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We report a comparative study of the structure and frictional properties of self-assembled monolayers
(SAMs) generated by the adsorption of three homologous 17-carbon alkanethiols—heptadecanethiol, 2,2-
dipentadecyl-1,3-propanedithiol, and 2-pentadecyl-1,3-propanedithiol—onto the surface of Au(111). The
structural properties of these SAMs were characterized by atomic force microscopy, surface infrared
spectroscopy, X-ray photoelectron spectroscopy, spectral ellipsometry, and wettability by water and
hexadecane. The frictional properties of the SAMs were examined by friction force microscopy. The results
demonstrate that the packing density and the related crystalline order of the hydrocarbon chains influence
the frictional properties of organic thin films. The origins of the frictional differences measured from these
films are discussed in terms of the structure of the films.

Introduction

Self-assembled monolayers (SAMSs) generated by the
adsorption of alkanethiols on gold have been the subject
of extensive research due to their facile preparation and
characterization.t? These SAMs afford molecular-level
control over the structure and composition of organic thin
films via the careful design, synthesis, and utilization of
their specific alkanethiol adsorbates. Because SAMs
consist of ultrathin and densely packed organic moieties
on solid substrates, they represent ideal model systems
for the study of lubrication at the molecular level. In the
present investigation, we employ a molecular-level tool,
atomic force microscopy (AFM),34 to explore the specific
relation between film packing density and interfacial
friction of SAMs on gold derived from a series of structur-
ally homologous alkanethiols.

Among the many factors believed to influence the
frictional properties of organic thin films, effects due to
packing density and film order (or crystallinity) remain
poorly understood. Previous studies have shown that
densely packed and well ordered SAMs exhibit lower
friction than loosely packed disordered SAMs,>~8 and have
proposed that the presence of defects (e.g., free rotations
about the C—C axes producing gauche defects) in the poorly
ordered films are responsible for the higher friction.>®
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Figure 1. Schematic representation of the structures of the
alkanethiols used in this study: (1) heptadecanethiol, (2) 2,2-
dipentadecyl-1,3-propanedithiol, and (3) 2-pentadecyl-1,3-pro-
panedithiol.

The proposed model argues that the defects provide
additional excitation modes to efficiently absorb energy
and thereby give rise to higher friction.

In the previous studies, the packing densities of the
SAMs were indirectly controlled by varying the chain
lengths,>% anchoring groups,® underlying substrates,® or
the chemical composition of the alkyl chains.”® In the
present work, we explore SAMs generated from a series
of adsorbates that are designed to yield films in which the
film structures (chain length and backbone structure) are
held constant save for the packing densities.®° The
spiroalkanedithols illustrated in Figure 1, d-C17 and
m-C17, can be used to form monolayers on Au(111)
substrates in a manner analogous to normal alkanethiols
such as n-C17.%19 Specifically, we examine the structural
and related frictional properties of a series of three distinct
17-carbon adsorbates: heptadecanethiol, 2,2-dipentade-
cyl-1,3-propanedithiol, and 2-pentadecyl-1,3-propanedithi-
ol. With this approach, any observed differences in
frictional response can be traced to the different packing
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densities and the consequently different crystallinities of
the corresponding films.

Experimental Section

The three types of SAMs examined here were generated by
adsorption from 1 mM solutions of heptadecanethiol, 2,2-
dipentadecyl-1,3-propanedithiol, and 2-pentadecyl-1,3-propane-
dithiol onto gold substrates containing (111) terraces. Ethanol
was employed as the solvent for the adsorption of heptade-
canethiol, and for solubility reasons, isooctane was employed for
the adsorption of 2,2-dipentadecyl-1,3-propanedithiol and 2-pen-
tadecyl-1,3-propanedithiol. For simplicity, we refer to these
compounds as n-C17 for heptadecanethiol, d-C17 for 2,2-
dipentadecyl-1,3-propanedithiol and m-C17 for 2-pentadecyl-1,3-
propanethiol (see Figure 1). The syntheses of the spiroal-
kanedithiols have been described in detail elsewhere.®1° For the
AFM studies, the Au(111) substrates were prepared by annealing
a gold wire (1 mm diameter) in a Hy/O, flame as described
previously.t1.12

We employed polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS) to characterize the struc-
tural and conformational properties of the SAMs. For these
experiments, the gold substrates (1 x 3 cm) were prepared by
the thermal evaporation of chromium (ca. 100 A) onto silicon
wafers, followed by gold evaporation (ca. 2000 A).13 The PM-
IRRAS spectra were collected using a Nicolet MAGNA-IR 860
Fourier transform spectrometer equipped with a liquid nitrogen-
cooled mercury-cadmium-telluride (MCT) detector and a Hinds
Instruments PEM-90 photoelastic modulator (37 kHz). The light
was reflected from the samples at an angle of 80°. The spectra
were collected over 256 scans at a spectral resolution of 4 cm™.

The thicknesses of the films were measured by spectral
ellipsometry using a Rudolf Research Auto EL 111 ellipsometer
equipped with a He—Ne laser operating at 632.8 nm and an
angle of incidence of 70°. The films were further characterized
by measuring the contact angles of water (H,O) and hexadecane
(Ci6Hzs4, HD) using a Rameé-Hart model 100 contact angle
goniometer. Further details of both types of measurements are
available elsewhere.%10

We obtained X-ray photoelectron spectra on freshly prepared
samples using a PHI 5750 X-ray photoelectron spectrometer
equipped with amonochromatic Al Ko X-ray source (hv =1486.7
eV) incident at 90° relative to the axis of a hemispherical energy
analyzer. All spectra were obtained with a pass energy of 23.5
eV, a photoelectron takeoff angle of 45° from the surface, and an
analyzer spot diameter of 1.1 mm. Spectra were collected at room
temperature and abase pressure of 2 x 10 ~° Torr for the following
spectral regions and integration times: C 1s (1.67 min), S 2p
(6.67 min), and Au 4f (0.67 min). Intensities were calculated
with standard curve-fitting software using a Shirley background
subtraction and Gaussian—Lorentzian curves. C 1s peaks were
fitwith a 100% Gaussian profile. Both S 2p and Au 4f peaks were
fit with respect to spin—orbit splitting in the following manner:
S 2p with two 80% Gaussian curves in a 1:2 area ratio split at
1.18 eV and Au 4f with two 65% Gaussian curves in a 3:4 area
ratio split by 3.67 eV.14

The frictional properties of the SAMs were measured using a
beam deflection atomic force microscope having a single tube
scanner (0.5 inches in diameter and 1.0 inches in length). In this
approach, light from a laser diode was focused onto the backside
of a V-shaped microfabricated cantilever under which a sharp
tip was attached. The deflection of the cantilever, which was
driven by the interaction of the tip-cantilever assembly with the
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sample surface, was detected by a four-quadrant photodiode.
RHK AFM 100 and RHK STM 1000 electronics were used in the
control of the sample position and in data collection and
processing.

Lateral and normal force maps were collected in a number of
areas across the surface of each sample to evaluate the frictional
properties of the SAMSs.15 Frictional forces were measured as a
function of load by rastering the sample in a lateral direction
while first increasing and then decreasing the applied load. In
the 2D force maps, the x-scan represents a repeatedly scanned
distance across the sample surface while the y-direction repre-
sents varying load. From these maps, the average kinetic
frictional forces were plotted versus the average applied load
during the line scan across the surface. Normal loads are
expressed in force units derived from the manufacturer’s (Digital
Instruments, CA) specifications of the normal spring constant
(0.58 N m~1) of the tip-cantilever assemblies. Lateral forces were
expressed in voltage units as measured from the photodiode
detector without further conversion. While survey experiments
were performed using several tip-cantilever assemblies, the
results presented here for all samples were collected with the
same tip-cantilever assembly to ensure precise comparison of
the frictional data. The tip radii (typically ~500 A) were measured
by imaging a reconstructed SrTiO;z standard.® No evidence of
tip wear was observed during any of the measurements described
here. The scan length and speed were fixed at 1000 A and
1 um s, respectively.

Results and Discussion

Film Structure and Packing Density. The local
structure of the SAMs generated by the adsorption of
n-C17,d-C17,and m-C17 onto Au(111) were characterized
using atomic force microscopy (data not shown). Large
scale (1 um?) topographic images were collected by
detecting the normal deflection of the cantilever as a
function of sample position. The images of all SAMs were
featureless on this scale except for the terraces and steps
arising from the underlying gold substrate and were
consistent with well-formed monolayers. On a smaller
scale (~50 x 50 A2), lateral force images, which were
collected by detecting the lateral torsion of the cantilever
as a function of sample position, were used to resolve
molecular-level ordering within the films. For the
n-C17 SAM, the well-known hexagonal structure (v/3 x

v/3)R30° with respect to the Au(111) substrate!’ was
routinely observed. In contrast, no periodic structures on
a molecular scale consistent with the dimensions of the
terminal groups of SAMs generated from the m-and d-C17
adsorbates were resolved in any of the samples examined
(ca. 5 samples per adsorbate). We conclude from these
measurements that the m- and d-C17 adsorbates exhibit
little packing order on the Au(111) surface due to the
presence of the dithiol headgroup and/or the quaternary
carbon linkage.

The SAMs formed on thermally evaporated gold sub-
strates were characterized by spectral ellipsometry,
contact angle measurements, surface infrared spectros-
copy, and XPS. Spectral ellipsometry revealed monolayer
thicknesses of ~20 A for the n-C17 film, ~19 A for the
d-C17 film, and ~16 A for the m-C17 film. Table 1
summarizes these data together with the data from the
contact angle measurements.®° The contact angles of the
SAM generated from the m-C17 adsorbate (109° by H,O
and 34° by HD) were substantially lower than those
generated from the d-C17 (114° by H,O and 48° by HD)
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Table 1. Ellipsometric Thicknesses and Advancing
Contact Angles of Water and Hexadecane of the SAMs

Lee et al.

Table 2. Integrated Photoelectron Intensities (Counts)
and Relative Chain Densities

adsorbate thickness?2 0,H0 0,10

m-C17 15.9 A 109 £ 1° 34+ 3°
d-C17 18.6 A 114 £ 1° 48 + 1°
n-C17 19.6 A 114 £ 1° 47 £ 1°

a Measured values were always within +2 A of the reported
average value.
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Figure 2. Polarization modulation infrared reflection absorp-
tion spectra (PM-IRRAS) of SAMs derived from heptade-
canethiol (n-C17), 2,2-dipentadecyl-1,3-propanedithiol (d-C17),
and 2-pentadecyl-1,3-propanedithiol (m-C17).

and n-C17 adsorbates (114° by H,O and 47° by HD). As
a whole, these data are consistent with a model in which
the latter two adsorbates generate well packed methyl-
terminated SAMs; the m-C17 adsorbate, however, appears
to generate SAMs that are loosely packed and/or that
expose a substantial fraction of methylene moieties at the
interface.®10

Analysis by PM-IRRAS®?1920 revealed more detailed
differences in the structural features of these SAMs. The
frequency and bandwidth of the methylene asymmetric
C—H stretch, v,(CH,), are particularly sensitive to the
degree of order (or crystallinity) of the films.12212223 As
seen in Figure 2, the v,(CH;) peak of the m-C17 SAM
appears at 2925 cm™1, which is higher in frequency than
that of both the d-C17 (2920 cm™?) and the n-C17 (2919
cm~1) SAMs. We thus conclude that the m-C17 adsorbate
yields poorly ordered liquidlike SAMs.?* Furthermore, the
va(CHy) peak for the d-C17 SAM is slightly (but repro-
ducibly) higher in frequency and somewhat broader than
that of the n-C17 SAM. These observations suggest that
the methylene backbones of the SAMs derived from the
d-C17 adsorbate, although still well packed, are less
crystalline than those derived from the n-C17 adsorbate.
In future studies, a more detailed analysis of these data
will seek to define the chain tilt and orientation in
spiroalkanedithiol-based SAMs.
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chain chain
density density
adsorbate C1s S2p Au 4f  from Au4f fromC1s
m-C17 20664 2433 270912 64 + 1% 62 + 2%
d-C17 25365 1546 235999 95+ 1% 94 + 3%
n-C17 26538 1433 223060 100% 100%

Closely related to the molecular order within the films,
the packing densities of the C17 SAMs were estimated by
measuring the relative concentrations of carbon, sulfur,
and gold in the interfacial region with XPS. This deter-
mination relied upon a quantitative calibration of pho-
toelectron intensities arising from carbon-covered gold
surfaces. First, we independently constructed reference
curves for both the Au 4f and C 1s photoelectron intensities
of SAMs generated from a series of normal alkanethiols
of increasing chain length (Ci2, Ci4, Ci6, Cig, and Cy).
This procedure entailed plotting the natural log of the
XPS integrated intensity versus the number of carbons
in the alkyl chain to determine the attenuation properties
of photoelectrons arising from these surfaces.?> A least-
squares analysis of the Au data gave an attenuation length
for the Au 4f photoelectrons of 42 A, in exact agreement
with the value determined by Bain et al.?¢ A logarithmic
plot of carbon intensities versus chain length also yielded
a linear dependence and verified that the C 1s photo-
electron intensities also scaled with film thickness.?” From
these results, the relative carbon content of the C17 SAMs
could be estimated through comparisons of both Au 4f
and C 1s photoelectron intensities. The integrated in-
tensities obtained from the three C17 SAMs are listed in
Table 2 together with estimated chain densities. We note
that the values for the n-C17 fell exactly on the calibration
curves determined from even-numbered alkyl chains (i.e.,
exactly between the values obtained for C16 and C18
chains). Finally, working only from the number of carbons
contained in each thiol unit (Figure 1), we estimate the
relative density of carbon chains within the monolayer by
comparing the carbon and gold intensities from the
different SAMs. Assuming the (\/5 X «/§)R30° structure
of the n-C17 represents a 100% packing on a Au(111)
surface, the Au photoelectron intensities indicate a packing
density of 95 4 1% for d-C17 and 64 + 1% for m-C17 with
respect ton-C17. Alternatively, the C 1sintensities yielded
packing densities of 94 4+ 3% for d-C17 and 62 + 2% for
m-C17, with respect to n-C17.28 In accord with the PM-
IRRAS studies, these results are consistent with a loosely

(25) Calibration curves were constructed for Au by plotting In(Au 4f)
versus the effective number of carbons and treating the attenuation
due to the sulfur atom as equivalent to 1.5 methylene units (Harder,
P.; Grunze, M.; Dahint, D.; Whitesides, G. M.; Laibinis, P. E. J. Phys.
Chem. B 1998, 102, 426).
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(27) To estimate relative chain packing densities from C 1s signals,
we have assumed a linear behavior of C 1s intensities with chain length
over the range of normal alkanethiols SAMs (Ci,—Cy) used for
calibration. Actually, C 1s intensities measured over a larger range of
alkanethiol SAMs on gold (Cs—C52) deviate from the expected linear
model function In(C., — C,) = In C, — nd/(4sin 6).2! Au intensities,
however, scale linearly with chain length and can consequently be used
to reliably determine packing densities (Laibinis, P. E.; Bain, C. D.;
Whitesides, G. M. J. Phys. Chem. 1991, 95, 7017). Therefore, the packing
densities obtained from the C 1s signals should be regarded as
approximations under the aforementioned assumption and are provided
only in support of the packing densities determined from the Au 4f
signals.

(28) Errors in the reported packing densities were determined by
propagating the errors associated with the measured C 1s and Au 4f
intensities (2% for C 1s and 1% for Au 4f, which were determined from
the average and standard deviation of four measurements) throughout
the calculations.
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Figure 3. Representative friction—load maps in the increasing
load regime for n-C17 (O), d-C17 (a), and m-C17 (o) SAMs and
a bare gold substrate (W). The frictional forces in the applied
load regime (maximum ~25 nN) and friction coefficients (the
slopes of friction—load maps) increase in the following order:
bare gold > m-C17 > d-C17 > n-C17.

packed liquidlike structure for the hydrocarbon chains of
m-C17 SAMs.

When taken together, the imaging studies by AFM, the
film thicknesses determined by ellipsometry, the contact
angle measurements, the PM-IRRAS data, and the
estimation of the packing densities by XPS all support a
model in which the monolayer films differ as follows with
regard to the packing density and crystalline order of their
hydrocarbon chains: n-C17 > d-C17 > m-C17. Since the
m-C17 adsorbate was synthetically designed toyield SAMs
having approximately half the number of alkyl chains of
both the n-C17 and the d-C17 SAMs, the observed low
packing density and poor crystallinity were anticipated.*°

Frictional and Adhesive Properties of the SAMs.
The frictional properties of the SAMs generated from
n-C17,d-C17,and m-C17 SAMs and bare gold substrates
were measured through the acquisition of the friction-
load data; representative friction-load plots are presented
in Figure 3. The Kinetic frictional forces shown here
represent only those obtained under increasing applied
load. To ensure a statistically valid comparison, the
measurements were repeated several times in varying
order, for a number of different sets of samples, each set
utilizing the same tip-cantilever assembly. Although
subtle differences were observed in the frictional responses
of a given sample, the relative frictional properties of the
SAMs were consistently distinguishable as in Figure 3.
These data indicate that the frictional response of the
hydrocarbon films can be ranked as follows: n-C17 <d-C17
< m-C17. The relative frictional properties of the mono-
layer films mirror the trends in packing density and
crystalline order of the films described above. Therefore,
the predominant conclusion of this work is that, in the
absence of changes in the chemical structure of an
interface, the local packing and density of chemical
moieties directly influences the frictional response of the
interface. In particular, we find that densely packed or
crystalline monolayer films of hydrocarbon chains exhibit
lower friction as compared to loosely packed or liquidlike
monolayers of the same composition.

The friction-load plots of these SAMs provide some
insight into the origin of the differences in their frictional
properties. As shown in Figure 3, the difference between
the friction-load maps of n-C17 and d-C17 SAMs lies in
the rate of increase of the kinetic frictional forces as a
function of applied load. Similar static frictional forces
upon initial contact between the tip and the films were
observed for these two SAMs (data not shown). In contrast,
the m-C17 film exhibited not only a higher kinetic frictional
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Figure 4. Representative friction—load maps in the decreasing
load regime for n-C17 (O), d-C17 (a),and m-C17 (a) SAMs. The
pull-off force is indicated by the magnitude of the negative load
experienced by the tip-cantilever assembly at the moment of
separation from the film.

response over the entire range of increasing applied load
(see Figure 3), butalso a higher static frictional force upon
initial contact.

While the n-C17 and d-C17 films differed from the
m-C17 in terms of the friction measured upon initial
contact and the rate of increase of friction with load, similar
adhesive forces were observed among all three films. The
degree of interfacial adhesion between the tip and the
SAMs is seen in the magnitude of the pull-off forces during
sliding, which were measured while decreasing the applied
load (Figure 4). For these experiments, the maximum
applied loads were constrained to no more than ~5 nN to
minimize deformation of the films, even if solely elastic
in nature.>?° Despite clear differences in the frictional
responses observed during the loading process (Figure 3),
the value of the negative load at which the tip pulls off
the surface (the pull-off force)3° was similar for all three
SAMs (see Figure 4). The JKR theory of adhesion
mechanics dictates that this similarity in pull-off forces,
measured with the identical tip, arises from similarities
inthe interfacial free energy.®® The similarity in interfacial
free energies is consistent with the similar chemical nature
of these hydrocarbon films, which give rise to predomi-
nantly van der Waals forces across the interface.

In light of the similar adhesive properties, the observed
frictional differences must arise from additional interac-
tion mechanisms between the tip and the films. We believe
that several interrelated structural phenomena are re-
sponsible for the frictional differences in these hydrocarbon
films. The first issue involves the area of contact between
the tip and the hydrocarbon film. As established through
the XPS measurements, the m-C17 film possesses a
significantly lower packing density than the other two
C17 films. As a result, one would expect a lower elastic
modulus (K) for the m-C17 film as compared to the two
wellpacked films. A lower modulus would in turn give
rise to an increased area of contact between the tip and
the m-C17 film at any given load. As the friction force is
equal to the shear strength times an area of contact, the
lower elastic modulus will produce a greater frictional
response for the loosely packed film. We note previous
predictions and observations that the elastic modulus of
a material will influence the area of contact but not the
interfacial pull-off force (Figure 4).%°

In addition to the standard concept of the area of contact,
we propose that an effective area of contact, reflecting the
number of atomic contacts that fall within the standard

(29) Liu, G.-Y.; Salmeron, M. Langmuir 1994, 10, 367.
(30) Israelachvilli, J. Intermolecular and Surface Forces; Academic:
London, 1992; pp 326—329.
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area of contact, is also related to observed frictional
differences. For a more liquidlike film structure as in the
case of the m-C17 film, there exists the possibility of a
greater degree of contact along the backbone of the chain,
asaresultof either enhanced tip penetration or orientation
of the hydrocarbon chains. Because the length of a C—C
bond (1.54 A) is substantially shorter than the distance
spanned by the terminal methyl groups in normal SAMs
on gold (4.99 A), the van der Waals interactions between
an AFM tip and the hydrocarbon backbones of loosely
packed SAMs are likely to be greater per unit area than
those between an AFM tip and the terminal methyl groups
of well packed, well ordered SAMs. Thus, for the liquidlike
m-C17 SAM, the van der Waals interactions while sliding
across or through the film should be greater than that for
either the n-C17 SAM or the d-C17 SAM. We propose that
these additional van der Waals interactions give rise to
the observed higher static and kinetic frictional responses
for the m-C17 SAM by increasing the shear strength (7)3!
per unit area of contact. While this type of enhancement
can plausibly occur for the loosely packed m-C17 SAM
over the entire range of applied loads, enhancement for
the d-C17 SAM should occur only at relatively high applied
loads, where film deformation is likely to occur.>?° The
datain Figure 3 are consistent with these interpretations.

We can also interpret the greater frictional response of
the d-C17 and m-C17 films in terms of a previously
reported model®® in which less densely packed or more
disordered films possess a greater number of channels of
energy dissipation. These channels comprise local defor-
mations within the films (local C—C bond rotations and
the accompanying trans-gauche conformational changes)
that absorb energy during the sliding process and thus
give rise to higher frictional forces. As indicated by the
PM-IRRAS measurements of these films, the m-C17 film
possesses a lower degree of conformational order and thus
agreater number of gauche defects within the unperturbed
film with respect to the well packed n-C17 mono-
layer.t221.22.23 Moreover, the formation of a disproportion-
ately greater number of defects would also be expected
upon sliding within such an environment. A similar but
less pronounced effect would be expected in the d-C17
monolayer that is fairly well packed (Table 2), but
possesses low crystallinity.

As in real thin film systems, the structural phenomena
of these model thin films are obviously interrelated. Based

(31) Theforce of friction is the shear strength of an interfacial contact
times the area of contact (Bowden, F. P.; Tabor, D. Friction and
Lubrication of Solids: Part I1; Oxford University: London, 1964).
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upon the present data, we believe that all of the mech-
anisms discussed here can plausibly give rise to the
observed frictional differences. In addition, we believe that
this collective model is also applicable to the observations
by Xiao et al.> and Lio et al.® in which the frictional
responses of poorly ordered short-chain SAMs of alkyl-
silanes on mica are greater than those of more ordered
long-chain alkylsilane SAMs. Additional experimental
work, when combined with theoretical techniques such
as molecular dynamics simulations of sliding at hydro-
carbon interfaces,®? are likely to offer further insight into
the molecular origin(s) of friction and lubrication in these
and related hydrocarbon systems.

Conclusions

These studies have demonstrated that the frictional
properties of self-assembled monolayer films are directly
influenced by their packing density and crystalline order.
These conclusions were reached in a unique fashion
through the synthetic design of thiol molecules that have
been used to produce SAMs of the same chain length, but
different packing densities. Specifically, we find that
loosely packed and disordered SAMs exhibit higher
interfacial friction than those that are well packed and
highly ordered. We propose that the hydrocarbon chains
of liquidlike SAMs have the capacity to interact more
strongly with the contacting probe tip through an en-
hanced area of contact and increased van der Waals
interactions compared to crystalline SAMs. The increased
interactions strengthen the shear force per unit area and
thereby give rise to a higher frictional response. Fur-
thermore, sliding within loosely packed films likely
dissipates greater amounts of energy through the excita-
tion of molecular deformations, which can also give rise
to a higher frictional response.
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