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Abstract
Self-assembled monolayers (SAMs) can reduce friction in boundary lubricated contacts by providing a low shear strength 
interface for sliding. However, the nanoscale mechanisms underlying low friction on SAMs are still not fully understood, 
especially in liquid environments in which hydrophobility or hydrophilicity affects friction. To understand this effect, friction 
of SAMs in water was measured using atomic force microscope experiments and molecular dynamics simulations, where 
hydrophilicity or hydrophobicity was determined by the terminal group of the alkanethiols. The friction on hydrophilic SAMs 
was larger than that on hydrophobic SAMs in both experiments and simulations, but this trend could not be explained by the 
strength of the adhesive force between the tip and the SAMs. Instead, analysis of the contributions of the water and SAMs 
to the total friction force revealed that the difference between the hydrophobic and hydrophilic SAMs could be explained by 
interactions between the tip and water during sliding. The much larger tip-water force on hydrophilic SAMs was attributed to 
a dense layer of water that was displaced during sliding as well as hydrogen bonds that formed between the water molecules 
and hydrophilic SAMs and were then broken by the tip as it slid, leading to higher friction force.
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1  Introduction

Self-assembled monolayers (SAMs) consisting of well-
organized, densely packed spacer chains have the poten-
tial to solve many practical adhesion- and friction-related 
problems. [1–3] SAMs are also promising boundary lubri-
cants due to their nanometer thickness, strong bonding to a 
substrate, and a variety of possible functional groups that 
can be incorporated to modify surface energy and frictional 
properties [1].

Although many studies have characterized friction on 
SAMs using macro- and micro-scale experiments (see, for 
example,  [4–10]), research focused on understanding the 
fundamental mechanisms of friction has been primarily per-
formed using atomic force microscopy (AFM). AFM-based 
studies of friction on SAMs have revealed several impor-
tant frictional properties. For example, odd-even effects have 
been observed, where SAMs with an odd number of carbon 
atoms in the alkanethiol chain have larger friction coefficient 
than SAMs with an even number of carbon atoms [11–15]. 
Also, it has been reported that SAMs with shorter chain 
lengths dissipate more energy during sliding and exhibit 
higher friction forces [1, 16, 17]. Studies have shown that 
the friction between some SAMs is dependent on the pH of 
the liquid in which they are probed, while others are inde-
pendent of pH value [10]. Further, friction on SAMs has 
been reported to depend on sliding direction relative to the 
SAM orientation, i.e., frictional anisotropy and asymmetry 
[18–20]. Lastly, it is commonly agreed that friction depends 
on the hydrophobicity of the SAM terminal group and AFM 
tip apex [10, 21–31]. This observation is the focus in the 
present research.
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Previous AFM-based studies have characterized friction 
on hydrophobic and hydrophilic SAMs with a variety of dif-
ferent AFM tip materials (Au, Si

3
N

4
 , –OH SAM terminated, 

– CH
3
 SAM terminated), self-assembled monolayers (–OH 

and −CH
3
 terminated), substrates (Au, Si) and solvents 

(ethanol, hexadecane, methanol, n-decane, water, humid air, 
dry air) [10, 18–34]. In some of these studies, friction was 
measured on hydrophilic and hydrophobic SAMs along the 
same scan lines on the same substrate [21, 25, 26, 28–34]. 
With this approach, if SAMs were the same height, the effect 
of hydrophobicity could be isolated [21, 25, 26, 30–33]. 
These studies consistently reported that friction decreased 
as hydrophilic/hydrophilic > hydrophobic/hydrophobic > 
hydrophilic/hydrophobic, for a given tip/SAM contact. The 
effect of hydrophobicity on SAMs has also been reported to 
be velocity dependent where, as sliding velocity increases, 
friction increases and then reaches a plateau for hydropho-
bic SAMs and decreases for hydrophilic SAMs [35]. Some 
previous AFM studies have shown that friction trends are 
the same as trends observed for adhesion, and it has been 
proposed that there is a direct correlation between the fric-
tion force and adhesion force on SAMs [7, 10, 36]. How-
ever, adhesion trends on hydrophilic and hydrophobic SAMs 
in liquid are not consistent in the literature [4, 20, 27, 37, 
38], so adhesion may not entirely explain observed friction 
results.

Despite the large number of experimental studies of 
the effect of hydrophobicity on SAM friction, there are 
only a few papers reporting simulations of this phenom-
enon [20, 35, 39–41]. These simulations were performed 
using molecular dynamics (MD) simulation in order to 
capture the atomic interactions between the AFM tip and 
SAM chains that underlie measured friction. Previous MD 
simulations described sliding between two layers of SAMs 
in water [40, 41] or in vacuum [20], or between a model 
tip apex and SAM layer in vacuum [35, 39]. Importantly, 
none of the previous simulation studies described tip-SAM 
friction in a liquid environment, which is important since 
some experimental studies of SAMs were performed in 
these conditions [19, 21, 25]. Further, in the simulations 
mentioned above, hydrophilic and hydrophobic SAMs were 
modeled separately in different simulation boxes, which 
are inconsistent with previous AFM studies where friction 
was measured on different SAMs in the same scan line [21, 
25, 26, 28–34]. Therefore, observations from experiments 
could not be directly explained by simulation results. Simu-
lations of friction on hydrophilic and hydrophobic SAMs 
in liquid in the same simulation are needed to complement 
AFM experiments for the same material system and explain 
observed trends.

In this work, we performed MD simulations and AFM 
experiments of atomic-scale friction between a nanoscale 
probe and alkanethiol monolayers terminated with CH

3
 

(hydrophobic) or OH (hydrophilic) in the presence of water. 
In both experiments and simulations, hydrophilic and hydro-
phobic SAMs with the same chain length were positioned 
next to one another on a gold substrate so that friction could 
be measured along the same scan line. Both experiments 
and simulations reproduced the expected result that friction 
was higher on hydrophilic than hydrophobic SAMs. Then, 
atomic-scale information available in the simulations was 
used to understand the observed trends. First, the adhesive 
forces for both SAMs were calculated. Then, based on the 
adhesion and friction trends obtained, the individual contri-
butions of the water and the SAMs to the overall force on the 
tip were characterized. Lastly, the origin of the significant 
contribution of the tip-water force to the observed friction 
on hydrophilic SAMs was investigated in terms of the local 
water distribution and hydrogen bonding. The results dem-
onstrated the origins of friction on hydrophilic and hydro-
phobic SAMs, with more general implications for friction 
measurements in water on other surfaces.

2 � Methods

2.1 � Experiments

Monolayer Self Assembly Unless otherwise stated, all mate-
rials were purchased from Fisher Scientific Co. (Pittsburg, 
PA, USA). Ultrapure water was supplied from a NANO-
pure Diamond (Barnstead, Lake Balboa, CA, USA) with a 
resistivity of 18.2 MΩ ⋅ cm . All glassware was cleaned with 
piranha acid (3:1 sulfuric acid: 30% hydrogen peroxide. 
CAUTION piranha is highly corrosive and reacts violently 
with organics) rinsed with water and dried with compressed 
air that was filtered using a Vacu Guard L #S975 filter GE 
Whatman, Pittsburgh, PA, USA). The Au (111) bead sub-
strate was prepared using a previously reported protocol 
[42]. To form the host self-assembled monolayer, the sub-
strate was cleaned with 70% v/v hot nitric acid (CAUTION: 
hot nitric acid is highly corrosive and reacts violently with 
organics), rinsed with water, and flame annealed in a H2 
flame before immersion in 4 mM 11-mercapto-1-undecanol 
( C

11
OH ) (Sigma-Aldrich Co., St. Louis, MO, USA) in the 

dark and under nitrogen (Praxair Inc., Danbury, CT, USA) 
for 24 h. Prior to nanografting and imaging, the surface was 
rinsed with ethanol, then water, and dried with compressed 
air. The sample was then secured to a custom-made AFM 
Teflon liquid cell that was cleaned with piranha, rinsed with 
water, and dried with compressed air. The liquid cell was 
then attached to a fluid exchange apparatus with 20 GA Tef-
lon tubing (Small Parts Inc, Logansport, IN, USA) consist-
ing of a 7807-10 Digital Pump using Tygon 07MHLLM07 
tubing (Ismatec, Wertheim, Germany) that was cleaned by 
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cycling 1M nitric acid, water, then DMSO each for 10 min 
at 60 μL/s.

Nanografting All nanografting, imaging, and force 
spectroscopy experiments were performed using an Agi-
lent/Keysight 5500 AFM with a N9524A/B closed loop 
scanner (Keysight Technologies, Santa Rosa, CA, USA.) 
with a modified cantilever deflection sensor system [43] 
controlled with PicoView 2.10.3 (Keysight Technologies, 
Santa Rosa, CA, USA). Imaging data were processed with 
WSxM 5.0.[44] Nanografting was performed in 4 � M 
1-dodecanethiol (Sigma-Aldrich Co., St. Louis, MO, USA) 
in dimethyl sulfoxide (DMSO). The C

11
OH SAM surface 

was first imaged with AC-AFM mode using diamond-like-
carbon tips (HQ: NSC14/HARD/AL BS �Masch, Sofia, 
Bulgaria) with a nominal spring constant of 5 N/m and a 
nominal radius of curvature of 20 nm driven between 40-60 
kHz. Grafting was then performed in contact mode with the 
same tip using deflection as the feedback signal. A custom 
Python 2.7 control script was used to compensate for laser 
positional drift between squares, creating a 5 × 5 array of 
200–250 nm2 squares with 1 �m2 marker squares used for 
relocation. Grafting parameters were set to 2 lines/s with 
128 lines/square. Based on the tip radius curvature of 20 
nm and SAM thickness of 1.5 nm, thiol molecules within 8 
nm of the tip apex could be removed. In our experiment, the 
line spacing was set to 2 nm and the nanografting was per-
formed in both trace and retrace directions to ensure 100% 
conversation in the grafted area. Post-grafting, the tip was 
withdrawn 100 � m, leaving the AFM tip and substrate sub-
merged. The substrate was then rinsed using the attached 
fluid exchange system with DMSO, 50:50 DMSO:water, 

water, then an imaging buffer solution (pH 7, 170 mM KCl, 
10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)) each for 10 minutes at a rate of 60 �L/s. 
The buffer solution ensured constant neutral pH and ionic 
strength and minimized the variability of double layer force 
between the tip and the SAM surface.

Friction Imaging After rinsing, the nanografted SAMs 
were imaged with a diamond-like-carbon coated tip (HQ: 
CSC17/HARD/AL BS �Masch, Sofia, Bulgaria) with a 
nominal spring constant of 0.18 N/m that had been cleaned 
by soaking in methanol. Seven nanografted squares were 
imaged across four substrates. Topographical and friction 
imaging was performed in contact mode at a constant load 
of ≈6.9 nN.

2.2 � Simulations

The model system, shown in Fig. 1, consisted of a half-
spherical diamond AFM tip apex and alkanethiol SAMs 
on gold immersed in water. The gold surface had dimen-
sions of 10.0 nm × 5.2 nm in the x- and y-directions. The 
radius of the tip was 1.5 nm. Half of the model SAMs were 
hydrophilic, terminated with –OH (–S(CH

2
)
11
OH ) and half 

were hydrophobic terminated by – CH
3
 ( −S(CH

2
)
11
CH

3
 ). 

The sulfur head groups of the alkanethiol SAMs formed 
a (

√

3 ×
√

3)R30◦ triangular structure on the gold surface. 
The SAM density of 0.216 nm2 per chain was consistent 
with previous experiments and simulations reported in the 
literature [45–47].

The CH
2
 and CH

3
 groups in the 1-dodecanethiol ( C

11
CH

3
 ) 

and 11-mercapto-1-undecanol ( C
11
OH ) were treated using 

Fig. 1   Perspective view of half 
of the model showing the tip 
apex in water sliding on hydro-
phobic and hydrophilic SAMs 
on a gold surface. The tip slides 
in the positive x-direction
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a united atom model, in which the mass of hydrogen atoms 
was added to their corresponding carbon atoms, with 
parameters from Ref. [48]. The partial charges and poten-
tial parameters for the O and H atoms in the hydroxyl ter-
minated C

11
OH SAMs were obtained from Ref. [49]. The 

interactions within the Au substrate and the tip were defined 
by the Embedded Atom Method (EAM) [50] and the adap-
tive intermolecular reactive empirical bond order (AIREBO) 
potential [51], respectively. The interactions within water 
molecules were described by the extended Simple Point 
Charge potential SPC/E [52]. The Morse potential was used 
to model the interactions between S and Au atoms [53, 54]. 
Lorentz–Berthelot mixing rules [55] and the Lennard–Jones 
potential [48] were applied to describe all other long-range 
interactions. This combination of potentials has been used 
successfully to model dynamic AFM on SAMs [56, 57].

During simulations, the tip was treated as a rigid body 
and the bottom 0.1 nm of the gold substrate was fixed. Peri-
odic boundary conditions were applied in the x- and y-direc-
tions. Dynamic simulations were performed at a temperature 
of 300 K in the NVT ensemble (constant number, volume, 
and temperature) using a Nosé–Hoover thermostat with a 
0.01 ps damping factor applied to all unconstrained atoms 
in the system. All simulations in this work were run using 
large-scale atomic/molecular massively parallel simulator 
(LAMMPS) software [58] with a 0.5 fs time step. OVITO 
[59] was used for visualization.

To simulate sliding friction, the tip apex was connected 
to a virtual atom through a harmonic spring with a stiffness 
of 1.6 N/m in x-direction to simulate the cantilever in an 
AFM experiment. A normal force between 0.38 and 0.95 
nN was applied to the tip. Then the tip apex was dragged by 

the virtual atom which moved in the x-direction at a speed 
of 2 m/s. The simulation was repeated 8 times by letting the 
tip cross the periodic boundaries to begin the next cycle, 
for a total of 80 nm of sliding. Adhesion was measured in 
separate simulations where the tip was brought down to the 
SAMs surface vertically at a normal load of 0.38 nN and 
left there until its vertical position was steady. Then, the tip 
was pulled away from the surface and the maximum nega-
tive force during the pull-off process was considered as the 
adhesion force.

3 � Results and Discussion

Figure  2 shows representative topography and friction 
images measured using contact mode AFM. There is no con-
trast in the topography image, consistent with the fact that 
the hydrophobic and hydrophilic SAMs are the same height 
and they are known to have the same density [60]. However, 
in the friction image, there is contrast between the lighter 
color (higher friction) of the C

11
OH SAMs and the darker 

color (lower friction) of the C
11
CH

3
 SAMs. The same trend 

was observed on seven nanografted squares imaged on four 
different samples. These results are consistent with trends 
reported in previous experiments that showed hydrophilic 
SAMs have higher friction than hydrophobic SAMs [4, 29, 
30].

The friction contrast between the hydrophobic and hydro-
philic SAMs can be quantified from average line profiles 
calculated from the regions identified by the black rectan-
gles in Fig. 2, as shown in Fig. 3a. The average friction on 
the hydrophilic SAMs is approximately 60% larger than that 

Fig. 2   a Topography and b friction measured using contact mode AFM of C
11
CH

3
 SAMs nanografted into C

11
OH SAMs. The regions identified 

by black rectangles were used to calculate the average line profiles reported in Fig. 3a
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on the hydrophobic SAMs. A similar calculation was per-
formed from the simulation data, averaging the topography 
and friction from eight passes of the tip across the simulation 
domain. Average simulation topography and friction pro-
files are shown in Fig. 3b. Consistent with the experimental 
results, there is minimal difference in the height of the two 
SAMs (less than 0.1 nm), but the friction on the C

11
OH 

is larger than that on the C
11
CH

3
 . Note that the transitions 

between the regions identified as hydrophilic or hydrophobic 
are large in the simulation because the model tip is only a 
few times smaller than the lateral dimension of the simula-
tion box, so the tip is effectively sliding on both SAMs dur-
ing part of each sliding cycle.

Previous studies have proposed that the difference in 
friction between hydrophobic and hydrophilic SAMs can 
be explained by differences in adhesion [27, 61]. However, 
there is inconsistency in the adhesion trends reported previ-
ously for C

11
OH and C

11
CH

3
 SAMs in liquid. For example, 

measurements using a SAM-terminated tip in water reported 
adhesion decreased as OH∕OH > CH

3
∕CH

3
> CH

3
∕OH , 

which was consistent with the friction trend [20, 27]. How-
ever, measurements of SAMs probed with a bare AFM 
tip reported adhesion in water exhibited CH

3
> OH [4], 

while in humid air the trend was CH
3
 < OH [37]. Lastly, 

SAMs probed with bare AFM in ethanol or perfluorodecalin 
resulted in adhesion trends where OH > CH

3
 [38]. There-

fore, adhesion may explain friction trends in some cases, but 
not all. Adhesion was measured in our model system using 
simulations of pull-off tests. It was found that the adhesion 

on C
11
OH was 0.76 nN while that on C

11
CH

3
 was 1.11 nN. 

This is inconsistent with our friction trend, suggesting the 
friction contrast was determined by a different mechanism.

To identify other possible explanations of the friction 
contrast between hydrophilic and hydrophobic SAMs, sim-
ulations were performed at a range of normal loads. Fig-
ure 4 shows the load dependence of the average friction on 

Fig. 3   Average height and friction profiles from a experiments and 
b simulations illustrating the contrast between C

11
OH (blue back-

ground) and C
11
CH

3
 (red background) SAMs. Symbols represent 

averages over 15 line traces in experiments and 8 in simulations, and 

shaded regions reflect the standard deviation of that data at each lat-
eral position. Simulation data correspond to a normal load of 0.38 nN 
(Color figure online)

Fig. 4   Average friction force from simulations for the C
11
OH and 

C
11
CH

3
 SAMs as a function of normal load. Averages are calculated 

over the blue and red shaded regions in Fig.  3b and error bars cor-
respond to the standard deviation. The contributions of the tip-water 
and tip-SAM interactions to the total friction force are shown as pat-
terned vs. solid regions, respectively
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the hydrophobic and hydrophilic SAMs. As load increases, 
friction force on both SAMs increases. Also, at all loads, 
the total friction force on the C

11
OH is greater than that 

on the C
11
CH

3
 (between 7 and 20% larger). The origin of 

this difference can be understood by analyzing the contribu-
tions of the tip-water and tip-SAM interactions to the total 
friction force. First, it can be observed that the tip-SAM 
force increases with load while the tip-water force remains 
relatively constant for both SAMs. Considering only the tip-
SAM force, Fig. 4 shows that the tip-SAM force is larger for 
the C

11
CH

3
 than that for the C

11
OH . To explain this, pull-off 

simulations were repeated without water and it was found 
that adhesion on C

11
CH

3
 was 30% larger that on C

11
OH , 

consistent with the tip-SAM force trend. However, Fig. 4 
shows that the tip-water force is hundreds of times larger for 
the C

11
OH than the C

11
CH

3
 ; in fact, the water contribution 

is negligible for the C
11
CH

3
 . Therefore, the greater overall 

friction for the C
11
OH is explained by the much larger tip-

water force on the hydrophilic SAMs. This tip-water force 
contribution to friction is analyzed next.

The first possible explanation of the higher tip-water 
force (and in turn higher friction) on the hydrophilic SAMs 
is that there are simply more water molecules in the case 
of the hydrophilic surface that have to be displaced for the 
tip to slide. This can be quantified from the local density 
distribution of the water near the two SAM surfaces. The 
density distribution was calculated from the average num-
ber of water molecules in 0.05 nm thick “bins” parallel to 
the SAM surface for each layer along the vertical direction 
(z) from the SAM surface (z = 0 nm) to the top layer of the 
simulation box (z = 5.8 nm) as shown in Fig. 5. Far from the 
surface (above 0.5 nm), there is no difference in the water 
density between the two SAMs. However, the density of 
water near the SAMs surface oscillates with peaks spaced by 
the diameter of water molecule (0.275 nm) where the ampli-
tude of oscillations decays exponentially with distance from 
the surface to approach the bulk water density. These fea-
tures are attributable to the packing of the liquid molecules 
being more ordered next to the solid compared to those in 
the liquid bulk [62]. Lastly, this analysis shows that there is 
a dense layer of water close to the C

11
OH surface ( z ≈ 0.25 

nm) which is not present in the case of the C
11
CH

3
 SAMs. 

Some of these water molecules are entrained between the tip 
and SAM and others are in front of the tip where they have 
to be displaced for sliding to occur. This dense layer there-
fore likely contributes to the higher tip-water force on the 
hydrophilic surface (Fig. 4) and, in turn, the higher friction. 
However, considering the region occupied by the tip (0 < z < 
1.5 nm), there are only 11% more water molecules on C

11
OH 

than on C
11
CH

3
 . This is much less than the huge difference 

in tip-water force that was observed, which suggests there 
is another mechanism contributing to the tip-water force on 
the C

11
OH SAMs.

Water could contribute to friction on both surfaces 
because the water molecules have to be displaced by the tip 
as it slides. However, on the hydrophilic surface, the water 
molecules can also form hydrogen bonds (H-bonds) with 
the SAM surface which then have to be broken for the tip 
to slide. Hydrogen bonding exists on the hydrophilic SAMs 
either as HOSAM-Hwater or H SAM-OHwater , as illustrated in 
Fig. 6a. H-bonds were identified in the simulation based on 
the HO–O angle, O–O distance and O–H distance, using 
the criterion reported previously [63, 64]. The formation 
and breaking of H-bonds occur dynamically throughout the 
simulation, so individual bond breaking events cannot be 
correlated to the friction signal. Therefore, to analyze the 
contribution of hydrogen bonding, the number of bonds was 
tracked as a function of lateral position of the tip. When 
the tip was on the CH

3
-terminated SAMs, there were, on 

average, 178 H-bonds between the water and OH-terminated 
SAMs; however, when the tip was sliding on the OH-termi-
nated SAMs, that average decreased to 163. The difference 
reflects the number of H-bonds broken as the tip slides on 
the hydrophilic surface. The force required to break these 
H-bonds therefore likely contributed to the resistance to slid-
ing experienced by the tip.

To test the theory that H-bonds contributed to the larger 
tip-water force on the hydrophilic SAM, which in turn 
caused higher friction, simulations were run at different 
temperatures. According to the literature [65–67], higher 
temperature can lead to fewer H-bonds. This relationship 
between H-bonds and temperature can also be derived from 
the Langmuir adsorption model [68, 69]. When adsorption 

Fig. 5   Water density distribution on C
11
OH and C

11
CH

3
 SAMs, and 

the difference in density between the C
11
OH and C

11
CH

3
 . A faded 

side-view snapshot of the model system is shown in the background 
to facilitate correlation between the calculated density and atom posi-
tions. The water depletion layer is thicker on the CH

3
 terminated 

SAMs than the OH-terminated SAMs
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and desorption processes come to an equilibrium, the rate 
of adsorption and the rate of desorption are equal and the 
adsorbate coverage on a surface decreases with increasing 
temperature. As shown in Fig. 6b, the number of H-bonds 
decreases with increasing temperature, and more H-bonds 
mean more water molecules are adsorbed on the C

11
OH sur-

face, consistent with the theoretical prediction. The tip-water 
force was also calculated as a function of temperature and 
it was observed to decrease with temperature for the C

11
OH 

SAMs and increase slightly on the C
11
CH

3
 SAMs (Fig. 6b). 

The decrease in the hydrophilic case is explained by there 
being fewer water molecules adsorbed to the surface for 
which H-bonds have to be broken for sliding to occur. The 
slight increase for the hydrophobic SAMs may be due to an 
increase in the number of water molecules that have to be 
displaced further from the surface caused by desorption that 
increases with temperature. This analysis demonstrates that 
friction on the hydrophilic SAMs is increased by the pres-
ence of H-bonds that form between water molecules and the 
terminal groups that act to resist sliding.

4 � Conclusion

In this study, experiments and MD simulations were per-
formed to study the friction of hydrophilic ( C

11
OH ) and 

hydrophobic ( C
11
CH

3
 ) SAMs of equal heights measured 

along the same scan line. Higher friction was observed 
for C

11
OH compared to C11CH3 in both experiments and 

simulations. Simulations of pull-off tests showed that, con-
trary to previous suggestions, adhesion could not explain the 
observed friction difference. By breaking down the total fric-
tion force acting on the tip into tip-SAM force and tip-water 
force, it was found that the tip-SAM force of the C

11
OH 

SAMs was greater than the tip-SAM force of the C
11
CH

3
 . 

However, the more significant difference was observed for 
the tip-water force, which was measured to be much larger 
for C

11
OH than C

11
CH

3
 . This difference in tip-water force 

therefore explained the higher friction for the C
11
OH SAMs.

To explore why the tip-water force was larger for C
11
OH , 

the local water density was analyzed. It was found that the 
water density was only different near the water–SAM inter-
face, where there was more water closer to the C

11
OH . 

However, the difference in number of water molecules was 
relatively small compared to the difference in tip-water fric-
tion force, suggesting the friction contrast was not solely 
due to entrainment or displacement of more water molecules 
on the hydrophilic SAMs. Instead, it was proposed that the 
water forms H-bonds with the hydrophilic surface that have 
to be broken for sliding to occur. To test this hypothesis, 
simulations were repeated at different temperatures. As 
temperature increased, the number of H-bonds decreased 
on C

11
OH , consistent with theoretical predictions, and the 

C
11
OH tip-water force decreased correspondingly. This indi-

cated that H-bonds between the water molecules and hydro-
philic SAMs indeed contributed to the tip-water force and, 
in turn, the higher friction. This understanding of the effect 
of hydrophobicity on friction of SAMs in water is important 

Fig. 6   a Snapshots from the simulation of two H-bonds that are pre-
sent on the hydrophilic surface, where all atoms except those of inter-
est are faded out for clarity. b Tip-water force and number of H-bonds 

on the C
11
OH SAMs decrease as temperature increases, while there is 

a slight increase in the tip-water force on the C
11
CH

3
 SAMs
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to MEMS/NEMS, particularly, bio-MEMS/NEMS that are 
likely to operate in liquid environments. Moreover, achiev-
ing reproducible atomic resolution in aqueous environment 
with AFM is still a challenge [70] and insights from the 
present study may help understand the origin of the atomic-
scale contrast and inform new ways to improve the reproduc-
ibility of atomic resolution imaging.
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