substrate. To confirm this, experimental data was analyzed
to determine the distribution of the plateaus length for the last polymer detachment event (Figure
3-3). Instead of observing a reduced plateau length, the distribution of the plateau length was found
shifted to higher values when the NaCl concentration was increased from 1 mM to 2 M. Thus, in
our study, the catalytic effect of hydrophobic surface on macromolecule unfolding'* was believed
to exist when the collapsed polymer globule was forced to contact with the hydrophobic basal
surface of MoS2 which makes the peeling process possible. In the following part of the paper, the
data were analyzed with current single polymer chain stretching and desorption theories to

understand the underlying mechanism.
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Figure 3-4 Force required to detach a single oligo (ethylene glycol) methacrylate copolymer chain
from MoS2 surface in aqueous solutions of different NaCl concentrations (the red line was drawn

to guide the eyes).
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3.4 Discussions

During the SMFS measurement, when the AFM tip is retracted, there is an intricate force balance
at the interface of the AFM tip and detached segments of the polymer chain (Figure 3-5A). At the
interface, the force of the detached and stretched polymer chain originates from its entropic
elasticity (Fy.¢) balances the elastic force of the cantilever which is quantified in the experiment
using AFM as E, (E, = Fy.c)'®. As the cantilever moves upward, the polymer chain segments
previously on the substrate are forced detached from substrate, as well as stretched’. Thus, the
energy input into the system not only overcomes the adhesion energy between the polymer and
the substrate, but is also stored as entropic free energy in the desorbed polymer segments due to
the stretching®. The worm-like-chain model®> '47-'*® has been widely used to depict the entropic
force (Fyy ) of the polymer chain upon stretching. Thus, the entropic free energy of the detached
polymer segment can be obtained by integrating the Fy;,; - over the stretching/detaching distance.
The total free energy of the system (G;) can be expressed as the sum of the adhesion free energy
(Gp), elastic energy (G,,;) stored in the cantilever and the entropic free energy (G,,,) of the detached

polymer chain®:

Gy = Gy + Ggy + Gy
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where Kgis Boltzmann constant, T is temperature, L,, is the persistence length of the chain and L
is the contour length of the desorbed and extended component of the chain, which increases
continually as the chain is peeled off. Meanwhile, x is the end-to-end distance of the desorbed
portion of the polymer chain. In this study, it represents the vertical distance along the vertical-
axis between the cantilever and the substrate based on the frictionless assumption®®->!, In the SMFS
measurement, the value of x is provided by AFM as the extension or retraction of the piezo can be
accurately controlled by the applied voltage. And ¢ is the adhesion energy per monomer that
includes intermolecular interaction and hydration free energy of the system. n is the total number
of the monomers in the polymer; n; is the number of monomers that are already detached from the

substrate. K is the spring constant of the cantilever and F, (equals to Fy ) is the force needed to
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peel a single polymer chain from the substrate. The work done by the cantilever for a x change by

an infinitesimal amount dx can be expressed as:

KgT
F,dx =dG, + dGyy, = € xdn; + LB * f(@) * dL ()
P
?1 ., 1
@) = [ Ga-o7 -5+ ad ®
o
where ¢ = JL—C Since L = n; * a, we have:
1
dn; = —dL “4)
a
Thus, we have the following relationship:
1 KgT

p

As mentioned previously, F, = Fy . In the SMFS experiment, plateau is observed, which
illustrates that the force keeps constant as the polymer is gradually peeled off from the substrate.

To keep Fp and Fy, ;. constant, the value of % must be a constant. Then we have:

d(—)z%dx—;—zszo ©6)

dx = >dL 7
x=7 )
When equation 7 is applied, then we have:
X
Fwicdx = Fyc I dL (8)

Thus, we have the mathematical relationship by combining equations 5 and 8:

F 1+KBT
= —|gx—
WLC X[S 2 I
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p

In order to determine the value of ’L—C, the adhesion force was derived as follows (the detailed

derivation can be found in Appendix A):
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Fp=x[€*a+ L, *f(go)]:FWLC:?[ 1‘2 _Z+Z] (10)

where a is the length of monomer along the backbone of the polymer chain. By setting Fp = Fwic

(Figure 3-5A), the value of% for each NaCl concentration was determined, as well as the

corresponding value of €. The value of f(¢) can be calculated using the relationship described in

eq. 3. Since % is more or less constant for all salt concentrations which changed from 0.87 for

ImM NaCl solution to 0.89 when 2M NaCl electrolyte solution was used, f (¢) which determined

by % and was found to be insensitive to NaCl concentration as the desorbed portion of the

copolymer was significantly stretched. Although the assumption that no segment-segment
interaction was made to derive this model as such that this model may not be suitable for the
systems with inter- or intra molecule interactions®®, good agreements reported with the
experimental data in low force range (<100 pN)** '% suggests that we could use it as an
approximation. With the experimental obtained SFMS results, the contributions of the adhesion
energy per monomer and the entropic free energy of the stretched polymer chain on the total
polymer-MoS: single-molecule adhesion force were calculated using the above equations and
shown in Figure 3-5C. Though the curve represents the contribution of entropic free energy on
total single-molecule adhesion force seems constant over the NaCl concentration range studied, its

value was found increased by 20% when NaCl concentration was increased from 1 mM to 2M.
3.5 Adhesion energy per monomer

Based on the previous discussion, eq. 4 can be modified and used to estimate the adhesion energy

per monomer (€) by:

X KgT
e=Fx-xa———xf(p)*a (11)
L L,

With the conversion in hand, the adhesion energy per monomer at each condition was calculated
using the experimental data and the results are shown in Figure 3-5C. Assuming an L,, value of

1.2 1,11,1,134, 149-152

, an order of magnitude estimation, and a value of 0.25 nm which corresponds to
the length of a C-C-C chemical bond length with an bond angle of 109.5°, the calculated adhesion

energy per monomer ranges from 2.5 to 3.75 KT, that is, 6.2 to 9.2 kJ/mol.
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Figure 3-5 (A) Illustration of the force balance when the polymer chain is peeling from the MoS:
substrate. (B) Geometric parameters of the monomer and (C) Dependence of adhesion force and
adhesion energy on NaCl concentration. Red dots represent the adhesion force originating from
the entropic free energy of the chain, the blue triangles denote the contribution of monomer-
substrate interaction on the total measured adhesion force. The empty circles show the adhesion
energy per monomer on the substrate. Trend lines were drawn to guide the eyes (using black trend
lines for adhesion force and red color for adhesion energy). (D) relationship between the adhesion

force contributed by adhesion energy per monomer and the polymer-solution interfacial tension.

In this study, the energy stored as the entropic free energy only accounts for 10-11% of the total
energy. Although higher entropic contribution is observed at lower NaCl concentration, overall
the dependence of the entropic free energy on salt concentration is negligible as shown by an

increase in its contribution to total adhesion force from 6.7 pN at 1 mM NaCl concentration to 8.1
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pN at 2 M NaCl concentration. It is evident that the higher single-molecule adhesion force in
electrolyte solution with elevated NaCl concentration was resulted from the higher adhesion

energy per monomer &.
3.6 Origin of the increased polymer-substrate interaction

In general, the overall adhesion energy per monomer ¢ could arise from several interactions: van
der Waals interaction, electric double layer interaction and hydrophobic attraction. Within the
scope of this study, the electric double layer interaction was ruled out since the polymer does not

contain any chargeable chemical groups.

The van der Waals interactions are universal among all kinds of matters and bodies in vacuum and
liquids. There are several contributions to van der Waals interactions. Two non-dispersion portion
contributions of the van der Waals interaction are dipole-dipole and dipole induced dipole
interactions which are regarded as the zero-frequency contribution to the total van der Waals
interactions. Both suffer from a significant screening effect in aqueous solutions containing high
concentrations of free ions. This is because they are basically electrostatic interaction in nature and
the electric field is significantly screened due to the polarization of free charges in solution'. The
screened zero-frequency was previously systematically studied and a mathematical relationship
was developed!>*. The zero-frequency components of van der Waals forces decay roughly
exponentially with the inverse value of Debye Screening length. Macroscopic investigations
confirmed the screening effect on the total van der Waals interaction. Thus, the progressively
reduced van der Waals interaction could not be the reason for the higher adhesion force between
the oligo (ethylene glycol) methacrylate copolymer and hydrophobic MoS: basal plane surface in

high salt solution observed in this study.

The hydrophobic attraction has been investigated for decades using AFM and Surface Force
Apparatus (SFA)'*° and was believed to be the driving force for the protein folding in aqueous
solution to form functional complexes!®. However, the obtained data were found to be influenced
by the surface preparation techniques which give rise to secondary effects such as bubble

156-157 and compositional rearrangement!*8. These secondary effects were

adsorption!*®, cavitation
excluded by using SMFS which probes the interaction between a single polymer chain and an
interested stable substrate in contact®. In this work, as the electric double layer interaction is ruled

out and van der Waals interaction do not play a major role, the experimental data clearly
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demonstrated that the hydrophobic attraction between single oligo (ethylene glycol) methacrylate
copolymer chain and MoS: is important and becomes more dominant with increasing NaCl
concentrations. Previous single polymer study on pulling a single polymer chain out of its
collapsed globule demonstrated that the free energy of the hydrophobic attraction is the difference
of hydration free energies before and after the interaction!°” 144 Therefore, when the length scale
of the polymer perpendicular to the backbone is larger than the crossover region (1 nm), the
strength of the hydrophobic attraction can be assessed by the hydrophobic hydration of the
hydrophobic species which scales with the macroscopic interfacial free energy!? % 15° Based on
the calculation on the simple geometry, the size of the studied polymer here were estimated to be
larger than 1 nm due to the presence of the side chain. Thus, if the claim of the important role of
hydrophobic attraction is correct, the single-molecule force should show clear linear dependence
on the interfacial free energy. The adhesion force contributed from adhesion energy per monomer
was plotted as a function of interfacial tension of polymer-solution (Figure 3-5D) as MoSz-solution
barely changed (Appendix) and polymer-MoS: interfacial tension is a constant in our study. The
obvious linear relationship supports the claim that the hydrophobic attraction plays an important
role here. These single-molecule adhesion force measurement results provide molecular
mechanism on the critical role of hydrophobicity on the molecular interaction between polymer

and solid substrate.

Meanwhile, this work also provides updated single-molecule results on the Hofmeister effect!®*-
161 which describes the systematic effect of salt on the solubility of macromolecules and the most
common phenomena are the salting-in/salting-out or folding/unfolding of proteins'?. The analysis
of the dependence of single-molecule adhesion force on salt concentration provided in this study
illustrates that the hydrophobic attraction is the main contribution responsible for the higher single-
molecule force in high salt concentration between the stimuli-responsive polymer and hydrophobic
surface of MoSz. This demonstrated that the Hofmeister effect and hydrophobic effect are closely
related, which agrees with the previous investigation'® !>, Although the detailed underlying
mechanism remains to be explored'®, the results might be partially explained in the perspective
of Hofmeister effect by the molecular hypothesis proposed before!'®*164 which claimed that the
kosmotropic salts can affect the solubility of polymer in two ways: 1) polarize the water molecules

that directly hydrogen bonded with the polymer; 2) raise the surface tension of the polymer/water

interface to increase the cost of the hydrophobic hydration.
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3.7 Conclusions

In this work, the single-molecule adhesion force of oligo (ethylene glycol) methacrylate copolymer
on MoS: basal plane surface was found in the range of 50 — 75 pN increasing with increased NaCl
concentration. The results indicated that the oligo (ethylene glycol) methacrylate copolymer is a
promising building blocks in aqueous solution for proper modification of MoS2 sheets.
Furthermore, the adhesion force shows a clear dependence on the hydrophobicity of polymer
which increases linearly with polymer-solution interfacial free energy. The fundamental analysis
elucidated that the adhesion energy per monomer is the main contribution that governs the single-
molecule adhesion force since the percentage that the entropic free energy accounted for is less
than 11%. With screened electrostatic interaction, the hydrophobic attraction, one component that
determines the adhesion energy per monomer in our system, is believed to be even more dominant
in high salt concentration rather than being suppressed. The salt concentration dependent
interaction between the oligo (ethylene glycol) methacrylate copolymer and MoS: basal plane
surface indicates that hydrophobic segments/polymer chains are good candidate for noncovalent
functionalization of MoS: as it shows considerable stronger binding affinity compared with those
of more hydrophilic ones. The experimental results in single-molecule level also shed light on the

origin of hydrophobic attraction and its dependence on electrolyte, which is still under debate.
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Chapter 4

The Contribution of Hydrophobic Attraction to Molecular Adhesions on
Hydrophobic Surface in Water
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4.1 Introduction

The hydrophobic attraction (HA), defined as the interaction between apolar objects/molecules in
aqueous environment'®>, is widely accepted nowadays to be closely related with water
structures!02-103, 132, 134, 166-167 "1t jg responsible for a variety of phenomena, from the micellization
of cleaning process in laundry, to the emulsions for preparation of novel functional materials, to

the precise assemble of proteins into functional 3D complexes!% 104 144,

The measurements of the hydrophobic attraction using AFM and Surface Force Apparatus (SFA)
were sought-after in the past several decades?" 1°> 198, Valuable updates were provided to decipher
the mechanism of hydrophobic attraction. However, the long-lasting debate on the existence of
long-range hydrophobic interaction after its first publication'®® plagues the whole society. One
possible reason for the discovery of long-range hydrophobic attraction might be attributed to the
defective surface preparation techniques, which induce notorious secondary effects such as bubble
adsorption, surface composition rearrangement'®. These effects bring in other forms of forces,
which complicated or were counted as hydrophobic attraction!®>. Ducker and his coworkers
reported!® that only limited experimental results between extended hydrophobic surfaces provide
convincing evidence of hydrophobic attraction, which exponentially decays in range of 3-12 A!¥*-
21 170 This is because the preparation of clean hydrophobic surface that free of ambiguous

attribution of forces to the measurement is extremely difficult.

To eliminate the influence of secondary effects and get clean experimental data, measurements in
smaller scale is highly desired'>. In molecular scale, the quantification of hydrophobic attraction

without influence of secondary effects is probable®.

Moving forward, the partitioning of the vdW interactions and hydrophobic attraction in total
interactions is important. The quantification of hydrophobic attraction in nanometer or above is
based on the extended DLVO theory. The hydrophobic attraction is quantified by deducting the
contributions of van der Waals (vdW) and electric double layer interaction (EDL) from
experimental data!*% 195 However, this wildly accepted approach is no longer applicable in single-
molecule scale. The utilization of macroscopic Liftshitz theory requires the system to be
macroscopic and homogeneous®®, which is not satisfied by SMFS investigations. Though the
experimental studies capable of probing the dispersion forces in molecular scale are highly sought-

after!’!"173 the direct measurement in solution remains difficult!’*!”>. Furthermore, the modelling
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of van der Waals/dispersion forces involving single organic molecule remains a great
computational challenge in vacuum, let alone in solution!’®. Thus, questions remain-how to
quantify the hydrophobic attraction at the molecular scale and how much does hydrophobic

attraction contribute to the single-molecule adhesion in solution.

To access the investigation at the molecular scale and eliminate the annoying secondary effects®,
single molecule force spectroscopy (SMFS) was utilized. By peeling the polymer chain from
interested solid-liquid interface'??, force curves with plateau feature were readily collected in the
experiment. The height of each plateau was statistical analyzed to give the mean equilibrium
desorption force**. In common with other SMFS studies®, the contributions for the total single-
molecule adhesion force can be divided into two categories: The entropic free energy of the
stretched polymer chain (conformational free energy) and the adhesion free energy per monomer
(€). In detail, € can be split into several fundamental portions: the vdW interactions, the electric

double layer (EDL) interactions and hydrophobic attractions®’-% %,

The unambiguous assignment of each individual interaction contributing to the single-molecule
adhesion requires careful design of the experiment. Therefore, anisotropic crystalline substrate
(MoS2) was used as substrate in this study. The probing of the single-molecule adhesion force on
MoS: provides one possible approach for dissecting-out the contribution of EDL interaction on
single-molecule adhesion by varying solution pH. The feasibility of this approach relies on the
intrinsic property of MoS2 basal surface, which offers pH dependent surface potential'®’. The
determination of the individual contribution of vdW interaction and hydrophobic attraction can be
performed by probing the SMFS experiment on hydrophobic basal and hydrophilic edge surfaces.
The validity of this method is supported by the fact that the hydrophobic attraction does not exist
on hydrophilic surface!*’ and the vdW interaction on different surfaces of same material is identical
or in the same magnitude'® 7”182 Recent DFT study confirmed that the vdW promoting the
adsorption of organic molecules on basal and edge surfaces of layered materials is in same

magnitude!'$?.
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4.2 Materials, characterization and methods
4.2.1 Materials

The water used in the experiment was particle free and purified with Milli-Q system. (3-
Aminopropyl) triethoxysilane (APTES), N-(3-Dimethylaminopropyl)-N’'-ethylcarbodiimide
hydrochloride(EDC), N-Hydroxysuccinimide (NHS), dioxane, di(ethylene glycol) methyl ether
methacrylate (MEO2MA, MW188.22), poly(ethylene glycol) methyl ether methacrylate (PEGMA,
Mn=500), 4,4’-Azobis(4-cyanovaleric acid) (ACVA) and the RAFT agent 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid were purchased from Aldrich.

4.2.2 Synthesis of oligo (ethylene glycol) methacrylate based copolymer

The polymers were synthesized via RAFT polymerization and the details can be found
elsewhere®*. Before experiment, the monomers were purified by passing through a neutral
aluminum oxide column to remove the inhibitors. In a typical experiment, 3.2 g di(ethylene glycol)
methyl ether methacrylate and 0.8 g poly(ethylene glycol) methyl ether methacrylate (Mn=500)
were mixed with 8 mL dioxane. After that, 3 mg of 2-(Dodecylthiocarbonothioylthio)-2-
methylpropionic acid and 1.1 mg of ACVA were added into the flask. The flask was then sealed
and purged with nitrogen for 1 h to remove the oxygen inside. After polymerized for 24 h at 75
°C, the polymerization was stopped by exposing to air. The polymer was then purified by dialysis

against water and obtained by lyophilization.
4.2.3 Polymer Analysis.

THF phase size-exclusion chromatography was performed in a GPC system equipped with
Styragel HR1 GPC column and a light scattering detector (ELSD 2000). A series of polystyrene
standards were used for the GPC calibration. The polymer was dissolved in 5 mg/L and 10 pL was
injected at a flow rate of 0.5 mL min-1. The design molecular weight of all the studied polymer is
330 kDa. The measured molecular weight of polymer A is 118 kDa (Mn) with a PDI=1.85. The
molecular weight of copolymer B is 200 kDa (Mn) with a PDI=1.7. The molecular weight of
copolymer C is 94 kDa (Mn) with a PDI=1.8. The molecular weight of polymer D is 61 kDa (Mn)
with a PDI=2.7. 1H NMR was performed in 10 mg/mL in CDCI3 on a 200 MHz NMR

spectrometer (Bruker).
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4.2.4 Cantilever Modification.

Rectangular silicon nitride cantilevers purchased from Bruker (MSCT) were used in the
experiments. The cantilevers were functionalized with (3-Aminopropyl)triethoxysilane (APTES)
according to the well-developed procedure**. The amine-silanized cantilevers were deprotonated
by immersing in sodium borate buffer solution (150 mM, pH 8.5) for 30 min. Next, 0.5 mL of a 4
mg/mL poly(oilgo(ethylene glycol)) copolymer solution was mixed with 0.5 mL of sodium
phosphate buffer (10 mM phosphate, 137 mM NaCl, pH 7.4). After that, 50 mg EDC and 50 mg
NHS were added. The coupling reaction of the polymer and cantilever proceeds for 1 h at room
temperature. To be noted, the chemical linkage (amide group) that links the polymer chain to
APTES modified AFM cantilever tend to hydrolyze when is exposed to water. Thus, the polymer
linked cantilever was used immediately after the modification process. The shelf life can be

extended to 2 days if shored in chloroform.
4.2.5 Single Molecular Force Spectroscopy (SMFS).

The SMFS measurement was performed on Multimode 8 AFM using picoforce sannner with a
fluid cell. The spring constant of the cantilever was calibrated before or after each experiment
using the equipartition theorem *°. The cantilevers used in the experiments were bought from
Bruker (MSCT) and the typical spring constant was around 0.03 nN/nm with a mean resonance
frequency of 10 kHz. The MoS2 was peeled with Scotch tape to expose the clean surface before
each experiment. The sampling rate was 6 kHz and various pulling velocity and surface delay time
were used. Data was then baseline corrected and analyzed. Each experiment was repeated at least

3 times with different cantilevers in different days.
4.3 SMFS results of oligo (ethylene glycol) methacrylate copolymer with surfaces of MoS;

AFM probes were chemically modified by polymer prior to the SMFS experiments. The plateau
feature observed in the collected force curves signifies the equilibrium desorption'*. The
representative equilibrium single-molecule adhesion force was obtained by statistical analysis of

the plateau heights relative to the baseline and fitting with Gaussian equation?® 3% 67-68,

The layered structure of MoS: crystal leads to the presence of two distinctively different surfaces-
basal and edge surfaces. The anisotropic property facilitates the dissection-out of the magnitude of

each individual contribution. The characteristic surface morphologies of these two surfaces were
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characterized by AFM and are shown in Figure 4-1A and 4-1B. Typical distance between adjacent
molecular smooth layers were determined to be close to typical value of 0.6 nm'**. Smooth MoS:
edge surface for SMFS was prepared using Ultra microtome technique following our reported
method!*’. As a typical anisotropic material, the basal surface is hydrophobic in nature while the
edge surface is highly hydrophilic. The contact angle on the basal surface is usually in the range
0f 90 - 100 ° depending on the freshness of the sample surface!®*. For the edge surface, the contact

angle is as low as 18 © 140,
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Figure 4-1 AFM images of basal surface (A) and edge surface (B). Typical force curves obtained
in experiment for oligo ethylene glycol copolymer on MoS: basal surface in presence of 1 mM
NaCl with pH around 3.3 (C). Schematics showing multiple polymer chains being probed during

experiment (D).

Representative force curves obtained in experiment between polymer B (please refer to supporting
information for details) and basal plane surface of MoS: in the presence of 1 mM NaCl aqueous
solution (pH 3.3) is shown in Figure 4-1C. Multiple polymer chains were probed simultaneously

since triple plateaus were observed in force-extension curve. The peeling events were described
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schematically in Figure 4-1D. Though peeling events involves multiple polymer chains were
frequently encountered in the experiment, only the last plateau representing single-polymer
peeling event was analyzed to partition the individual contributions of EDL interaction, vdW

interactions and hydrophobic attraction.
4.3.1 Contribution of electric double layer interaction

The electric double layer interaction (EDL) is one of the fundamental contributions for interbody
or intermolecular interactions®® '*°, Previous investigation had shown that the surface potential on
the basal surface of MoS: is dependent on the solution pH!®¢. For example, the typical surface
potential in pH 3 was around -28 mV and decreased to -44 mV when the pH is increased to 11'%°.
Thus, the presence of EDL interaction would outshine itself by a highly pH dependent single-
molecule adhesion force. However, no such dependence on solution pH was observed (Figure 4-
2). Possible explanations for this could be attributed to the uncertainty of the SMFS measurement
(around 10%) and the relatively small change on the surface potential. However, both of them
were excluded as possible explanations because obvious pH dependent single-molecule adhesion
force was detected for a cationic polymer on MoS: basal surface (please see Figure B-2 in
supporting information for details). This demonstrated that even though the change on the surface
potential of MoS: is not huge, the influence on the molecular EDL interaction is significant. The
non-dependence of single-molecule adhesion force on the surface potential illustrated that the EDL
interaction does not play a role between studied polymer and charged MoS: basal surface. This is

reasonable as the studied polymer is electric neutral in nature. Similarly, we can safely extend this

conclusion to MoS: edge surface.
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Figure 4-2 Single-molecule adhesion force of a single oligo (ethylene glycol) copolymer chain on

basal surface of MoS: as a function of pH in presence of 1 mM NaCl background solution (A).
4.3.2 Contribution of van der Waals interaction

The vdW interaction plays ubiquitous roles among molecules, surfaces and bodies. When EDL is
excluded, the isolation and determination of vdW was achieved by probing single-molecule
interaction on anisotropic surfaces of MoSz. Since the same substrate and polymer are used, the
vdW interaction interacting between single polymer chain and substrates on contact should be
identical or similar on the hydrophobic basal or hydrophilic edge surfaces'® 177182 Tt is notes that
the Sulphur atoms on basal surface of MoS: is the main reason that the basal surface is hydrophobic
in nature. Meanwhile, the broken bonds on the edge surface is responsible for the charging
mechanism and intrinsic hydrophilicity of the edge surface!*’. Furthermore, the hydrophobic
attraction by definition describes the force between apolar objects/molecules in aqueous
environment. Thus, it ceases to play a role when a hydrophilic MoS: edge surface is encountered.
Thus, anisotropic properties of MoSz offers a facile approach to reasonably estimate the
contribution of each specific interactions on the total single-molecule adhesion force between

polymer and MoS: surfaces.
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Figure 4-3 Typical force curves obtained in a SMFS experiment between polymer and hydrophilic
edge surface of MoS: in the presence of 1 mM NaCl with pH around 5.5: (A) oligo (ethylene
glycol) copolymer and (B) poly (vinylbenzyl trimethyl ammonium chloride) (PVBTA). The insets
shows the histogram of adhesion forces corresponding to double and single chain peeling events

in a single force curve.

The none-detectable single-molecule interaction between polymer and MoS: edge surface (Figure
4-3A) can be attributed to two possible reasons: the single-molecule interaction is too small to be
probed or the setup of the experiment did not allow the quantification of single-molecule adhesion
on the edge surface. The second possibility was excluded because strong single-molecule adhesion
force of cationic poly (vinylbenzyl trimethyl ammonium chloride) on edge surface was readily
probed (Figure 4-3B). Reasonable analysis of the experiment data requires a clarification on the
lower detection limit of SMFS before any conclusion is reached. As a technique build on AFM
platform, the minimum force that can be detected by SMFS is determined by the spring constant
of cantilever. After careful analysis of the power spectrum density of the thermal fluctuations*?,
the spring constant of AFM cantilever used in our study was found around 0.03 nN/nm. This gives
rise to a lower detection limit around 9 pN (F4. = (kT * K)%5)!% in this study. Therefore, the
vdW interaction between the studied neutral copolymer and hydrophobic MoS: basal surface was
illustrated to be small and its contribution on the single-molecule adhesion force was less than 9

pN.

4.3.3 Contribution of hydrophobic attraction
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The aforementioned results have excluded the contribution of EDL interaction and illustrated that
vdW interactions played a minor role in governing the single-molecule interactions. Intuitively,
these results elucidated that the most likely dominant contribution for the single-molecule adhesion

of polymer on hydrophobic surface is hydrophobic attraction.

To determine the contribution of hydrophobic effect, we borrowed the experimental method
developed by Walker and his coworkers'%. From their work, we see that the dependence of single-
molecule force on ethanol addition can be used as a criterion to judge if the hydrophobic attraction
is the main driving force!'% %, Therefore, the influence of ethanol on the probed single-molecule
adhesion force was investigated. As is shown in Figure 4-3, two polymers with different
compositions (polymer A and polymer B) were studied. The quantified single-molecule adhesion
force was plotted as a function of the molar ratio of ethanol. The graph clearly shows that the
probed single-molecule adhesion force is sensitive to the addition of ethanol. The single-molecule
adhesion force decreased sharply upon addition of ethanol even though the molar ratio (y) of the
added ethanol was as low as 0.008. Furthermore, the force continued to decease when increasing
amount of ethanol was added. The clear dependence on the ethanol addition for the single-

molecule adhesion illustrated that the hydrophobic attraction is a nontrivial contribution here.

To further confirm the role of hydrophobic attraction on the single-molecule interaction between
polymers with MoS: basal surface, the composition of the studied polymer was varied. By doing
this, the vdW interaction between each repeating unit of polymer and hydrophobic MoS: basal
surface was kept comparable as similar chemical structure was maintained. However, due to the
change on the molar ratio of monomers, the hydrophobicity of polymers were systematically
varied. Based on their increasing hydrophilicity, these polymers were name as polymer A, polymer
B, polymer C and polymer D, respectively (please refer to the supporting information for chemical

structures).
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Figure 4-4 The adhesion force of a single polymer chain on the basal surface of MoS: as a function
of ethanol addition: adhesion forces of polymer A (a) and polymer B (b). The transmittance of

aqueous solution of polymer B (4 mg/ml in 1 mM NacCl ) as a function of ethanol addition (B).

The probed statistical mean equilibrium single-molecule adhesion force of the synthesized
polymers (A, B, C, D) on the MoS: basal surface is shown in Figure 4-5. The most hydrophobic
polymer (polymer A) showed the highest single-molecule adhesion force. As reported in our
previous publication'®’, the single-molecule adhesion force of polymer B on basal surface of MoS:
is around 53 pN. Thus, a significant decrease in the single-molecule adhesion force was observed
when the molar ratio of hydrophilic MEOsMA in polymer was increased. Furthermore, single-
molecule adhesion force between PMEOsMA and MoS: basal surface was determined around 30
pN. Such difference is statistically significant. The most immediate observation arising from these
SMES results was that the hydrophobicity of polymer was critical on the magnitude of single-

molecule interaction.

However, such claim is only convincing when the influence of the size of monomer on the strength
of vdW interaction is clarified. Recently, it has been reported that the single-molecule vdW
interaction in vacuum linearly grows with the molecule size®. The linear relationship was
attributed to the increased deconfinement of electrons in the m-conjugated poly-naphthalene
derivatives. However, the polymers we studied here were oligo ethylene glycol methacrylate based
polymers. They lack the m-conjugated chemical structure that is necessary for the effective

deconfinement of electrons. Even if this conclusion can be applied to our system to a certain extent,
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the lower single-molecule adhesion force probed using polymer with larger monomer size is still
unexplainable. Furthermore, the validity of extending the conclusion from vacuum to liquid
environment is plausible. As is reported recently, the presence of solvent molecules complicate
the whole system and greatly reduces the strength of dispersion interactions'®”!%. Thus, the results
demonstrated that the hydrophobic attraction was the main contribution in determining the single-
molecule adhesion force between oligo ethylene glycol methacrylate based polymer and MoS2
basal surface. These experimental results supported and provided updated quantified results to the
previous proposition that solvophobic effects have a dominant role for the attractive interaction

between apolar solutes in liquid medium'.
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Figure 4-5 The adhesion force of a single oligo (ethylene glycol) methacrylate based polymer on
the basal surface of MoS: in the presence of 1 mM NaCl background solution: (A): polymer A;

(B): polymer C; (C): polymer D. The single-molecule adhesion forces as a function of polymer

composition (D).
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4.4 Discussions

The unraveling of the hydrophobic attraction relies on the in-depth understanding of experimental
data that truly reflects the hydrophobic effect. Thus, the deconvolution of its contribution to total
interactions needed to be carefully performed. Up to now, it is still difficult to do so because the
determination of vdW interactions at the molecular scale is challenging. Although theoretical
descriptions for single atom and homogeneous macroscopic bodies have been established** 171192,
systematic descriptions for intermediate-sized objects such as organic molecules are remain to be
explored. Furthermore, the modeling of vdW interactions using first-principles are very difficult

because the correlation between interacting electrons need to be appropriately treated'*1%°,

Therefore, experimental approaches capable of precise quantification of vdW interactions are
highly desired to partitioning the contribution of hydrophobic attraction with acceptable accuracy.
Recently, general experimental procedures were proposed for studying single-molecule interaction
between a m-conjugated organic molecule and extended substrate in vacuum®. However, this
method is not applicable in solution. Besides that, indirect measurements using molecular torsion
balance to determine the molecular vdW interactions in solution was reported recently!”6: 18% 197,
The free energy is determined by comparing the areas of characteristic peaks in '"H NMR spectra
corresponding to folded and unfolded conformations. A simple linear regression is conducted to
determine the contribution of vdW interactions'®’. However, the regression process introduces
uncertainty in the determination of vdW interactions. Meanwhile, the physical meaning of the

coefficients used during regression need to be clarified as both negative and positive values are

obtained.

Alternatively, by taking the advantage of the anisotropic properties of MoSa, the individual
contributions of these two interactions were reasonably estimated for the first time in direct force
study in solution. Before reaching the above conclusion, it is important to clarify the feasibility
and uncertainty of this method. It is noted that both of them originate from the assumption made
in the experiment. In the analysis, it is assumed that the vdW interaction between polymer and
hydrophobic basal surface on contact is identical or similar to that on hydrophilic edge surface.
Support for the approximate identical vdW on both surfaces can be found from previous

140

investigations'*. Meanwhile, even if there is certain difference in vacuum, the difference is greatly
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reduced and might be small enough to be neglected in solution. This is supported by recent

publication reported that the presence of solvent decreases the dispersion interactions by 90%!7°.

Considering the single-molecule adhesion force for polymer A was around 90 pN, the contribution
of vdW interaction in solution was smaller than 10% of the total interactions. It is not surprising
as previous publication has reported that van der Waals interactions are ‘weak’ in solution.
Cockroft and his coworkers studied the interaction of apolar alkyl chains in solution and advocated
that the molecular vdW interactions are one order of magnitude smaller than that estimated using
vaporization enthalpies. The highly suppressed molecular vdW dispersing interaction was

attributed to the competitive dispersion interactions with the solvent!7® 18197,

The reasonable determination of vdW interactions leads to the quantification of hydrophobic
attraction with satisfactory accuracy. In general, it accounted for more than 90% in the total single-
molecule interactions. The validity of this was supported by the probed influence of ethanol on
single-molecule adhesion. Compared with the reported investigation!®’, both systems show
significant dependence of the probed force on the addition of ethanol. It is important as the strength
of hydrophobic attraction is sensitive to the presence of ethanol in aqueous solution!%" 1%, With
the continuous addition of ethanol in the background solution, the polar component of surface

tension of solution is significantly changed'®

. As a result, interfacial free energy between solutes
and solvent contributed by the polar component, which is regarded as the main reason for
hydrophobic effect'®, is significantly reduced. One more evidence that is supportive for the
partitioning of the hydrophobic attraction at the molecular scale is the probed dependence of
single-molecule adhesion force on polymer composition. The probed forces were highly sensitive
to hydrophobicity of studied polymer. Meanwhile, all the polymers showed no detectable

interactions on hydrophilic edge surfaces of MoS..

As advocated recently, only the data collected at separation < 20 nm, especially at separation <
Inm contains valuable information on true hydrophobic attraction'®. This requires that the force
measurement to be performed in ultra-short range and the individual contribution of each
interaction needs to be determined. The first requirement was successfully satisfied by the
emergence of SMFS. However, due to the lack of appropriate method to deconvolute the individual
contributions, the way that the SMFS data analyzed was not consistent. Hugel and his coworkers

claimed that the water-structure-force and vdW interactions are individual contributions for the
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interaction between peptides and hydrophobic surfaces®® ', However, in a recent published
work'”, the hydrophobic attraction was referred to the total interaction between solvated
hydrophobes. With the individual contributions of vdW interactions and hydrophobic attractions
determined, a big step forward is achieved as the clear deconvolution would boost the deciphering

process of hydrophobic attraction.
4.5 Conclusions

In summary, we have presented experimental measurements of single-molecule interaction on
surfaces of MoS2, which demonstrated that the contribution of vdW interaction on total single-
molecule adhesion force of polymer on hydrophobic MoS: basal surface is less than the lower
detection limit (9 pN) of the equipment. The results are consistent with the previous postulation
that the dispersion force is largely cancelled due to the completive interaction with solvent
molecules. Furthermore, the results elucidate that the hydrophobic attraction is the main driving
force for the interaction between polymer and hydrophobic surface and account for more than 90%
of total interactions. The updated data provide new insights into the polymer-solid interaction in
presence of water and is beneficial for the further development of fundamental theories of

hydrophobic attraction.
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Chapter 5

Underwater Adhesion of a Stimuli-Responsive Polymer on Highly Oriented

Pyrolytic Graphite (HOPG): A Single-Molecule Force Study
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5.1 Introduction

Robust interfacial adhesion in aqueous environment is of great importance for a variety of
industrial and bio-related applications. Examples of such applications are bone sealing??’, dental

201 coronary artery coatings?’?, under water adhesives!®, to name a few.

and medical transplants
Meanwhile, smart adhesion systems that offer controllable adhesion properties by environmental
stimulus are highly desirable in cases where controllable attachment/detachment is longing for. Up
to now, a great deal of efforts have been devoted to overcome the influence of surrounding water,
which undermines the interfacial adhesion and reduces strengths of various molecular

187

interactions °’. However, the performance of synthesized underwater adhesives requires further

optimization to develop novel underwater adhesive systems'>!6.

One efficient strategy for developing advanced, underwater adhesive is to investigate and mimic
existing natural sticky systems. Previous research of adhesive proteins in marine organisms?%>-2%
revealed the essential role of 3,4-dihydroxyphenethylamine (Dopa) in interfacial adhesion by its
capability of forming bidentate coordination and/or hydrogen bonding>” 2%5-2%%_ Later on, it was
found that Dopa is not the only important parameter that determines the wet adhesion’!!.
Hydrophobic domains in mussel adhesive protein was revealed to provide an extra attractive
interaction when interacting with hydrophobic surfaces?!%?!!. Though these findings open a new
direction in understanding the naturally occurring adhesion systems and offer a new strategy in

improving the performance of synthetic adhesive systems, the quantitative influence of polymer

hydrophobicity on interfacial adhesion and the insights into single-molecule level remains elusive.

17830 and self-cleaning®' has led

Recently, growing interests in controllable attachment/detachmen
to the development of smart polymer surfaces for desired applications. These systems rely on the
stimuli-responsive behavior of a special category of polymer upon environmental stimulus.
Adhesion on the polymer modified solid surfaces is promoted by the presence of hydrophobic
attraction when temperature is above lower critical solution temperature (LCST) of the polymer®’.
The surface properties of the polymer are altered drastically and creates a steric-osmosis layer after
the restoration of the hydrophilic nature of the polymer®' when the temperature is decreased and
below LCST. The repulsive interaction this is responsible for the detachment or self-cleaning

property originate from the suppression of available conformations for polymer, which lead to

large osmosis/entropic free energy penalty. The interaction between polymer and the foreign

78



surface is also important as it provides negative enthalpic contribution that promotes the
adhesion?!?, Therefore, understanding the polymer-foreign surface interaction before and after the

polymer is switched is imperative for improving performance of the smart systems.

The aforementioned macroscopic results and practical applications call for insights of interfacial
adhesion of stimuli-responsive polymer in aqueous environment, as well as its dependence on
polymer hydrophobicity. Results at the single-molecule level are highly desirable as it provides
fundamental information for interfacial adhesion while other interactions contributing to cohesion
can be excluded. These clean results are valuable for deepening understanding of polymer-
substrate interaction, deciphering the macroscopic results and clarifying the key molecular
parameters that determine the strength of macroscopic adhesion. However, the quantification of
single-molecule hydrophobic polymer-surface interaction in aqueous solution is challenging. The
relative unfavorable interaction between water and hydrophobic monomers compared with
monomer-monomer interaction would promote the hydrophobic collapse of the polymer in
aqueous solution. The collapsed globule conformation minimizes the contact area of polymer with
substrate and aqueous solution which effectively precludes the measurement of polymer-substrate

interaction'%*

. Nevertheless, we have demonstrated in our previous study that the quantification of
single-molecule interaction of a hydrophobic polymer on a hydrophobic surface was possible by
tailoring the right polymer-substrate pair'®’. The peeling of polymer chains from solid-water
interface during SMFS experiments was realized by the catalytic role of hydrophobic surface,

which promotes the direct contact of monomers in polymer with hydrophobic surface'*’.

In this study, oligo ethylene glycol copolymer was used as a model stimuli-responsive polymer.
Its responsive behavior to environmental stimulus (NaCl) was studied by quantifying the single-
molecule adhesion force as a function of NaCl concentration. As the polymer undergoes a
transition from hydrophilic to hydrophobic state in response to the NaCl concentration, the
influence of the hydrophobicity of the polymer on single-molecule adhesion force was elucidated.
A molecular smooth surface (HOPG) with natural hydrophobicity was used as model hydrophobic

surface in this study.

The quantification of equilibrium single-molecule adhesion force was based on peeling a
single/few polymer chain from the solid-water interface. The validity of this approach relies on the

fact that the plateau features in the collected force curves represents frictionless scenario®* 505! It
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means that the macromolecule on the surface cannot support a net horizontal friction force and be
peeled off from the substrate at an average angle of 90 ° with respect to the substrate®!. As a result,
the equilibrium single-molecule adhesion forces in various solution conditions were determined
by the analysis of plateau heights relative to baseline and the following statistical treatment in this

work.
5.2 Materials, characterization and methods
5.2.1 Materials

The water used in the experiment was particle free and purified with Milli-Q system. (3-
Aminopropyl)triethoxysilane (APTES), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride(EDC), N-Hydroxysuccinimide (NHS), dixane, di(ethylene glycol) methyl ether
methacrylate (MEO2MA, MW 188.22), poly(ethylene glycol) methyl ether methacrylate (PEGMA,
average Mn 500), 4,4'-Azobis(4-cyanovaleric acid) (ACVA) and the RAFT agent 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid were purchased from Aldrich. The silica
wafer was purchased from nanoFAB in University of Alberta. The highly oriented pyrolytic
graphite (HOPG) sample was purchased from hqgraphene.

5.2.2 Synthesis of oligo (ethylene glycol) copolymer.

The copolymer was synthesized using RAFT polymerization following a published procedure®.
The monomers were purified by passing through a neutral aluminum oxide column to remove the
inhibitors prior to polymerization. Generally, 3.2 g di(ethylene glycol) methyl ether methacrylate
and 0.8 g poly(ethylene glycol) methyl ether methacrylate (average Mn 500) were mixed with 8
mL dioxane. Then, 3 mg 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid and 1.1 mg
ACVA were added into the flask. The flask was sealed and purged with nitrogen for 1 h. After
polymerized for 24 h in 75 °C, the system was exposed to air to quench the polymerization. The
gel like polymer solution was dissolved and purified by dialysis against Milli-Q water. Then, the
polymer was dried by lyophilization.

5.2.3 Polymer Analysis.

THF phase size-exclusion chromatography was performed in GPC system equipped with Styragel
HR1 GPC column and light scattering detector (ELSD 2000). A series of polystyrene standards
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were used for GPC calibration. The polymer was dissolved in 5 mg/L and 10 pL was injected at a
flow rate of 0.5 mL min-1. The design molecular weight of the polymer is 330 kDa while the
measured Mw= 200 kDa with PDI=1.7. 1H NMR was performed in 10 mg/mL in CDCI3 on a 400
MHz NMR spectrometer (Bruker). The actual composition of the polymer was determined based

on the NMR results. The polymer was found composed of 94.9% MEO:MA and 5.1% MEOsMA.
5.2.4 Cantilever Modification.

Rectangular silicon nitride cantilevers purchased from Bruker (MLST) were used in the
experiments. The cantilevers were functionalized with (3-Aminopropyl)triethoxysilane (APTES)
according to the reported procedure’*. The amine-silanized cantilevers were deprotonated by
immersing in sodium borate buffer solution (150 mM, pH 8.5) for 30 min. Next, 0.5 mL 4 mg/mL
poly(oilgo(ethylene glycol)) copolymer solution was mixed with 0.5 mL sodium phosphate buffer
(10 mM phosphate, 137 mM NaCl, pH 7.4). After that, 50 mg EDC and 50 mg NHS were added.
The coupling reaction of the polymer and cantilever proceeds for 1 h in room temperature. To be
noted, the chemical linkage (amide group) that links the polymer chain to APTES modified AFM
cantilever tend to hydrolyze when is exposed to water. Thus, the polymer linked cantilever was
used immediately after the modification process. The shelf life can be extended to 2 days if shored

in chloroform.
5.2.5 Single Molecule Force Spectroscopy (SMFS).

The SMFS measurement was performed on Multimode 8 AFM using picoforce sannner with a
fluid cell. The spring constant of the cantilever was calibrated before or after each experiment
using equipartition theorem®. The cantilevers used in the experiment were bought from Bruker
(MLCT) and the spring constant was around 0.03 nN/nm with a mean resonance frequency of 10
kHz. The HOPG surface was peeled with Scotch tape to expose the fresh clean surface prior to
each experiment. The sampling rate was 6 kHz. Data was then baseline corrected and analyzed.

Each experiment was repeated at least for 3 time with different cantilevers in different days.
5.2.6 Contact angle measurement.

Fresh HOPG surface was exposed by applying the Scotch tape prior to the contact angle
measurement. The HOPG surface were placed on the stage and a water droplet with various

concentration of NaCl (approx. 5 uL) was generated at the tip of metal needle. The droplet was
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brought in contact with the sample surface and the contact angle was quantified when the needle
was retracted. Contact angle measurement was repeated at least for 5 times for each NaCl

concentration on fresh HOPG surface.

5.3 SMFS Investigation of oligo (ethylene glycol) copolymer on HOPG surface
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Figure 5-1 (A) An Atomic Force Microscope (AFM) image of HOPG surface in air. (B) Schematic
representation of peeling a polymer chain from substrate in aqueous solution. (C) Typical
approaching (red) and retracting force (black) curves obtained in the experiment representing a

polymer chain peeling event.

Finding a model surface representative of hydrophobic surfaces is important to answer or partially
answer the previous stated questions. Therefore, the selected substrate should possess general
properties that stands for hydrophobic surfaces and the obtained SMFS results on this surface is
reliable so that the conclusions can be extended to various hydrophobic surfaces. In this study,

HOPG was used as model surface as it outshines other counterparts for its natural

184, 213-214

hydrophobicity , homogeneity?!®

216

, stability and reliable/reproducible sample
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preparation®!’

. Moreover, its surface roughness is less than 0.2 nm within the same layer as
calculated from the AFM image (Figure 5-1A). The SMFS experiment is delicate, as it requires
one or several polymer chains to be probed in the experiment. In this study, to increase the
possibility of observing polymer peeling event, as well as to control the number of polymer chains
that are probed, the Si3sN4 AFM cantilevers were modified with oligo (ethylene glycol) copolymer
prior to the experiments. In detail, experiments were conducted by approaching an oligo (ethylene
glycol) copolymer functionalized AFM tip onto the HOPG surface in water at constant velocity

(500 nm/s) under a maximum load of 2-4 nN and retracting with the same rate after a certain period

of dwelling time (1-2 seconds).

A schematic drawing representing the polymer peeling process during SMFS experiment is shown
in Figure 5-1B. The key point of successful observation of polymer detachment event is the
adsorption of polymer chain on the solid-liquid interface in trains conformation’® '*2, The presence
of the trains conformation is promoted by the attractive interaction between polymer and studied

substrate!??

. Meanwhile, certain period of dwell time was given during SMFS experiment for chain
conformational rearrangement. The force curve with plateau feature obtained in the experiment is
shown in Figure 5-1C, indicating that the adsorbed polymer chain is highly mobile on the
interface®*>!. The height of the plateaus can be interpreted as the molecular adhesion force between
the studied polymer and substrate’*. In our experiment, at least 30% of the force curves showed
plateau events by using appropriate polymer modified AFM probes. The retracting force curves
recorded in the experiment were baseline corrected and the plateau heights were quantified in the
following data analysis to obtain the molecular interaction between polymer and HOPG surface.
As shown in Figure 5-2A and 5-2B, the fluctuation of the force curves complicated the data
processing so that the statistical fitting was used to obtain plateau height for each force curve.
Though force curves with three or more plateaus were also readily collected in the experiments,
only the last plateau was analyzed in our study as it represents the single-molecule adhesion event.
The probing of the single-molecule peeling event was influenced by the noise of the environment
and instability of the equipment, which resulted in a distribution of single-molecule adhesion
forces (Figure 5-3). The Gaussian equation was then applied to provide a typical statistical

description on the mean single-molecule adhesion force for each condition (Figure 5-3).
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Figure 5-2 Analysis of SMFS results: (A) Retracting force curve after baseline correction and
inversion. (B) Histogram shows the distribution of data points in force curves. The bottom peak
represents the baseline. The second and the third peaks indicate the forces required to peel single

or double polymer chains from the HOPG surface.

The transition/switching of the polymer from hydrophilic to hydrophobic state was manipulated
gradually by elevating the NaCl concentration while keeping the environmental temperature
constant (23 °C). The determined critical NaCl concentration for the transition of the polymer at
23°C by UV-Vis cloud-point characterization was reported between 0.5 M and 1.0 M'%’. This was
consistent with the results of this SMFS study. As can be seen in Figure 5-3, the single-molecule
adhesion force is almost constant below 0.5 M while it starts to increase sharply at a NaCI
concentration around 0. 5 M. A similar trend was also observed in our previous investigation when
the MoS: surface was used (see Figure C-1 in Appendix C). The single-molecule adhesion force
of the polymer on the HOPG surface increased by 75% when the NaCl concentration was increased
from 1 mM to 2M. This increase in adhesion force is statistically significant as it was larger than
any deviation due to the uncertainty of the AFM force measurement (10%). These results
demonstrated that the higher single-molecule adhesion force in electrolyte solution with higher
NaCl concentration was due to the sensation of environment changes by polymer and its

corresponding response to it.
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Figure 5-3 Single molecule adhesion forces of oligo (ethylene glycol) copolymer on the HOPG
surface in electrolyte solutions with different NaCl concentrations: (A) 0.14 M; (B) 0.5 M; (C) 1.0
M and (D) 2.0 M.

5.4 Theory of polymer desorption in SMFS experiment

The continuous investigation on single molecule mechanics has led to the development of theories
that capture the underlying physics. Hugel and his colleagues® developed a model that correlates
the single-molecule adhesion force with adhesion energy per monomer and entropic free energy

of the desorbed portion of polymer chain. Meanwhile, Walker and his coworkers'®

also proposed
a model for polymer globule unfolding in poor solvent and confirmed that the single-molecule
hydration/solvation free energy scales with the change of the surface area and interfacial tension.
In our experiment, forced hydration of the polymer chain and substrate occurred when the polymer
chain was peeled from HOPG surface, which is similar to the case described by Walker’s mode'#.

Thus, in our model, we combine the aforementioned models together and replace the adhesion
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energy per monomer (€&,4,) by hydration/solvation free energy per monomer. It is worth
emphasizing that in our previous work'®’, we used £,4j, to relate the peeling force to the adhesion
(i.e., the hydration/solvation free energy of the polymer molecule and the substrate is lumped into
the parameter €,,45,). However, in the present work, we are in an attempt to deconvolute such

contributions to the peeling force.

As shown in Figure 5-4A, the peeling starts as the driving force equals the attractive interactions
holding the polymer on the substrate when performed in equilibrium desorption condition. The
polymer chain between the cantilever and the substrate acts as a spring while the force-distance
follows a much more complicate relationship rather than the simple Hooke’s law. The entropic-
elastic property of the single polymer chain can be described by the well-known worm-like-chain
mode]?5: 147-148.

Fue =LA (1-2) -4 %) (1)
L, "4 L 4 L

where Kgis the Boltzmann constant, 7' is temperature, Ly, is the persistence length of the chain and
L is the contour length of the extended segment of the chain which varies continually as the chain
is peeled from substrate (Figure 5-4A). It is noted that the extended desorbed portion of the chain
is surrounded by water. Meanwhile, x is the end-to-end distance of the desorbed polymer chain.
In this experiment, it is defined as the vertical distance along the vertical-axis between the

cantilever and substrate based on the frictionless assumption (Figure 5-4A)°%-3!,

The total free energy of the system (G;) can be expressed as the sum of the adhesion free energy
(Gy), elastic energy (G,;) stored in the cantilever and the entropic free energy (G,,,) of the desorbed
portion of polymer chain®. The entropic free energy were quantified by integrating the force over
distances. The adhesion free energy (G,) was obtained by multiplying the hydration/solvation
energy per monomer by the numbers of adsorbed monomers. The hydration free energy of
hydrophobic molecules/surfaces is size-dependent. Studies on this topic have shown that the
hydration in the microscopic scale (< 1 nm) differs fundamentally from the macroscopic scenario
193, Detailed theoretical and experimental results demonstrated that the free energy of the
hydrophobic hydration scales with the surface area and surface tension when the dimension of the

solute is larger than the cross-over length scale (1 nm)'%. Due to the presence of the oligo ethylene
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glycol (OEQG) side chain, the size perpendicular to the backbone of the polymer is estimated to be

larger than the crossover length-scale. Thus, inspired by the model developed by Walker!%% 104159,
hydration/solvation free energy per monomer is described as:
Eqan = A * b * (Vps + Vss — ysub.p) (2)

Where v, and y,s are polymer-solution and substrate-solution (i.e., HOPG-solution or MoS»-
solution) interfacial tension, respectively. Yg,pp 1S substrate-polymer interfacial tension. As

shown in Figure 5-4A, a and b are the dimensions of monomer. As the probed force corresponding
to peeling of a single chain from substrate kept constant, the elastic free energy stored in the
cantilever was a constant as a result. Thus, based on an energy balance, the work done by the

cantilever if x changes by an infinitesimal amount dx can be expressed as:

FWLcdx = dGa + dGen

KgT 3)
L * f(@) L

= Qa#* b * (yps + Vss - ySllb-p) dni +
p

Where n; is the number of monomers that have already been detached from the substrate and

flp) = foz[i 1-—¢@)?- % + @]de. Eqn. 3 is then simplified to (please refer to the Appendix C

for detailed derivation):

K

T
() )

p

X
Fyic * Z =b* (Vps + Vss — ysub.p) +

Eqn. 4 describes the force (Fyy ¢ or F,) needed to peel a single polymer chain from the substrate
and its dependence on the total free energy of the system. The first term is the contribution of
solvation/hydration on the single-molecule adhesion force. The second term shows the influence
of entropic free energy of the desorbed chain on adhesion force. Considerable energy is stored as
entropic free energy when the desorbed polymer chain is stretched during the experiment. In this

study, the end-to-end distance to contour length ratio (%) changed from 0.87 to 0.89 when NaCl

concentration increased from 1 mM to 2M which contributed 6-8 pN to the total single-molecule
adhesion force. Higher peeling leads to a higher degree of polymer chain stretching. In our

analytical model, yp , is a fitting parameter, the values for polymer-HOPG and polymer-MoS2
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were determined to be 22 and 12 mN/m, respectively. The parameters used in the theoretical model
was shown in Table 1 and interfacial energies obtained in experiments (see Appendix C for
details), the adhesion force was calculated using the derived model (eq. 4) which is shown as the

solid line in Figure 5-4B.

Table 5-1 List of parameters used in the Model

Parameter Value
Ly* 1.2 nm
b 1.23 nm
T 296.2 K

“The persistence length L, was given to show the approximate order of magnitude'¢’. The width

value of monomer b was estimated based on the bond length and simple geometry of the

monomers.
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Figure 5-4 (A) Illustration of the force balance when the polymer chain is peeling off from the
substrate and (B) Single-molecule adhesion force plotted against the total interfacial energy. The
dots are experimental results and the solid line is the adhesion force calculated by the model. The
squares and triangles represent the single-molecule adhesion forces of HOPG-polymer and MoS:-
polymer, respectively. The data on HOPG-polymer were obtained in this study and the data of

MoS:z-polymer interaction were taken from our previous work'®’.
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The contribution of the entropic free energy on single-molecule adhesion force changed from 5.6
pN to 7.6 pN when the NaCl concentration increased from 1 mM to 2M. Though the relative
change is large in percentage (36%), the absolute value compared to the total single-molecule force
is small and negligible. Therefore, the single-molecule adhesion force was plotted as a function of
interfacial tension (Figure 5-4B). The data taken from our previous paper was also included in the
analysis'®’. All the single-molecule adhesion force data show good linearity with interfacial energy
and agree well with the derived model when an appropriate fitting parameter yg,,;, , was utilized.
The good agreement demonstrated that the model captured most of the underlying physics of the
single-polymer detachment. Besides the experiment conducted by Walker and his coworkers, other
experiments also reached the same conclusion that the probed force in microscale is linearly
dependent on the surface free energy®'®. This verifies that the good agreement between our model

and experimental results is reflecting the true underlying mechanism of polymer chain peeling.

As has been reported that the interaction of macromolecule with substrate results from the interplay
of solvation, surface and intermolecular force®®, the result here reveals that the macroscopic
interfacial free energy is an essential fundamental parameter because it describes not only the
water-water interaction, but also the other two important interactions in interfacial adhesion:

219-221 and

polymer-water and polymer-substrate interaction. As the bulk water-water interaction
polymer-substrates interaction are almost constant among all the solution conditions, the hydration
free energy illustrates the influence of solvent condition on the detachment of single polymer chain
from hydrophobic surface in aqueous solution. The results demonstrated that the stimuli-
responsive behavior of the polymer was mainly due to the decreased solvent quality of the polymer
by the presence of environmental stimulus. The suppressed polymer-water interaction leads to a
much higher polymer-water interfacial tension, thus, a much higher polymer hydrophobicity. This

poses higher free energy penalty for the detachment of the polymer from the substrate as higher

hydrophobic attraction energy barrier (hydration/solvation energy) is encountered.
5.5 Discussions

Our single-molecule force study revealed how a single polymer chain interacted with the HOPG
surface in aqueous environment and its response to environmental stimulus on the adhesion force.
The results demonstrated that the stimuli-responsive polymer studied here showed considerable

interaction with hydrophobic surfaces before and after switch. The adhesion force per single
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polymer is around 45 pN when the polymer is effectively hydrated in aqueous solution and
increased to 75 pN when the hydration is suppressed. The results advocate that the polymer-
interface interaction should be considered when designing smart polymer surfaces for application

in controlled attachment/detachment as the interaction is not negligible.

The previous publication and this study have shown that the strength of the interaction between a
single polymer and substrate is determined by the interplay of monomer and the substrate surface®¢.
Meanwhile, the strength of macroscopic interfacial adhesion relies on the collective results of the
numerous fundamental single-molecule adhesions. Scaling law was found applicable for
impermeable surfaces between the macroscopic adhesion and the single-molecule adhesion*?.
Based on the scaling law, the wet interfacial adhesion force contributed only by hydrophobic
attraction per 1 cm? was estimated to be 91 to 152 N (i.e., 0.91 to 1.52 MPa) depending on the
solution condition assuming the size perpendicular to the backbone of the polymer is 1.23 nm and
the length of each polymer chain on substrate is 40 nm. It is huge compared to the strength of
underwater adhesion for commercial adhesives which was reported to be less than 1 MPa'>. As the
traditional macroscopic characterization of the bonding strength of adhesive is combined results
of interface adhesion and bulk cohesion, the fundamental investigations in this study may shed
light on the optimization of adhesive systems since a clear picture on solely the interfacial adhesion

was provided.

Furthermore, the maximization of the total adhesion force calls for the optimization of the number
of single-molecule adhesion events and the corresponding force for it. A high population of
polymer chain end can be beneficial since it increases the available number of the single-molecule
adhesion events. However, as indicated by this study, intimate contact between the polymer and
substrate is needed for the effective interaction. Thus, the glass transition temperature (Tg) of the
polymer in water should be appropriately designed to ensure the proper mobility of the polymer

chain. It is necessary to ensure that the monomers are in direct contact with the substrate.

For underwater adhesives, previous investigation on the single-molecule adhesion of Dopa on
hydrophilic surface revealed that the magnitude of force required to break the bidentate/hydrogen
bonding is around 800 pN per Dopa molecule®’. The results here showed that the single-molecule
force due to the hydrophobic effect is one order of magnitude lower (75 pN). However, the

effective bidentate H-bonding requires that the distance between hydroxyl groups on surface
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matches with that of Dopa (i.e., 0.29 nm)?!!. Meanwhile, Dopa’s interfacial adhesion is sensitive

to solution pH®7"21°

, which oxidized to quinone at pH above 5.5. Inspired by the approach that
mussel adapts itself to various substrates to maintain adequate adhesion strength?!!, the synthetic
underwater adhesives can expand its applicable substrate scope by introducing the hydrophobic
monomers in the polymer chain. The experimental single-molecule results and theoretical analysis
quantitatively demonstrated that higher single-molecule force can be obtained by increasing the
solvation free energy. It can be used as a guideline in optimizing the molecular structure of novel
adhesives though other facts such as the chain mobility that influence the intimate contact between

the polymer and substrates should also be considered.
5.6 Conclusions

In summary, results on the underwater single-molecule adhesion force of stimuli responsive
polymer on HOPG surface are reported. It was demonstrated here that the neutral polymer-
hydrophobic surface interaction was not negligible even in the case that the polymer was
effectively hydrated. Detailed thermodynamic analysis confirmed that the single-molecule
adhesion force of the smart polymer on hydrophobic surface is dependent on the entropic free
energy and hydrophobic solvation/hydration free energy. The single-molecule results and
thermodynamic analysis quantitatively illustrated how hydrophobic attraction determines the
interfacial adhesion of a single polymer on the hydrophobic solid-water interface. These insights
are helpful for proper designing or optimization of current smart surface for controlled
attachment/detachment and the mussel-inspired underwater adhesives. Using our approach, these
systems may be improved or regulated in molecular scale to improve the performance at the

macroscopic scale.
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Chapter 6

Noncovalent Functionalization of MoS:: Single-Molecule MoS:-Polymer

Interactions and Efficient Aqueous Exfoliation of MoS; into Single-Layer
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6.1 Introduction

As a typical layered metal dichalcogenide, MoS: has received strong academic interests due to its
ability to remove sulphur from crude oil in the hydrodesulphurization (HDS) process'!®. Recent
discovery of its unique properties expanded its application scope to many other interesting fields

223-224

such as nanotribology'?”, photocatalysis®*?, drug delivery!'?, solar cells and catalysis of

hydrogen evolution reactions (HER)?2>2%6,

The stacking of adjacent 2D MoS: layers into 3D bulk structure is common due to the ubiquitous
van der Waals interactions®?’. By breaking the van der Waals forces, single or few layered
exfoliated MoS2 nanosheets can be obtained for much more interesting properties due to the much

higher surface areas!'? and higher bandgaps?2%2%°

as compared with the bulk materials. The pursuit
on controlling the thickness of MoS:2 nanosheets led to the development of chemical vapor
deposition (CVD)!% or epitaxial growth’>. However, the aforementioned approaches have size

limitations on the resultant product and relatively high requirement on the equipment!%®.

To realize important applications of MoS2 nanosheets, many simple MoS:2 exfoliation methods
have been proposed and developed in the past few years!?” 121 125:230-232 - Among the existing
methods, aqueous phase exfoliation is most desirable as it is convenient and environmentally
friendly. Appropriate functionalization of MoS2 by organic chemicals during aqueous exfoliation
process is critical to facilitate the production of nanosheets in the required large scale. The addition
of organic agents modifies the physical properties of the MoS2 nanosheets and minimizes the
energy cost while stabilizing the resultant exfoliated MoS:2 nanosheets during exfoliation process.
Gaurdia and his co-workers demonstrated that ethylene oxide and propylene oxide based block
copolymer (P123) can significantly increase the efficiency of MoS: solution exfoliation?*.
Furthermore, the addition of poly(vinyl pyrrolidone) (PVP) was found to be beneficial for the

exfoliation of MoS: in the aqueous phase?*

. Bovine serum albumin (BSA), a well-known natural
macromolecule, was recently utilized to functionalize and stabilize the exfoliated MoS:
nanosheets'?®. The addition of BSA promotes the exfoliation and enables the production of single-

layer MoS:2 sheets.

The introduction of macromolecules effectively increases the efficiency of the exfoliation process
and is beneficial for the scaled production. Meanwhile, proper modification of MoS: by polymers

is found critical for many applications in which the stability of the exfoliated MoS2 nanosheets in
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aqueous solution with different water chemistry is needed!'?. Though tremendous progresses have
been made in this area, rare synthetic polymers are found to be capable of exfoliating MoS: into
single-layer nanosheets in aqueous environments'?®. The modification of MoS: relies on certain
functional groups or chains that are capable of adsorbing/binding at the MoSz-water interface,
which significantly alters the surface properties of MoS:. So far, the facile preparation of highly
stable single-layer MoS2 nanosheets in aqueous solution remains a major challenge. Thus, deep
understanding of the interactions between the interfacial active polymer and MoS: surfaces in
aqueous solutions of variable water chemistry is highly desired. It is critical to improve present

systems or design of new polymers for effective exfoliation.

In this research, the single-molecule force spectroscopy (SMFS) was used as a tool to discover
appropriate functionalizing polymers for a large-scale production of single-layer MoS: nanosheets.
Experimentally, the interactions between three types of polymers and two MoS: surfaces (basal
and edge surfaces) were determined to reveal the fundamental single-molecule interaction. The
strength of the single-molecule interactions with the basal and edge surfaces of MoS: was
quantified by SMFS experiments as a function of water chemistry. To link the measured single
molecule interaction forces with functionalization and exfoliation of MoS», the exfoliation of MoS>
by corresponding candidate polymers was conducted. As indicated by the SMFS results, cationic
poly (vinylbenzyl trimethyl ammonium chloride) (PVBTA) was applied in the following
mechanical exfoliation experiment. The reliable and scale-up production of single-layered MoS:
nanosheets in aqueous environment demonstrated the capability of the selected polymer in
efficient MoS: exfoliation. More importantly, the importance and benefit of probing single-

molecule interaction using SMFS to optimize the practical applications were also elucidated.
6.2 Materials, characterization and methods
6.2.1 Materials

The water used in the experiment was particle free and purified with Milli-Q system. (3-
Aminopropyl)triethoxysilane (APTES), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride(EDC), N-Hydroxysuccinimide (NHS), dixane, di(ethylene glycol) methyl ether
methacrylate (MEO2MA, MW188.22), poly(ethylene glycol) methyl ether methacrylate (PEGMA,
average Mn 500), 4,4"-Azobis(4-cyanovaleric acid) (ACVA), vinylbenzyl trimethyl ammonium
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chloride and the RAFT agent 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid were
purchased from Aldrich.

6.2.2 MoS; preparation for SMFS

Bulk crystalline MoS> was exfoliated with Scotch tape to expose a fresh hydrophobic and
molecular smooth basal surface immediately prior to the experiment. Usually, the tape was pressed
with finger to fully contact with the MoSz. The aged contaminated MoS:z layer was removed when
tape was gently pulled away, thereby exposing a fresh surface on the bulk sample. The edge surface
of bulk MoS2 was prepared by embedding in epoxy resin and cut by diamond knife using

Ultramicrotome technique.

6.2.3 Synthesis of oligo (ethylene glycol) polymer/copolymer and Poly (vinylbenzyl trimethyl

ammonium chloride)

All polymers were synthesized via Reversible addition—fragmentation chain-transfer (RAFT)
polymerization and the details can be found in published procedure**. Before the experiment,
di(ethylene glycol) methyl ether methacrylate (MEO2MA) and poly(ethylene glycol) methyl ether
methacrylate (MEOsMA) were purified by passing through a neutral aluminum oxide column to
remove the inhibitors. Crystal (vinylbenzyl trimethyl ammonium chloride) was used as received
since no inhibitor was added. In a typical experiment, 3.2 g MEO2MA and 0.8 g MEOsMA
(average Mn 500) were mixed with 8 mL dioxane. After that, 3 mg 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid and 1.1 mg ACVA were added into the
flask. The flask was then sealed and purged with argon for 1 h. After polymerized for 24 h in 75
°C, the polymerization was stopped by exposing to air. Milli-Q water was added and the polymer
was further purified by dialysis against Milli-Q water. Finally, the polymer was dried by
lyophilization. Homopolymer polymer (PMEO:2MA) was synthesized and purified in the same
way. Poly (vinylbenzyl trimethyl ammonium chloride) was synthesized in the same way except

that water was used as polymerization medium.
6.2.4 Polymer analysis

Tetrahydrofuran (THF) phase size-exclusion chromatography was performed in Gel permeation
chromatography (GPC) equipped with Styragel HR1 GPC column and light scattering detector
(ELSD 2000). A series of polystyrene standards were used for GPC calibration. The neutral
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polymers were dissolved in 5 mg/L and 10 pL was injected at a flow rate of 0.5 mL min’!. The
design molecular weight of the polymer is 330 kDa while the measured Mw= 200 kDa with
PDI=1.7 for oligo ethylene glycol copolymer. 1H NMR was performed in 10 mg/mL in CDCl3 or
D20 on a 400 MHz NMR spectrometer (Bruker).

6.2.5 Transmission Electron Microscopy (TEM) Characterization

TEM analysis was performed on a JEOL JEM-ARM200cF S/TEM, which is equipped with a cold
Field-Emission Gun (cFEG) and a probe Cs corrector. High resolution TEM (HR-TEM) images

were acquired at an acceleration voltage of 200 kV.
6.2.6 Cantilever modification

The cantilevers were functionalized with (3-Aminopropyl)triethoxysilane (APTES) according to
the well-developed procedure®*. The amine-silanized cantilevers were deprotonated by immersing
in sodium borate buffer solution (150 mM, pH 8.5) for 30 min. Next, 0.5 mL 4 mg/mL polymer
solution was mixed with 0.5 mL sodium phosphate buffer (10 mM phosphate, 137 mM NaCl, pH
7.4). After that, 50 mg EDC and 50 mg NHS were added. The coupling reaction of the polymer
and cantilever proceeds for 1 h in room temperature. To be noted, the chemical linkage (amide
group) that links the polymer chain to APTES modified AFM cantilever tend to hydrolyze when
is exposed to water. Thus, the polymer linked cantilever was used immediately after the

modification process. The shelf life can be extended to 2 days if shored in chloroform.
6.2.7 Single Molecular Force Spectroscopy (SMFS)

The SMFS measurement was performed on Multimode 8 AFM using picoforce scanner with a
fluid cell. The spring constant of the cantilever was calibrated before or after each experiment
using equipartition theorem*. The cantilevers used in the experiment were bought from Bruker
(MSCT) and the typical spring constant was around 0.03 nN/nm with a mean resonance frequency
of 10 kHz. The sampling rate of 6 kHz, pulling velocity of 500 nm/s and surface delay of 2 s to 4s
were used. Each experiment was repeated at least for 3 times using different cantilevers in different

days.

6.2.8 Aqueous solution exfoliation of MoS; in the presence of polymer
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In a typical experiment, 5 g of MoS2, 1 g of polymer and 120 g of DI water was added to a grinding
mortar. 300 g of grading beads (1.2-2 mm) was added afterwards and the system was operated in
1800 rpm using an agitator manufactured by Union Process. The aqueous phase was collected and
centrifuged using 8000 rpm for 30 min after 2 h grinding. The final product was collected by
centrifuge in 11500 rpm after tip sonication for 2 h in 0 °C. The resultant supernatant was dialyzed

against DI water to remove impurities.
6.2.9 UV-Vis characterization of produced exfoliated MoS; sheets

UV-vis absorption spectra was recorded on a Shimadzu UV-3150 spectrophotometer. The sample
was centrifuged with 8000 rpm for 30 min and the supernatant was then diluted by 4 times for the

following UV-Vis characterization.
6.3 Study of MoS;-polymer interaction by single molecule force spectroscopy

Single Molecule Force Spectroscopy (SMEFS) is a powerful technique for quantifying polymer-
substrate interaction with resolution down to the single-molecule level?’-?% %668 In a typical SMFS
experiment, the cantilever is continuously brought close to and retracted from the surface at various
locations. During most of the measurement cycles, the polymer(s) is peeled from the substrate,
which results in a plateau representing equilibrium detachment in the obtained force curves'’. The
plateaus illustrate that the polymer chain can move and slide freely on the surface, and the binding
and rebinding of the polymer chain on the substrate occurs much faster than the experimental time
scale**. The force corresponding to single-molecule peeling event can be quantified by analyzing
the plateau heights relative to the baseline in the retracting force curves. In general, the measured
statistical average value of peeling (adhesion) force from each plateau representing the interaction
between single/multiple polymer chain/chains and MoS: surfaces is obtained by fitting the
histograms of adhesion forces of at least 500 peeling events with Gaussian equation. In this study,
the polymer is covalently anchored onto the cantilever prior to the experiment so that the
possibility of picking up pre-adsorbed polymer chain(s) on the substrate using a raw AFM

cantilever is very low”’.

Experimentally, two neutral and one cationic polymers were studied using the SMFS technique.
One neutral homopolymer was synthesized using di(ethylene glycol) methyl ether methacrylate

(MEO:2MA) as monomer and is referred to as polymer N1 in the remainder of the paper. The other
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neutral polymer (polymer N2) was an oligo ethylene glycol methacrylate based copolymer that
was composed of MEO2MA and oligo ethylene glycol methyl ether methacrylate (MEOsMA).
These two monomers are almost identical in the chemical structure, except for the length of the
ethylene glycol (EG) side chain, which gives rise to different degrees of hydrophobicity of the
monomers. Polymer N1 was found relatively hydrophobic and not soluble in 1 mM NaCl solutions
at room temperature while the polymer N2, which is more hydrophilic, was reported to dissolve
well under the same condition®*. For comparison, the cationic polymer used in this study was poly
(vinylbenzyl trimethyl ammonium chloride) (polymer C1) (Please refer to Table S1 in supporting

information for detailed chemical structure and molecular weight of the studied polymers).
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Figure 6-1 AFM image of MoS: basal surface (A), schematic representation showing the SMFS
experiment on basal surface of MoS:z (B) and typical force curves obtained in a SMFS experiment
when a chain of Polymer C1 was peeled from basal surface of MoS2 in 1 mM NaCl aqueous

solutions of pH around 5.5 (C).

Figure 6-1 C shows SMFS force curves obtained in a typical experiment after baseline correction.
Only the retraction force curves were relevant to this investigation. The single plateau in the force
curve indicates that only one polymer chain was probed in this system. Force curves with multiple
plateaus could also be observed under the same experimental conditions due to statistically nature
of the binding events inherent in this type of measurements. The statistical distribution of the first
and second plateaus of the collected force curves between oligo ethylene glycol copolymer and
MoS: basal surface in 1 mM NaCl aqueous solutions is shown in Figure 6-2B. The mean adhesion
forces obtained by statistical analysis were found around 52 pN for the first peak and 105 pN for
the second. The fact that the force for the second peak was twice the first indicated that multiple

polymer chains were probed simultaneously when two or more plateaus were observed. However,

98



only the first plateau was analyzed in the rest of the paper as it represents the single-molecule

peeling event.
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Figure 6-2 Representative force curve obtained in the SMFS experiment when a chain of Polymer
N2 was peeled from basal surface of MoSz (A). The statistical SMFS results obtained between
MoS: basal surface and polymer N2 (B) or polymer N1 (C). The experiments were carried out in

the presence of 1 mM NaCl (pH 5.5) background solution.

The single-molecule adhesion force of neutral oligo ethylene glycol copolymer on MoS: basal
plane surface was around 52 pN. It was insensitive to the pulling rate though the level of
background noise in the force curves were clearly increased (see Figure D-2 in supplementary
information). In this study, the single-molecule adhesion force of polymer N1 on MoS: basal
surface was also probed. The statistical average single-molecule adhesion force was around 91 pN
for polymer N1, which was much higher than that of the oligo ethylene glycol copolymer (52 pN).
The differences of the adhesion force per single-polymer for these two neutral polymers exceeded
any deviation due to the uncertainty of the AFM force measurement which was around 10%. The
results confirmed that the hydrophobicity of the polymer and hydrophobic attraction were
important in determining the single-molecule polymer-substrate interaction. The results of the
interaction between Polymer C1 and MoS: basal surface are shown in Figure 6-3B. At the same
pH (5.5), the single-molecule force was around 59 pN when a single cationic Polymer C1 chain

was peeled from the MoS»2-water interface.

Meanwhile, the influence of solution pH on single-molecule interaction of Polymer C1 on MoS:
basal surface was probed as well since the stability of surface functionalization by polymer is

important. The SMFS experiments were performed in 1 mM NaCl background solution to ensure
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that the electric double layer (EDL) interaction is not effectively screened. Detailed investigation
on the surface property of MoS: basal surface has confirmed that the surface potential is pH
dependent!“’. Typical surface potential value of MoS: basal surface when pH = 3 is around - 28
mV and decreased to - 44 mV when the pH is increased to 11. As the salt concentration was too
low to effectively screen the electric double layer interaction, the significant dependence of single-
molecule adhesion force between polymer Cl1 and MoS: basal surface on solution pH was
observed. The single-molecule adhesion force increased from 50 pN when pH was around 3.3 to
78 pN when the pH was high (pH = 9.9) (Figure 6-3C). The change on the surface potential led to

the change of adhesion force as the polymer chain was positively charged.
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Figure 6-3 Influence of the solution pH on the strength of the single-molecule adhesion force on

MoS: basal surface for Polymer C1. (A) pH = 3.3, (B) pH = 5.5 and (C) pH =9.9.

The SMFS experiments revealed the magnitude of the single-molecule adhesion force for the three
polymers on MoS:2 basal surface and the dependence on the solution pH. However, the anisotropic
properties of the MoS: calls for SMFS investigations on the edge surface to fully characterize the
system. Thus, in this study, the interaction of polymer-MoS2 edge surface was studied for the first
time with resolution into single-molecule level. The edge surface was prepared according to our
previous reported procedures'*. In detail, the ultramicrotome was used with diamond knife to

obtain smooth edge surface (Please refer to Figure D-3 in supporting information for detailed

information).

The interaction between MoS:2 edge surface and neutral polymers (polymer N1 and N2) was
studied first. Figure 6-4A schematically shows the measurement of single-molecule interaction

between polymers and edge surface of MoSz. Surprisingly, only baseline was observed as shown
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in Figure 6-4B. On the contrary, the single-molecule adhesion force of polymer C1 on the
hydrophilic edge surface in 1 mM NaCl background solution of pH = 5.5 was determined to be 51
pN (Figure 6-4B). The results illustrated that the non-detectable single-molecule interaction

between neutral polymers and hydrophilic edge surface was due to the ultra-weak interactions.
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Figure 6-4 (A) Schematic representation showing the SMFS experiment probing single-molecule
adhesion force on hydrophilic edge surface of MoSz, (B) typical force curve showing no single-
molecule interaction of polymer N2 on hydrophilic edge surface and (C) histogram of single-
molecule adhesion forces of positively charged polymer C1 on negatively charged hydrophilic

edge surface of MoS: in the presence of 1 mM NaCl with a pH around 5.5.

Based on the fundamental understanding of the molecular interaction, it is reasonable to conclude
that polymer C1 was more promising compared to polymer N2 for effective exfoliation of bulk
MoS: crystals as it interacts with both surfaces of MoS: and highly water soluble. When the
polymer C1 is added to the aqueous suspension of MoS: crystals/particles, the polymer adsorbs on
both basal and edge surface of MoS2. However, since the polymer-edge and polymer-basal
interactions are relatively close in magnitude, it is not likely that the polymer would adsorb
preferentially on basal or edge surfaces. The polymer N1 was not considered to be a good candidate
as it was not soluble in water. Therefore, polymer C1 is used as exfoliation agent in the next section

to prepare single-layered MoS: nanosheets.
6.4 Polymer assisted exfoliation of MoS; in aqueous solution

To illustrate the role of single molecule forces measured by SMFS in exfoliating MoS2, the
exfoliation experiment using selected polymer (Polymer C1) was conducted. Meanwhile, the
performance of neutral polymer N2 was also studied for comparison. After grinding for 2h in water

using polymer C1 as exfoliation agent, MoS: sheets dispersion was obtained after centrifuge in
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8000 rpm. The UV-Vis absorption spectrum of the obtained exfoliated MoS: sheets clearly
exhibited two peaks at 607 and 666 nm (Figure 6-5A), which can be attributed to the direct
excitonic transition at K point of Brillouin zone for single-layer MoS: sheets!?® 23, The blue shift
of the absorption peak from 687 for bulk MoS:2 '?® to 666 nm in this study confirmed that the
number of layers was greatly reduced. The polymer C1-dispersed MoS2 nanosheets were stable
after storing for 6 months without any noticeable aggregation or precipitation. Moreover, it was
stable over the entire pH range (0 -14) studied. In addition, in a control experiment, transparent
supernatant was obtained after grinding treatment without adding polymer C1 (Figure 6-5A). For
polymer N2, the exfoliation performance was found to be poor (Figure 6-5A). As shown in Figure
6-5A, the production of exfoliated MoS: in unit time using polymer N2 was much lower than that
of Cl. Meanwhile, optical pictures were also provided in Figure D-4 in supplementary
information. Moreover, compared with those of polymer C1, the size of the exfoliated MoS: after
2 h grinding was large and thicker (see Figure D-5 in supporting information). Here, one can see
that polymer C1 was an effective functionalization and exfoliating agent for preparing highly
dispersed single-layer nanosheets in water. Thus, polymer C1 was utilized for the scaled

production of single-layer MoS2 nanosheets.

When exfoliating bulk MoS2 powder via aqueous phase grinding, the resulted dispersion was
monitored using UV-Vis absorption spectrum at predetermined time interval. The adsorption
intensity of the dispersions quickly increased in the first 100 min and then leveled off, reaching an
equilibrium state. Figure 6-5A clearly shows the linear relationship of the spectrum intensity with
processing time during the early stage of grinding. The amount of the exfoliated MoS2 nanosheets
grew linearly with the grinding time in the first 100 min. However, only grinding was found not
enough for the readily production of single-layer MoS: since only MoS: sheets with 2-3 layers
with size around 500 nm were obtained (Figure D-5). Thus, tip sonication (2 h) was combined
with the grinding procedures. The obtained MoS2 nanosheets were first characterized by TEM to
show the presence of thin 2D flakes. The size of the flakes was less than 50 nm. The high-resolution
TEM image clearly shows the hexagonal lattice structure of prepared single-layer MoS:
nanosheets (Figure 6-5C). The obtained lattice spacing is 0.27 nm and can be assigned to the (100)
atomic plane of Mo0S2!%* %3¢, The Fast Fourier Transform (FFT) in Figure 6-5B shows perfect
hexagonal spot pattern. Though previous investigation indicated that the crystal structure of MoS:

is prone to be destroyed during sonication?*, our results indicated that the obtained MoS: flakes
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retained the single crystal structure!!” !> and were free of damage. The HR-TEM on the edge of
MoS: nanosheet (Figure 6-5C) was also observed and revealed that the obtained MoS: flakes were
in single-layer. Atomic force microscopy imaging confirmed the production of single-layer MoS:
nanosheets with thickness centered around 0.7 nm (Figures 6-5D and 6-5E)*7. The efficient
exfoliation of MoS: into single-layer was further confirmed using X-ray diffraction (XRD) (Figure
D-6). The XRD pattern of the exfoliated MoS2 nanosheets did not show any reflection peaks that
is typical for bulk MoS:, indicating that there was no stacking of MoS: layers due to effective

17,195 Raman characterization of the

exfoliation and formation of single-layer nanosheets
prepared sample is shown in Figure D-7 of supporting information. The single-layer MoS:
nanosheets exhibit bands at 381 and 405 cm™!, which can be attributed to the in-plane vibration
(E'2) and out-of-plane vibration (A1¢) modes, respectively. The concentration of prepared single-
layer MoS:2 nanosheets in water was determined to be 6.7 mg/mL, which was an order of magnitude

higher than that of the other methods using N-methylpyrrolidone (0.3 mg/mL)*®, surfactant (0.5

)21 2. The exfoliation rate was determined to be 4.6 x

mg/mL)>" or poly(ionic liquid) (0.5 mg/mL
10'* layers per hour, which is two orders of magnitude higher than previous reported values'?®.
The mass measurement of polymer adsorbed on MoS: nanosheet surface was quantified using
Thermal Gravimetric Analysis (TGA) and found that 2.2 mg of polymer C1 was absorbed on 1.69

mg MoS: basal and edge surfaces (see Figure D-8 in supplementary information).

Through the SMFS investigation and experimental exfoliation, a simple hypothesis was proposed
for the formation of single-layer and two-layered MoS:2 nanosheets (Figure 6-6). After adding
polymer C1 in to MoS2 aqueous dispersion, polymer C1 molecules spontaneously interact with the
exposed basal and edge surfaces of MoS: via electric double layer interaction (refer to SMFS
investigation part). Meanwhile, the hydrophobic attraction between the hydrophobic phenyl ring
on the chemical structure of the polymer and the basal surface may also plays a role. Upon
grinding, the surface layers of MoS: crystals could slide gradually upon mechanical shear and
collision forces. It was irreversible as the freshly exposed surfaces were immediately covered by
free polymer Cl, eventually leading to the exfoliation of bulk MoS: into single-layer MoS2
nanosheets in water. This cycle was repeated for many times to produce high concentration of

single-layer MoS2 nanosheets in water.
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Figure 6-5 (A) Temporal evolution of the absorption intensity at 666 nm with the increase of
treatment time (The raw dispersion was diluted for 4 times). The inset is UV—vis spectra of the
obtained exfoliated MoS2 nanosheets in water after treatment for different time. (B) Optical images
of the obtained exfoliated MoS:2 nanosheets dispersion using polymer C1 as exfoliation agent. (C)
TEM image of the MoS: nanosheets exfoliated by using polyner C1 as functionalization agent.
The insets are the high-resolution TEM images showing the lattices structure of single-layer MoS:2
nanosheet (1), the edge of nanosheet (2) and the Fast Fourier Transform (FFT) pattern (3). (D)
AFM image of single-layer MoS2, (E) statistical analysis of layer thickness of the obtained
exfoliated MoS2 nanosheets showing the thickness of a single-layer is around 0.7 nm and (F) AFM

image of raw mica.

In this study, we performed a SMFS investigation of polymer with basal and edge surfaces of
MoS:. The quantification of single-molecule adhesion force allowed us to quantify the strength of
the polymer-MoS: interaction, which determines the performance/stability of the non-covalent
functionalization by polymer. Meanwhile, this technique also allowed the quantification of
polymer on the edge surface of MoS2 which is difficult to realize using other techniques. The

fundamental understanding of single-molecule interaction facilitated the selection of appropriate
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polymer for effective functionalization of MoS: bulk powders for efficient exfoliation. However,
one must be careful when selecting the polymer candidate for functionalization based on SMFS
results if stabilization of desired particles/nanosheets in certain liquid is desired. Previous
theoretical investigation concluded that the adsorption of polymer chain on the interface would
lead to the presence of loops, trains and tails'”?. The presence of tails and loops is responsible for
stabilization?*®, which in general relies on repulsive interactions between polymer segments on
opposite surfaces. It can be attributed to osmotic interactions that arises in a good solvent. The
overlap of the polymer chains on approaching surfaces suppress the available conformation for
polymer chains (entropy in origin), which results in repulsive steric interactions. Thus, the selected
polymer must have good compatibility with solvent when adsorption stabilization is desired.
Otherwise, attractive forces would be dominant between the surfaces, which leads to the presence
of large aggregates. Therefore, functionalization performance of polymer N1 was not tested in this
study though it showed the highest single-molecule adhesion force on basal surface. Furthermore,
for polyelectrolytes, beside the osmotic repulsion, the electric double layer repulsion plays a
significant role as well. The charges on the polymer chain can be beneficial for stabilization as
they offer extra strong repulsive electric double interaction. The zeta potential of the obtained
exfoliated single-layer MoS: after combined grinding and tip sonication using polymer N2 and C1
as exfoliation agent was determined to be -5.5 and +37.9 mV, respectively (please see Table S2 in
supporting information). This huge difference leads to distinctively different electric double layer
interactions experienced by the dispersed MoS:2 nanosheets. This might be another reason why the
selected PVBTA (polyner C1) is much more superior to neutral polymer N2 in stabilizing and

exfoliating MoS:z bulk material into single-layer nanosheets.

105



Grinding & sonication

a

Figure 6-6 Schematics for the exfoliation of bulk MoS:z nanosheets into single-layer using Polymer

Clas a functionalization/exfoliation agent.
6.5 Conclusions

In summary, we managed to quantify the single-molecule interaction between polymer and MoS2
surfaces using SMFS. The comparison of different polymers for stable functionalization of MoS2
became possible as quantified SMFS experimental results in single-molecule level were provided.
The selected poly (vinylbenzyl trimethyl ammonium chloride) showed high performance in
functionalizing, stabilizing and exfoliating MoS: crystals into single-layer, which is the first time
that MoS2 was exfoliated into single-layer using synthetic polymer in aqueous phase exfoliation
with concentration above 5 mg/ml while the treatment time was decreased by one magnitude. We
have shown here that the investigation of the fundamental polymer-MoS: interaction using SMFS
can be beneficial for the materials science as guideline for the selection of appropriate
functionalization agents was given by the fundamental results. We hope this systematic approach
may shed light on finding suitable functionalization agent for other materials, where breakthrough

is needed.
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Chapter 7

Conclusions and Recommendations for Future Work
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The conclusions of this thesis and the recommendations for future research are summarized in this

chapter.
7.1 Conclusions

Firstly, the general experimental approach for the quantification of the single-molecule interaction
between polymer and solid-liquid interface was established. By utilizing this technique, the
interaction between stimuli-responsive oligo ethylene glycol methacrylate copolymer and
hydrophobic basal surface of MoS2 was quantified. Based on the dual stimuli-responsive properties
of the studied copolymer, the single-molecule adhesion force of copolymer on the MoS: surface
was monitored as a function of NaCl concentration, or in other words, as a function of the
hydrophobicity of the polymer. The results provided in-depth understanding of the interaction
between a stimuli-responsive polymer and hydrophobic surface during the switching process. The
probed single-molecule adhesion force that was dependent on the concentration of environmental
stimuli (NaCl) revealed the magnitude of the fundamental single-molecule adhesion force (50-80
pN) and indicated that hydrophobic attraction was important in governing the strength of polymer-
solid interaction in water. Theoretical analysis demonstrated that the contribution of entropic free
energy to the single-molecule adhesion force was minor (~11%) and the magnitude of the adhesion
energy per monomer was around 2-4 ksT. Moreover, it was found that polymers adopt similar
conformations on hydrophobic MoS: basal surfaces in water when they exhibited hydrophilic coil

or hydrophobic collapsed globule states in bulk solutions.

Secondly, the anisotropic properties of MoS: crystal were utilized for the determination of the
individual contribution of van der Waals interaction, electric double layer interaction and
hydrophobic attraction. The probed single-molecule adhesion force that was independent on the
surface potential of MoS: basal surface excluded the presence of electric double layer interactions.
The strong single-molecule adhesion force on hydrophobic basal and non-detectable force on
hydrophilic edge surface demonstrated that the van der Waals interaction was weak, and its
contribution to the total single-molecule adhesion force was smaller than the lower detection limit
of the equipment (9 pN). The experimental results elucidated that the hydrophobic attraction
played a dominant role in determining the strength of single-molecule adhesion force. Further
experiments probing the influence of ethanol addition and polymer composition confirmed the

significant role of hydrophobic attraction.
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Thirdly, the single-molecule adhesion force as a function of the concentration of environmental
stimuli (NaCl) was probed on another molecularly smooth hydrophobic surface of highly oriented
pyrolytic graphite (HOPG). The similar single-molecule adhesion behavior as a function of NaCl
revealed that the probed trend of polymer-solid interaction in water was not substrate dependent
and represented the general interplay between stimuli-responsive polymer and hydrophobic
surfaces. The good agreement between the experimental results and derived theoretical model
further confirmed the aforementioned claim that hydrophobic attraction drove the interplay
between neutral oligo ethylene glycol methacrylate copolymer and hydrophobic surfaces in water.
Furthermore, this study presented a mathematical relationship between the hydrophobic hydration
free energy and single-molecule force, which provided guidelines for the optimization or designing

of underwater adhesive systems or non-covalent functionalization agent.

Finally, relying on the ultra-high force sensitivity and space resolution of single molecule force
spectroscopy (SMFS), high performance polymeric functionalization agent was discovered for
scaled production of single-layered MoS: nanosheets. The setup of the SMFS experiment allowed
the quantification of single polymer adhesion force on both basal and edge surfaces. Among the
studied polymers, the cationic poly (vinylbenzyl trimethyl ammonium chloride) (PVBTA) was
indicated to be the promising candidate polymer because it interacted strongly with both basal and
edge surfaces of MoS: and was highly water soluble. Mechanical exfoliation of MoS: was
performed and single-layered nanosheets were obtained with record high concentration. The
combined SMFS and exfoliation experiments demonstrated that the optimization of current
material preparation processes calls for in-depth understanding of the fundamental interactions
between polymers and interested materials. More importantly, the approach provided in this study
that probing quantitative single-molecule interaction by SMFS for reasonable estimation and
comparison of the potential performance is highly effective. This method can be applied to a
variety of practical applications where polymer-solid inaction is important for system

improvement.

7.2 Recommendations for future work

Future work should address the following issues:

1 In Chapter 3, the single-molecule interaction of oligo ethylene glycol methacrylate copolymer

on hydrophobic basal surface of MoS2 was probed, which is in the range of 50-75 pN. However,
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the physical picture that the location of polymer chain on the hydrophobic interface is not clear.
Meanwhile, it is also desired to know if the oligo ethylene glycol side chain of the adsorbed
polymer lays flat on the substrate or stretched into the solution. Rigorous simulation work

combined with systematic SMFS experiments are recommended for the future work.

2 In Chapter 4, the contribution of the van der Waals interaction to the total single-molecule
adhesion force of studied polymer on MoS: surfaces is lower than the lower detection limit of the
SMFS, which is 9 pN. However, the exact number of the contribution is not able to be determined
based on the current studied polymer-solid pair. Future work should address this problem by either

using cantilevers with lower spring constant or change the setup of the SMFS experiment.

3 In Chapter 5, theoretical model was developed relating the single-molecule adhesion force with
hydrophobic hydration free energy. This mathematical relationship provides quantitative
understanding on how Mussel adopt themselves to a variety of environmental conditions for safe,
secure and adequate underwater adhesion. However, no application of the proposed theoretical
model was performed to improve the performance of synthetic underwater adhesives in this study.

It is highly recommended that such application should be done in the future work.

4 In Chapter 6, the single-molecule interaction between cationic poly (vinylbenzyl trimethyl
ammonium chloride) (PVBTA) and basal surface of MoS2 was probed as a function of pH. The
obvious dependence of single-molecule adhesion force on pH reveals the significant contribution
of electric double layer interaction. It is interesting for the further work to deconvolute the
individual contribution of van der Waals, electric double layer and hydrophobic interactions

between this cationic polymer and hydrophobic surfaces.
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Appendix A

Additional information for chapter 3

1 Chemical Structure and the Stimuli-responsive Behavior of Oligo (ethylene glycol)

Methacrylate Copolymer in Presence of Various Concentration of NaCl

The chemical structure of the copolymer was shown in Figure S1(A). The lower critical solution
temperature (LCST) of the copolymer was characterized via the cloud point technique using a UV-
Vis spectrometer (Varian Carey 50). In general, the polymer was dissolved at 4 mg/ml in NaCl
aqueous solutions with different concentrations. The polymer concentration was kept constant in
the characterization since the cloud point is sensitive to the polymer concentration. The solution
was heated up to 52.5 °C in 30 s and the transmittance was then monitored using 400 nm during
the cooling process. The transmittance curve in a 2 M NaCl solution was not obtained due to the

instability of the system.
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Figure A-1 Chemical structure of oligo (ethylene glycol) methacrylate copolymer (A), UV-Vis
transmittance curves (cooling) measured using 400 nm in aqueous solution with various amount

of NaCl (B). The transmittance as a function of NaCl concentration in isothermal condition (C)
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2 GPC and 1H-NMR Characterization of Oligo (ethylene glycol) Methacrylate Copolymer
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Figure A-2 GPC (A) and 1H-NMR (10 mg/L, CDCl3, 200 MHz) (B) characterization of
synthesized oligo ethylene copolymer. The design molecule weigh of the copolymer is 330 kDa.
The obtained molecular weight (Mw) is 200 kDa and PDI is 1.7. As gel was formed during

synthesis, broad distribution of the molecular weight was obtained due to gel acceleration.

3 SMFS Force Curves of Oligo (ethylene glycol) Methacrylate Copolymer on MoS2 Basal

Surface in Presence of NaCl Solution

The retracting force curves were baseline corrected and inverted to show the plateau feature. One
typical force curve is shown in Figure 3 for each NaCl concentration. Since different polymer

linked AFM tips were utilized in the experimental, different plateau length is observed.
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Figure A-3 The typical force curves obtained in the SMFS experiment in presence NaCl solution

with different concentration.

To be noted, the chemical linkage (amide group) that links the polymer chain to APTES modified
AFM cantilever tend to hydrolyze when is exposed to water. Thus, the polymer linked cantilever

was used immediately after the modification process. The shelf life can be extended to 2 days if
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shored in chloroform. Usually, the linking of polymer to the cantilever was performed prior to the

SMEFS experiment.

4 Equilibrium Contact Angle of NaCl Aqueous Solution on Oligo (ethylene glycol)
Methacrylate Copolymer Brush Surface in Heptane and MoS:/ NaCl Aqueous Solution,
Polymer/ NaCl Aqueous Solution Interfacial Energy
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Figure A-4 Contact angle of NaCl aqueous solution on oligo (ethylene glycol) methacrylate

copolymer brush in heptane

The 0,,was measured on synthesized polymer brush since the polymer is water soluble. The

contact angle was measured in the presence of heptane to minimize the evaporation of water in
solution. To obtain the equilibrium values of contact angle, enough time was given to make sure

the contact angle-time curve reaches a plateau.

The interfacial energy of polymer/NaCl aqueous solution and MoS2/ NaCl aqueous solution was
calculated with these equilibrium contact angles on brush and contact angle on MoS: using the

equation of state proposed by Li and Neumann which:
yzil —-B( h_ h.)2
CosBpq = —1+2 | e P (3)
Vs
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where yz? and y['refer to the polymer/heptane and solution/heptane interfacial energy. f =
0.0001247 (m/mN) was determined by an averaging process on different surfaces. With the
measured values of 6,, and vl , the value of yzﬁl can be calculated by iterative method. The
polymer/heptane interfacial energy was estimates using the equation of state to be 8.2 mJ/m?. The
surface energy of fresh MoS: was reported to be 54.5 mJ/m. The interfacial energy of
MoS2/solution was then calculated using the solution contact angle on MoS: and surface energy of
MoS2. The MoSa/solution stays almost constant in the measured salt range while that of

polymer/solution increases dramatically.

Table A-1 The measured interfacial energy of MoS2/NaCl aqueous solution and polymer/NaCl

aqueous solution

Vms Vps
Solvent
(mJ/m?)  (mJ/m?)

1 mM NaCl 28.0 25.0
0.14 M NaCl 28.8 26.6
0.3 M NaCl 26.4 29.8
0.5 M NaCl 26.3 32.8
1.0 M NaCl 26.9 39.6
1.5 M NaCl 26.9 42.7
2.0 M NaCl 27.4 46.8
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Appendix B
Additional Figures for Chapter 4

1 GPC characterization of the synthesized polymers

e
'
=
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Polymer A
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Figure B-1 GPC characterization of synthesized polymers. The designed molecule weight of all
the synthesized polymer was 330 kDa. The obtained molecular weight (Mn) for Polymer A is 118
kDa with PDI close to 1.9. The Mn of polymer B is 200 kDa (PDI = 1.7). For Polymer C, the
molecular weight (Mn) is 94 kDa (PDI around 1.8). The molecular weight (Mn) of polymer D is
61 kDa (PDI = 2.8).

The broad distribution of the obtained polymer can be attributed to the gel acceleration as polymer

gel was formed during polymerization.
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Table B-1 Chemical structures and molecular weights of the studied polymers

Polymer

Polymer A

Polymer B

Polymer C

Polymer D

Chemical structure Mn (kDa)

ﬁg 118
’\(l)/
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0 [
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ST ot
o o y
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2 The influence of pH on the single-molecule adhesion of polymer B and poly (vinylbenzyl

trimethyl ammonium chloride) (PVBTA)
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Figure B-2 Single-molecule adhesion force of studied polymer on basal surface of MoS: as a

function of pH in presence of 1 mM NacCl solution.

The surface potential of MoS:2 basal surface is pH dependent. In detail, it changed from -28 mV
(pH=3) to -44 mV when the pH is increased to 11'%°. For cationic polymer PVBTA, a clear
dependence of the single-molecule adhesion force on solution pH was observed. This
demonstrated that the electric double layer interaction between the single polymer chain and MoS2
substrate outshines itself by highly pH dependent single-molecule adhesion force. As no pH
dependence on the solution pH on the single-molecule adhesion force was observed, it is
reasonable to assume that electric double layer interaction does not play a role in our work between

the neutral polymer and negatively charged MoS: basal surface.
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2 NMR characterization of the synthesized polymer

SpinWarks 4: Polymer A

A +

SpinWorks 4: Polymer B

Figure B-3 NMR characterization of the studied oligo ethylene glycol copolymer. (A) Polymer A;

SpinWorks 4: Polymer D

D

(B) Polymer B; (C) Polymer C and (D) Polymer D.
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3 Microtome cutting and AFM imaging

5.0 nm

-5.0 nm

0.0 Height Sensor ~ 20.0 ym 0.0 Height ensor 2.5um

Figure B-4 Optical and AFM images of fresh peeled MoS: basal surface (A,C,E) and exposed
smooth edge surface (B,D,F). The root-mean-square roughness of basal and edge surfaces were

0.3 nm and 2.1 nm, respectively.
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Appendix C
Additional Figures for Chapter 5
1 The underwater single-molecule adhesion of copolymer on HOPG and MoS; surface.
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Figure C-1 The force required to peel a single oligo (ethylene glycol) copolymer chain from
HOPG surface (A) in NaCl solution. The comparison of the single-molecule adhesion force
quantified on different surfaces (B): copolymer-MoS: (a) and copolymer-HOPG (b) (the lines are
drawn to guide the eyes). The data of single-molecule force on MoS:2 were taken from previous

work!¢7,
2 Derivation of the analytical model

2.1 Hydration free energy
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Figure C-2 Geometric parameters of the monomer.

Surface area of various interfaces:

APolymer—solution = Aps = APolymer - Asubstrate—polymer (1)
=a*x(2b+2c)*xn—axbx(n—n) =ax(b+2c)*n+a*xbx*n;

In the derivation, we assume the total surface area of the substrate exposed to solution before

attachment of polymer is C. Thus, we can have the following mathematical description:
Agupstrate—sotution = Ass = C—ax*b*(n—mn;) (2)
Asubstrate—polymer = Asp =axb*x(n—n) (3)

Gsurface=[a*(b'l'zc)*n‘l'a*b*ni]*)/ps'l'[C_a*b*(n_ni)]*yss'l'a*b

“4)

* (n - ni) *Vsub.p
—gxdn; = dGsurface = ab(_ysub.p + Vps T yss)dni Q)
&E=— ab(_)’sub.p + Yps + yss) (6)

2.2 Entropic free energy

During the peeling process, the entropic elastic force of the desorbed chain balances the attractive
interaction between the polymer and the surface. Since there is line tension along the polymer
chain, the energy is also stored as entropic free energy in the desorbed portion of the polymer®.

The entropic force along the polymer chain can be described as WLC model®> 147-148:
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-2

F _KBT 1(1 X) 1+x] (7)
Wi L, G 4L

Thus, the energy stored in the desorbed chain as entropic free energy can be expressed as:

G fo d foBT 2 (1 x)_2 L X4
tropic = wreax = | —/[7\1l—7) —7T7ldX
entropic 0 o Lp 4 L 4 L

X

IKT 1 1 x X
=L| —=—[(1-5) —->+7d=
J;Lp[él( ) 47

(8)

Since force curves with plateaus feature were obtained in the measurement, the entropic elastic

force should keep constant during the peeling process. As a result, the term % is a constant. Thus:

KgT
Gentropic = I * f(@) * L 9)
14

X -2
Where f(¢) = fOL KL—'iT [% (1 - %) - % + %]d% . f (@) is constant for each condition since ¢ = %

1s constant for each NaCl concentration.

2.3 Mathematical relationship between adhesion force and hydrophobic hydration of the

system

Figure C-3 Illustration of the force balance when the polymer chain is peeling from substrate.

When the AFM tip is retracted from the substrate, the work done by the cantilever should be equal

to the change of surface free energy and entropic free energy of the system.
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KT
L

Fyrcdx = dGsurface + dGentropic = ab(_ysub.p + Vps T YSS)dni + * f (@) *dL

P (10)
Since L = n; * a, we have:
1
dn; =—dL (11)
a
Thus we have the following relationship:
KgT
FWLCdx = b(_ysub.p + Vps + Vss)dl‘ + L * f((p) *dL (12)
p

As mentioned previously, the term % is a constant for each NaCl concentration, then we have:

X 1 X
dx = 2dL 14
x=7 (14)

When eqn. 14 is applied, then we have:
x
Fyrcdx = Fyic ZdL (15)

Finally, we have the mathematical relationship between adhesion force and hydrophobic

hydration of the system:

X KgT
FWLCZ = b(_ysub.p + Vps + yss) + 1, * f((p) (16)
p
1 KyT 1 1
—= A -9) =2 +0¢] 17
@ Lp * [b * (_YSub.p + Vps + yss) + f((p) 4 4 ( )
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3 Contact angle of NaCl solution on HOPG surface
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Figure C-4 Contact angle of NaCl solution on the HOPG surface (A) and the calculated HOPG-

solution interfacial tension.

The interfacial tension of HOPG-solution was calculated using the solution contact angle on
HOPG surface and surface energy of HOPG (54.5 mJ/m?)?!*. The HOPG-solution interfacial
tension stays almost constant in the studied salt range. The data of interfacial tension of oligo

(ethylene glycol) copolymer were taken from ref.1.

NaCl concentration (M)

Table C-1 The measured HOPG-solution and polymer-solution interfacial tension

Yhopg-s Vps
Solvent

(mJ/m?)  (mJ/m?)

1 mM 22.6 25.0

0.14 M NacCl 22.7 26.6

0.3 M NaCl 23.7 29.8

0.5 M NaCl 24.1 32.8

1.0 M NaCl 23.8 39.6

1.5 M NaCl 24.0 42.7

2.0 M NaCl 25.1 46.8
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4 The fitting the single-molecule adhesion force with the derived model.
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Figure C-5 Single-molecule adhesion force plotted against the total interfacial energy of polymer-
solution and substrate-solution. The dots are experimental results and the curves are the adhesion
force calculated with the model. The squares and triangles represent the single-molecule adhesion
forces of HOPG-polymer and MoSz2-polymer respectively. The data on HOPG-polymer was
obtained in this study and the data of MoS2-polymer interaction were taken from ref.1. The

interfacial tension of polymer-HOPG and polymer-MoS: in this study is fitting parameter.

4 1H-NMR characterization of the studied copolymer

399.947 MHz H1 1D in cddi3 (ref. to CDCI3 @ 7.26 ppm)
temp 25.5 C -> actual temp = 26.9 C, sw400 probe

HpIIBEY
s80529

% &
PPM 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure C-6 1H-NMR (10 mg/L, CDCls, 400 MHz) characterization of synthesized oligo ethylene

copolymer.
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Appendix D
Additional Figures for Chapter 6
1 NMR characterization of the synthesized polymers

The NMR results of polymer N2 can be found in our previous published paper!®’. The NMR data
of polymer poly (vinylbenzyl trimethyl ammonium chloride) (polymer C1) and PMEO:2MA
(polymer N1) is shown in Figure S1.

Coparmant o Chamesry sty f At

Agilent Technologies b e » 5 Agilent Technologies

30050 e 1 03 €2 4 et s & 228 ———

Figure D-1 1H-NMR analysis of the studied polymers: (A) polymer C1 and (B) polymer N1.
2 The dependence of single-molecule adhesion force on the retracting velocity

The data demonstrated that there was no obvious influence of tip velocity on the probed single-
molecule force considering the uncertainty of AFM force measurement which is around 10%. In
the experiment, the data with 500 nm/s retracting velocity were collected and analyzed to obtain

the equilibrium single-molecule force for the studied polymers.
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Figure D-2 Dependence of the single-molecule adhesion force on the retracting velocity of AFM

cantilever for polymer N2 (A) and polymer C1 (B).

3 Preparation of smooth edge surface of MoS; using ultramicrotome.

Height Sensor  10.0 um X Height Sensor 2.0 um

Figure D-3 Optical and AFM images of fresh peeled MoS: basal surface (A,C,E) and exposed
smooth edge surface (B,D,F). The root-mean-square roughness of basal and edge surfaces were

0.1 nm and 2.1 nm, respectively.
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4 The performance of the synthesized copolymer on exfoliation of MoS: powers

The SMFS results showed that the polymer C1 is an ideal candidate in functionalizing and
exfoliating MoS: bulk powders since it could interact with both basal and edge surfaces. The
binding of this polymer on these two surfaces resulted in a much higher energy barrier for the
polymer-adsorbed MoS:2 nanosheets to re-aggregate. For comparison, the same dosage of the
polymers and identical exfoliation procedures were used. The exfoliation was performed in a
rotary grinding machine for 120 min. The solutions shown in Figure S4 were prepared by diluting
the supernatants obtained by centrifuging the resultant dispersions at 8000 rpm for 4 times. DI
water was used as a reference (Figure S3 A). As is shown in the optical graphed in Figure S4, the
cationic polymer C1 is superior to the neutral polymer N1 since much more exfoliated MoS2

nanosheets were produced.

Polymer exfoliation agent
DI water Polymer N2 Polymer C1

Figure D-4 Comparison of the exfoliation performance of the synthesized polymers.
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5 TEM characterization of exfoliated MoS2 sheets after grinding for 2 h and additional 2 h

tip sonication

Figure D-5 TEM characterization of exfoliated MoS: (G: grinding; S: tip sonication). (A)
Exfoliated MoS: sheets without addition of polymer exfoliation agent. As no exfoliated MoS:
sheets were found in the supernatant after 8000 rpm centrifugation for 30 min, the precipitants
were characterized. Exfoliated MoS: sheets obtained using polymer N2 (B) and polymer C1 (C)
as exfoliation agent (centrifuge@8000 rpm for 30 min). (D) MoS:2 nanosheets produced after 2 h
grinding and 2 h tip sonication (centrifuge @11500 for 30 min).

Without the addition of polymer exfoliation agent, no water dispersible MoS: sheets were
obtained. Meanwhile, the size of the MoS:2 crystal in the sediments after centrifuge (8000 rpm for
30 min) was large in size (~6 pm). When polymer N2 was added, stable MoS: dispersion (after
8000 rpm centrifugation) was obtained. The size of the exfoliated MoS:2 was less than 1 pm. When
polymer C1 was utilized, the size was reduced and the thickness of the obtained MoS: sheets was
much less than that obtained by using polymer N2. Meanwhile, the concentration of the dispersed

exfoliated MoS2 were much higher.

As polymer C1 is much more effective in functionalization and exfoliation, experimental
procedures were optimized to obtain single-layered MoS:2 nanosheets. Thus, after 2 h of grinding,
2 h additional tip sonication treatment was applied. Single-layer MoS:2 nanosheets with size around

50 nm were obtained (Figure D-5 D).
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6 XRD characterization of the obtained exfoliated MoS: nanosheets
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Figure D-6 The XRD pattern of the original bulk MoS: and the exfoliated MoS:2 nanosheets.

The XRD pattern of the exfoliated MoS2 nanosheets did not show any reflection peaks that is
typical for bulk MoS2, indicating that there was no stacking of MoS: layers along c direction due

to effective exfoliation and formation of single-layer nanosheets'2®.
7 Raman characterization of obtained exfoliated nanosheets
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Figure D-7 Raman spectrum of single-layer MoS2 nanosheets exfoliated by combined grinding

and tip sonicating MoS2 powder using polymer C1 as exfoliation agent.
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The single-layer MoS2 nanosheets exhibit bands at 381 and 405 cm™!, which can be attributed to
the in-plane vibration (E'zg) and out-of-plane vibration (Aig) modes, respectively. Due to the
surface adsorption by polymer C1, similar to the case where protein was used as exfoliation

agent'?®, the Raman data was not used to determine the layer number of exfoliated nanosheets.

8 Thermal gravimetric analysis (TGA) characterization of the bulk material and exfoliated

MoS:
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Figure D-8 Thermal gravimetric analysis (TGA) of the original bulk MoS: and exfoliated sample

prepared using polymer C1 as exfoliation agent.

The weight loss of the bulk samples was around 1% while that of exfoliated MoS2 sample was
60%. The results illustrated that the cationic polymer account for 60% of the obtained exfoliated
MoS:2 sample.
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9 GPC characterization of synthesized polymer C1
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Figure D-9 GPC characterization of synthesized polymers. The polymers were synthesized using
RAFT polymerization technique. The obtained molecular weight (Mn) for poly (vinylbenzyl
trimethyl ammonium chloride) is 10.5 kDa with PDI close to 2. The molecular weight (Mn) for
PMEO:2MA is 118 kDa with PDI close to 1.9. The Mn of oligo ethylene glycol copolymer is 200
kDa (PDI = 1.7).
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Table D-1 The chemical structures and molecular weights of studied polymers

Polymer Structure Mn (kDa) PDI
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10 Zeta potential characterization

Table D-2 The Zeta potential measurement of the obtained exfoliated MoS: sheets after 2 h

combined treatment of grinding and 2 h tip sonication

Sample Zeta potential (mV) Standard deviation (mV)
Polymer N2 exfoliated MoS2 -5.5 6.2
Polymer C1 exfoliated MoS: 37.9 5.0
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