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Abstract

We have studied the frictional properties of self-assembled monolayers (SAMs) of phenyl-terminated al-
kanethiols, C¢Hs(CHy), SH (n = 13-16) on template-stripped gold. The friction force was measured with
atomic force microscopy (AFM), and the magnitude of the adhesion was controlled by immersing the sliding
contact in ethanol (giving low adhesion) or dry N gas (giving enhanced adhesion relative to ethanol). We
observed a linear friction force as a function of load (F = L) in the systems with low adhesion and a
non-linear friction force when the adhesion was higher. The non-linear behavior in the adhesive systems
appeared to be area-dependent (F = S;A) and was compared to contact areas calculated using the extended
Thin-Coating Contact Mechanics (TCCM) model. In ethanol, the coefficient of friction ; was found to be
systematically higher for odd values of n (i.e., for the monolayers in which the terminal phenyl group was
oriented closer to the surface normal).
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1. Introduction

Self-assembled monolayers (SAMs) are commonly used as model boundary lu-
bricants that reduce friction and protect against wear of surfaces that are in close
proximity (in contact or at separations of a few molecular diameters) and at high
pressures. Among the properties that affect the frictional response of self-assembled
systems are packing density [1-4], molecular chain length [5, 6] and rigidity [7],
strength of anchoring to the underlying substrate [8], and end-group functionality
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[6, 9], all of which have some effect on the lateral cohesion of the monolayer [3, 5,
6, 10, 11] and on the ease with which defects are formed during sliding [1, 3-6].

Monolayers containing aromatic moieties are of interest from a fundamental per-
spective because of their stronger and more complex intermolecular interactions
compared to the better-known alkanethiol and alkylsilane monolayers [10, 11]. Aro-
matic compounds exhibit potentially useful electronic and optical properties [10],
and their stiffness is of practical use for forming end-functionalized monolayers
where the orientation of the end-group is unaffected by the gauche defects found in
alkane-based systems [10, 11]. The orientation and close-packing in the aromatic
systems are affected by the stiffness of the molecules, and it has been shown that
even the introduction of a single -CH»— group between the aromatic moiety and the
group anchored to the surface enables a better packing of the resulting monolayer
[12, 13], and correspondingly diminished friction [8, 14—16].

The friction of monolayers containing aromatic groups is also of interest from a
practical point of view. It is known that nitrogen-, oxygen-, and sulfur-containing
aromatic and heteroaromatic molecules contribute to the natural lubricity of
mineral-oil-based fuels [17-19], importantly, the hydrogenation process used to
lower the aromatic content leads to an increase in friction. Furthermore, biodiesel
is commonly blended with standard diesel fuel to improve its properties, and there
is also a variety of aromatic and heteroaromatic friction-reducing additives [17-
19]. Despite these important applications, there is remarkably limited information
available on the molecular-level lubricating properties of aromatic compounds [7,
20]. To this end, we have examined simple aromatic monolayers [8, 14, 15] and a
series of polyaromatic thiol-based monolayers [16] that are highly rigid and give
a relatively high friction. In this work, we use atomic force microscopy (AFM)
to study a series of phenyl-terminated alkanethiol self-assembled monolayers [21]
with the same end-group functionality but higher molecular packing than the simple
aromatic thiols studied previously.

Friction in single-asperity contacts is commonly observed to depend on the
strength of adhesion [8, 16, 22-27], therefore the measurements were done in
ethanol, where the adhesion (attraction due to van der Waals forces) is low, and
in dry N; gas, where the adhesion is higher. As in several of these previous studies
[16, 23], we observe here also different functional forms of the friction force F ver-
sus load (normal force) L in adhesive versus non-adhesive systems. In ethanol (low
adhesion), the friction force is a linear function of load (F = uL, where u is the
coefficient of friction), whereas in dry N, it shows a non-linear load dependence
that is generally associated with a dependence on the contact area (F = Sc A, where
S. 1s the critical shear stress and A the contact area). These non-linear data were
compared to contact areas calculated with the extended Thin-Coating Contact Me-
chanics model recently developed by Reedy [28, 29]. We find an odd—even effect
in the coefficient of friction p as a function of the number of methylene units in the
alkane chain, which correlates with the different orientations of the terminal phenyl
group of the monolayers.
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2. Materials and Methods
2.1. Self-Assembled Monolayers (SAMs)

Phenyl-terminated alkanethiols, C¢Hs(CH»),, SH, were synthesized as described in
Ref. [21], where details on the characterization of the compounds with n = 13-15
are given. These adsorbates have been shown to form well-ordered SAMs on gold
with a packing density similar to that of n-alkanethiols and a herringbone packing
of the terminal groups [21]. The analytical data for the new adsorbate (n = 16) are
provided here.

16-Phenylhexadecanethiol (C¢Hs(CH2)16SH). 'H NMR (300 MHz, CDCl3): 8
7.17-7.28 (m, 5 H), 2.60 (t, J = 7.8 Hz, 2 H), 2.52 (q, J = 7.5 Hz, 2 H), 1.56-
1.63 (m, 4 H), 1.25-1.36 (m, 24 H). '3C NMR (75.6 MHz, CDCl3): § 143.11,
128.54 (2 C), 128.35 (2 ©), 125.68, 36.15, 34.22, 31.68, 29.82 (4 C), 29.79 (2 O),
29.75 (2 C), 29.68, 29.50, 29.24, 28.54, 24.82. Mass: m/z = 334 (molecular weight
334.6).

Ellipsometry was used to measure the thickness of the C¢Hs(CH>)6SH mono-
layers formed on two slides made from Si(100) wafers, on which 10 nm chromium
and 100 nm gold had been deposited. Measurements were done at three distinct
points on each slide, and the average value, obtained using a refractive index of
1.45, is given in Table 1. Further technical details and the thicknesses of monolay-
ers with n = 13-15 are given in Ref. [21] (cf. Table 1).

For the measurements of friction, SAMs were formed on flat substrates by im-
mersing template-stripped gold on polystyrene backing [14, 30] in 0.4—1 mM solu-

Table 1.
Film thicknesses (T'), contact angles (6) and surface energies (yyp). Tip radii (R), and coefficients of
friction () measured in ethanol

n T@m) 6Oy ©) Orec ) yyp (mI/m?)P  Bare Sitip SAM-covered tip
R (nm) uf R (nm) pu¢
13 209 93+2 8343 35 132 025+0.02 66 0.31 £0.01

132 0.26£0.03 88 0.33+£0.02
88 0.30£0.02

14 2.192 92+2 78£2 36 132 0.14£0.01 143 0.21£0.01
132 0.19+0.01 143 0.23£0.01
15 2272 93+2 802 34 132 0.30+0.01 130 0.38£0.01

132 0.32+0.01 130 0.42+0.01
137 0.28£0.02 103 0.37+£0.04
137 0.31£0.06 103 0.34+£0.04
16 245 94+1 81+£2 35 137 0.17+0.01 81 0.32£0.01
137 0.16 £0.01 81 0.29 £0.01

4 Reference [21], AT =0.1 nm.
quuation (1), Ayyp=1 mJ/m?.
¢ Standard deviations from linear fits as in Fig. 2.
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Figure 1. (a) Schematic illustration of the structure of SAMs on gold derived from phenyl-terminated
alkanethiols, C¢H5(CH»),,SH, n = 13-16. (b) Expected orientation of the terminal phenyl group at
ca. 30° and 60° from the surface normal for odd and even values of n, respectively.

tion of the thiol in ethanol (Sigma-Aldrich, >99.5%) for 24—48 h. The samples were
then removed from the solution, rinsed with ethanol, and blown dry with a stream
of dry Ny gas. The rms roughness of the template-stripped gold was 0.2-0.4 nm,
measured over 1 pum?. Monolayers were also formed on gold-covered AFM tips
(see below). Polarization modulation infrared reflection-absorption spectroscopy of
phenyl-terminated SAMs on gold has shown that there is a larger chain twist in
monolayers with even n [21], and has confirmed the expected orientation of the ter-
minal phenyl group [21, 31]. Schematic drawings of the self-assembled monolayer
structures, including the orientation of the terminal phenyl group for odd and even
values of n, are shown in Fig. 1.

2.2. Surface and Interfacial Energy

Advancing and receding contact angles of water were measured with a Kriiss Drop
Shape Analysis System 100. Typical drop volumes were 5-10 pl. The values in
Table 1 are averages of 5-8 measurements on different positions on 3-5 different
samples and are given with their standard error (standard deviation of the mean).
The advancing contact angles agree well with previous data for n = 13-15 [21],
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where no discernible difference was seen between the different chain lengths. Using
the Young—Dupré (YD) equation [32], W = y1y (1 4+cos @), where y1y is the surface
tension of the liquid, and assuming that the work of adhesion, W, is composed of
the dispersion and polar components of the surface energy of the solid and surface

tension of the liquid (the Owens—Wendt approach) [33], W = 2(,/ ysfiyl‘j + Vs? y{) ),
then one obtains

2/ v$t +vavd) = rv (1 + cos 0). (1)

Using equation (1), the surface energy of the solid surface (i.e., the self-assembled
monolayer), yyp = ys = ysd + ysp , can be obtained from the advancing con-
tact angles in Table 1 and Ref. [21] for liquids with different surface tensions
yiv =yt + ¥ (water: y = 21.8 mJ/m?, y = 51 mJ/m?; methylene iodide [33]:
yf = 48.5 mJ/m?, yf = 2.3 mJ/m?; nitrobenzene [34]: yﬁl = 38.7 mJ/m?, )/E =
5.1 mJ/mz). The resulting values of yyp are listed in Table 1 (Ayyp =1 mJ/rnZ).
In all four SAM systems, the polar contribution to the surface energy of the solid is
quite low, ysf) ~ 1 mJ/m?, i.e., the surface energy of the monolayers arises mainly
from dispersion intermolecular interactions.

For comparison with the surface energies from the contact angle measurements
and with interfacial energies obtained from our AFM experiments below, values
can also be calculated using van der Waals—Lifshitz theory [32]. Some of our
measurements of friction were performed by scanning the monolayers with bare
(unfunctionalized) Si tips carrying a native oxide layer, and others with monolayer-
functionalized gold-covered tips. The van der Waals interactions in the first system
were approximated by an asymmetrical three-layer system, yygw = A132/ (247[D3),
where A13; is the Hamaker constant (1 = monolayer, 3 = medium (N> or ethanol),
2 = amorphous Si03), and Dy = 0.165 nm is the cut-off separation at contact [32].
The interfacial energies in systems with monolayer-functionalized tips were calcu-
lated for a symmetrical 5-layer system (gold/monolayer/medium/monolayer/gold,
materials 1/2/3/2/1 in equation (2)), as yygw = — Fvaw (Do)/ (4t R), where Fyqw is
the non-retarded van der Waals force between a sphere and a flat surface [32],

Fyaw 1 (A232 _, VA x A Ao )

R 6\ D2 (D+T)2 +(D—|—2T)2

2)

where R is the radius of curvature (AFM tip radius), D is the separation distance
(at contact, D = Dy = 0.165 nm), T is the monolayer thickness (Table 1), A1z
is the Hamaker constant for material 1 interacting across material 2, and A3, the
Hamaker constant for material 2 interacting across material 3. The Hamaker con-
stants [32] were calculated using a bulk refractive index and dielectric constant of
the aromatic compounds estimated from data for compounds with a structure simi-
lar to the molecules in our SAMs, 11-phenylheneicosane (1-decylundecylbenzene)
[35] and 1-phenylpentadecane [36] (r.i. = 1.48 [35, 36] and ¢ = 2.2), and bulk
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values for Ny and ethanol. The Hamaker constant for gold interacting across a vac-
uum or in air (A =45.5 x 10720 J) [37] was used in the combining relation [32]
A1 = (WA11 — /A2)?. In the asymmetric systems (bare Si tip probing a mono-
layer), yyaw = 31 mJ/m? in dry N> gas and 2 mJ/m? in ethanol. In the symmetric
systems (monolayer-covered tip probing monolayer), yyaw = 32 mJ/m? in N; and
3 mJ/m? in ethanol.

2.3. Friction Force Microscopy

The friction force, F, was measured over a scan length of 1 um with atomic
force microscopy (AFM) in lateral or friction mode, using a Multimode AFM with
Nanoscope IIIa controller (Veeco). Raw data were collected as “friction loops” in
Scope mode at different loads (normal force) L, and the measured voltages were
converted to force as described in Refs [38] and [39]. The dependence of the fric-
tion force on scan rate was found to be weak (in the rate range 0.6-122 pm/s; not
shown) and a scan rate of 2 um/s was chosen for these experiments. The statistical
error in F' (standard deviation of the mean, from averaging the sliding portion of the
friction loop) was ca. 0.2 nN at F' < 50 nN, and 0.5 nN at higher F', and is not shown
in Fig. 2 (and later in Fig. 4) since it is similar to the height of the symbols. The ex-
periments were conducted with bare Si tips (CSC17, MikroMasch) carrying a native
silicon oxide layer, and with gold-covered tips (CSC38/Cr-Au) functionalized with
phenyl-terminated alkanethiol (the same compound as on the flat substrate). The
normal and lateral spring constants of the rectangular cantilevers were determined
from their resonance frequency [40, 41] and dimensions measured with scanning
electron microscopy (JEOL-7401F), as described previously [16, 38, 39]. In these
experiments, the normal spring constants were in the range 0.20-0.55 N/m and
the lateral spring constants in the range 25-92 N/m. The tip radii, R, were deter-
mined by reverse imaging of a calibration sample (TGTO01, MikroMasch) in two
orthogonal directions. In this particular batch of tips, R = 65-200 nm, which was
larger than the manufacturer’s specification. This larger radius was advantageous
for friction measurements on our self-assembled monolayers, since these typically
showed a reversible transition (cf. Results) at pressures of ca. 1 GPa. With smaller
tip radii this transition would be reached at very low loads, giving a more limited
range of data. The uncertainty in the radius was AR =3 nm (R < 100 nm) or 5 nm
(R > 100 nm) [16]. Experiments in ethanol were conducted in a fluid cell. For ex-
periments in dry N;, the AFM was enclosed in a home-made plastic chamber that
was continuously purged with a slow stream of N> gas (Airgas, 99.5%). The hu-
midity was monitored with a Vaisala DM70 dewpoint meter. A relative humidity of
<0.7% was reached after purging for 2 h.

2.4. Contact Mechanics

At low loads, the radius of the contact area between an AFM tip and a monolayer-
functionalized substrate can be similar to the thickness of the monolayer. If the
elastic modulus of the monolayer is significantly lower than that of the substrates,
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Figure 2. Friction force, F, as a function of applied load, L, measured in ethanol. Open sym-
bols represent data obtained by scanning a monolayer-functionalized flat gold surface with a bare
Si tip. Data obtained with monolayer-functionalized gold-covered tips are shown as filled sym-
bols. (a) n = 13, Rgj = 132 nm, Ray = 66 nm. (b) n = 14, Rg; = 132 nm, Rp, = 143 nm.
(c) n =15, Rgj = 137 nm, Rp, = 130 nm. (d) n = 16, Rgj = 132 nm, Ra, = 81 nm. The coeffi-
cients of friction p obtained from linear fits to the low-load data are given in Table 1 and Fig. 3.

deformations at low loads will occur in the monolayer. At increased loads, the ef-
fective stiffness of such a layered system is still affected by the presence of the
monolayer, and the analysis is more complicated than assumed in contact mechan-
ics models for homogeneous elastic bodies, such as the Johnson—Kendall-Roberts
(JKR) model [42], the Derjaguin—-Muller—Toporov (DMT) model [43], or exten-
sions of these [44]. Furthermore, in nanoscopic contacts, the pressure distribution
should be affected by the atomic level structure of the substrate [45]. It is not yet
established how well macroscopic models apply, although it has been shown that
the influence of the substrate structure is reduced when a molecularly thin film is
present in the contact [46].

In this work, we use the extended Thin-Coating Contact Mechanics (TCCM)
model for the relationship between contact area and load. The details of this model
[28, 29] and examples of its application to monolayer systems are shown elsewhere
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[16, 47, 48], and only selected information needed for the discussion of the present
work is shown here. In this model, the probe (spherical indenter) and the flat sub-
strate are assumed to be rigid, which is a reasonable approximation at low load in
our systems, since the Young’s modulus of self-assembled monolayers is expected
to be only a few GPa (cf. Discussion), but 78.5 GPa for gold [49], 70-80 GPa for
SiO, [50], and 170 GPa for Si [38, 39].

The F vs. L data in our adhesive systems (Fig. 4) were compared to F = S.A,
where S is a constant, the critical shear stress, and A is the contact area at a given
load L. The relationship between L, the radius of the contact area, a, and the work
of adhesion (W = 2y) in the extended TCCM model is given in non-dimensional
form by [29]

= %a“—;l/znaz(zW)l/z—an(l —0), 3)
where L = L/(EyRh), @ = a/(~'Rh), and W = W/(E.h). The uniaxial strain
modulus is £y = E(1 —v)/[(1 +v)(1 —2v)], where E is Young’s modulus (in this
case, 0.5 GPa, see Discussion) and v is Poisson’s ratio (0.4). The film thickness, %,
is the thickness of one monolayer, & = T, in the case of a bare Si tip scanning a
monolayer on the flat substrate, or two monolayers in contact, # = 2T, in experi-
ments with monolayer-functionalized tips (cf. Tables 1 and 2). { =2Wh/ Euécz is a
transition parameter (0 < ¢ < 1), a measure of the ratio of elastic deformation to the
effective range of the surface forces. { = 0 and ¢ = 1 correspond to limits where the
range of adhesion is large and small compared to the elastic deformations (i.e., the
DMT and JKR-like limits, respectively). The critical separation, §., was assumed
[29] to be 1 nm, as in a previous application of this model to monolayer systems
[16].

In these experiments, the uncertainty in S. mainly arises from propagation of
the uncertainties in R, &, E,, and W in the calculation of A [16]. The uncertainty
in S. can be calculated by differentiating equation (3) and using AR = 3 nm
(R <100 nm) or 5 nm (R > 100 nm), Ak = 0.1 nm (monolayer on only the
flat gold substrate, 4 = T) or 0.2 nm (monolayers on both surfaces, h = 2T),
AE, = 0.2 GPa (ca. 20%), and AW = 0.002 J/m?. Following the procedure de-
scribed in Ref. [16], we estimate that the relative uncertainty in S in the current
experiments is 20%. Similarly, by differentiating the equation for ¢, its uncertainty
is found to be 20%.

3. Results
3.1. Friction in Ethanol

The friction force F between monolayers on flat substrates and bare Si tips or
monolayer-functionalized gold-covered tips was measured in ethanol. Representa-
tive results are shown as a function of load, L, in Fig. 2. In all systems, F' increased
linearly with L until a transition or plateau regime was reached, after which F' was
more scattered and also less reproducible from experiment to experiment. The on-
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Figure 3. Coefficients of friction measured in ethanol for different n (cf. Fig. 2). Open and filled
symbols indicate values obtained with bare Si tips and monolayer-functionalized tips, respectively.
The error bars are the standard deviations from linear fits like those in Fig. 2. The dotted lines are
drawn as guides.

set of this transition or plateau, which will be discussed in detail below, is indicated
with an arrow in the cases where it could be clearly identified. In our analysis, we
focus on the reproducible friction at low loads, below the transition. Experiments
in addition to the ones in Fig. 2 were performed with tips having different radii and
on monolayers prepared under identical conditions but on different occasions. The
coefficients of friction u obtained from linear fits (F = uL) to the low-load data
in all these experiments are given in Table 1 and Fig. 3. The coefficients of friction
were found to vary with the number of methylene units in the alkane chain, n, as
shown in Fig. 3, and were independent of the tip radius, R, in the cases where tips
with different R were used. The values of © were significantly lower than those of
simple aromatic and polyaromatic monolayers (thiophenol, u = 1.2-1.4; phenyl-
thiophenol, u = 0.9-1.1 and terphenylthiol, u = 0.6) [16], but higher than those
of a close-packed CHz-terminated alkanethiol monolayer under similar conditions
(. =0.02-0.1, cf. Ref. [5], and discussion in Refs [14] and [15]). The coefficient
of friction, 1, was higher with the monolayer-covered tips, which is different from
what is observed for CH3-terminated monolayers, where two confined monolayers
generally give lower friction [1]. Our experiments in N, (see below) gave the ex-
pected result: higher S; with a monolayer on only the flat surface, probed by a bare
Si tip. Measurements of the friction of octadecanethiol SAMs in ethanol and Nj
(not shown) indicate that in that system, n and S are higher when measured with
a bare Si tip than with a monolayer-covered tip. As a whole, these observations are
consistent with a model in which the enhanced friction for the monolayer-covered
tips compared to that of the bare Si tips arises from attractive interfilm 7 - inter-
actions across the interface.
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3.2. Friction in Dry N Gas

Measurements of friction were also conducted under dry conditions (r.h. < 0.7%),
with the sliding contact immersed in dry N; gas. Figure 4 shows experimental data
obtained with bare Si tips and monolayer-functionalized gold-covered tips. In sev-
eral cases, the same tips were used as in the experiments in ethanol. No tip wear or
monolayer damage was observed (cf. Discussion). In the experiments in N», where
the adhesion was larger than in ethanol (the pull-off forces were larger, cf. Fig. 4,
as expected from higher F,qw/R, cf. Materials and Methods), F' was not a linear
function of L at the lowest loads. At higher loads, we observed transition regimes as
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Figure 4. Friction force F vs. applied load L, measured in dry N, gas. Open symbols show data
obtained using bare Si tips, and filled symbols show measurements with monolayer-functionalized
gold-covered tips. (a) n = 13, Rgj = 137 nm, Rpy, = 66 nm. (b) n = 14, Rs; = 137 nm,
Ray =143 nm. (c) n = 15, Rgj = 65 nm, Ray = 130 nm. (d) n = 16, Rgj = 65 nm, Rp, = 81 nm.
Insert in panel (d): n = 16, monolayer on tip with Ry, = 90 nm, where L was maintained below the
threshold for the monolayer transition. The solid curves represent Sc A, where the contact area A was
calculated using the extended TCCM model with £ = 0.5 GPa and v = 0.4. The curves are intended
as comparisons to the low-load data only, below the transition regime. The values of S are provided
in Table 2 and Fig. 5.



Y. Yang et al. / Journal of Adhesion Science and Technology 24 (2010) 2511-2529 2521

251 .

20_ el N

Critical shear stress, S, (MPa)

Figure 5. Critical shear stresses Sc obtained in dry N, gas for different n (cf. Fig. 4). Open and filled
symbols show values obtained with bare Si tips and monolayer-functionalized tips, respectively. The
error bars indicate a relative uncertainty of 20% (see text). The dotted lines are drawn as guides.

in the ethanol experiments, and above this regime F' was again more scattered, less
reproducible, and its functional form varied from experiment to experiment. The
reproducible, non-linear data at low L are generally interpreted as area-dependent
friction, since it is observed to depend on R.

The solid curves in Fig. 4 are F = S;A, where A = wa” as a function of L
was calculated using the extended TCCM model (equation (3)) with the parameters
given in Table 2 and £ = 0.5 GPa (E, = 1.1 GPa). In the TCCM calculation, h =T
in the case of a single monolayer in contact with a bare Si tip and # = 2T for two
contacting monolayers. It should be noted that in cases where similar F values were
measured with a bare Si tip and a monolayer-covered tip (cf. Fig. 4(b) and 4(d)), a
larger S. is, as expected, obtained for the single monolayer (Si tip), since the contact
area in such a system is smaller (for given L, R and W). In Fig. 5, S. is seen to vary
with n for n = 1315, whereas the result for n = 16 was similar to that of n = 15. In
each system, the interfacial energy yrcem (=W/2, AW = 0.002 J/mz) in Table 2
was in good agreement with yyqw calculated from bulk dielectric properties. The
value of yrccm for monolayer—monolayer contact (Table 2) can also be compared
to the value of yyp from the contact angle measurements (Table 1), where a good
agreement is found.

2

4. Discussion

In the following paragraphs, we discuss various aspects of the experimental data
and details of the data analysis used to extract surface and interfacial energies and
parameters describing the friction in different systems. The results are contrasted
with those obtained in previous experiments on alkanethiols [9, 51-54] and poly-
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Table 2.
Tip radii (R), critical shear stresses (S¢) at £ = 0.5 GPa, transition parameter (¢), and interfacial
energy (yTccm) measured in dry Ny

n BareSitip(h=T) SAM-covered tip (h = 2T)

R(m) Sc(MPa)® ¢®  ypcem mI/m?)® R (nm) Sc (MPa)® ¢ yrcem (mi/m?)°

13 137 13 0.27 35 66 13 0.50 32
14 137 8.0 0.29 35 143 3.0 0.61 38
137 9.0 0.31 38
15 65 21 0.34 40 130 6.3 0.66 39
65 18 0.34 40 130 6.0 0.59 35
16 65 18 0.34 38 90 5.7 0.64 35
65 14 0.34 38 81 7.0 0.73 40
200 6.5 0.69 38

4 Uncertainty 20%.
b Aytcem =1 mJ/m?.

aromatic thiol [16] self-assembled monolayers having different packing densities
and rigidities.

4.1. Contact Angles and Interfacial Energy

The advancing contact angle of water (Table 1) showed no dependence on n, which
was consistent with a previous study where slight differences were seen only with
contacting liquids that were less polar than water [21]. The contact angles observed
here were lower than those on monolayers derived from methyl-terminated alkane-
thiols, which is expected for the more polarizable phenyl groups, but higher than
those on simple aromatic and polyaromatic thiols. Thiophenol, phenylthiolphenol
and terphenyl thiol show advancing contact angles of 86—88°, and also have larger
contact angle hysteresis with receding contact angles of 72-75° [16]. The values
for the phenyl-terminated alkanethiols are consistent with their higher packing den-
sity (similar to the packing density of alkanethiols on gold) [21] compared to the
abovementioned aromatic monolayers (where thiophenol, phenylthiolphenol and
terphenyl thiol have molecular areas [16] of 0.4-0.7, 0.33 and 0.22 nm?, respec-
tively).

On close-packed aromatic structures (anthracene and naphthalene crystals), the
highest contact angles of water, 94-95°, are found on crystal planes where the
aromatic rings are oriented edge-on [55]. Our values are slightly lower, which is
consistent with the structure in Fig. 1, where both odd and even n phenyl groups
are oriented so that the face of the aromatic ring is, to some extent, available to the
water. Systematic differences in contact angle observed with other contacting lig-
uids [21] suggested that there was a slight difference in the exposure of the phenyl
group for odd vs. even n.
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The values of yyp (Table 1) are in good agreement with y,gw for the symmetric
(monolayer-covered tip) system (32 mJ/m?, cf. Materials and Methods), and with
literature data on phenyldodecanethiol (n = 12), which showed that the monolayer
surface energy was due purely to dispersion interactions with y¢ = 34 4+ 2 mJ/m?
[31]. The data in Table 2 show that there is also a good agreement with the values
of yrcem (=W /2). Any differences in surface energy for odd and even values of n
were too small to be detected with these methods and are thus probably not respon-
sible for the differences in friction. In particular, it is unlikely that small differences
in interfacial energy give rise to the distinct dependence on n of the friction in
ethanol, where the adhesion was intentionally reduced. Instead, the odd—even effect
on the friction might arise from the different orientations of the phenyl groups at the
surface (shown schematically in Fig. 1), which will be discussed in detail below.

4.2. Monolayer Transition

In most of the data in Figs 2 and 4, a plateau, dip, or step in the F vs. L data
was observed at high load (marked with an arrow in the figures). Similar transition
regimes, ascribed to a reversible displacement of the molecules, have been observed
for n-alkanethiol monolayers at pressures around 1 GPa [51]. They have also been
seen for aromatic thiols and silanes [8, 14—16], and physisorbed fatty acids [23]. For
a given monolayer, they occur at similar pressures in adhesive and non-adhesive
contacts [15, 23]. The transition is reversible, i.e., as the load is decreased, the
lower load regime is recovered. The data above the transition are typically more
scattered and their functional form typically varies from experiment to experiment,
which was not the case for the low-load data. The friction above the transition was
not identical to that of pure gold (not shown), suggesting that the thiol molecules
remained in the contact. In the current systems, the onset of the plateau was often
gradual, making an accurate determination of a transition pressure difficult, but it
was around 1 GPa as in the abovementioned systems. In a few cases, the data did
not show a clear plateau (open symbols in Fig. 2(b), and filled symbols in Fig. 2(c),
where the fit was limited to pressures below ca. 1 GPa), or the critical pressure was
not reached (insert in Fig. 4(d)).

4.3. Friction in Non-adhesive and Adhesive Contacts

The frictional responses in ethanol and dry N, were clearly different. In ethanol
(Fig. 2), we observed a linear dependence on L, with F approaching zero as L
was reduced to zero, and with no dependence on R in the cases where several
radii were investigated (n = 13 and 16, Table 1). The pull-off forces measured in
normal force vs. separation curves (not shown) were no more than a few nN, which
corresponds to an interfacial energy slightly lower than the calculated value of yygw
in ethanol (2-3 mJ/m?, cf. Materials and Methods), but somewhat higher than the
force expected at a separation of the average cross-sectional diameter [56] of an
ethanol molecule (D = 0.44 nm). This observation, which also has been made for
polyaromatic SAMs [16], suggests that at the closest separation, a full monolayer
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of ethanol is not present between the tip and the sample. No layering of the ethanol
was observed in the force vs. distance curves, which is consistent with the known
reduction or absence of layering of solvents between amorphous or slightly rough
monolayers [22]. The negative load of only a few nN at pull-off was not always
discernible in the F vs. L data, since the surfaces tended to separate during scanning
at the very lowest load so that no friction data could be obtained. This type of
frictional response is commonly interpreted as load-dependent, and similar behavior
has been observed in other systems: A linear trend in friction has been observed in
single-asperity contact between mica surfaces due to repulsive hydration forces in
aqueous electrolyte solution [57] and in self-assembled monolayer and polymer
systems under conditions where the adhesion between these surfaces was low [8,
14-16, 22, 23, 26, 27].

In dry N3, where the adhesion was higher, F was non-linear and depended on R
(in the cases where tips with different R were used), which is commonly interpreted
as an area-dependence. The stronger adhesion of the surfaces across N» arises from
the stronger van der Waals attraction across N gas than across ethanol, as shown by
the calculation of y,qw in Materials and Methods. To evaluate the adhesion in terms
of pull-off forces (as done above for the case of ethanol), we can consider the lowest
load value in each data set in Fig. 4. For a given R, the pull-off forces agree well
with those expected based on the calculated van der Waals interactions, which are
10-15 times stronger in N> than in ethanol. The different results in ethanol and Ny
do not arise from tip or monolayer damage since the different frictional responses
(linear vs. non-linear) can be obtained with the same tip when switching from one
environment (ethanol vs. N;) and back. A non-linear increase in F with increasing
L has been observed previously for adhering, unfunctionalized surfaces [22, 25,
58], and for adhering, self-assembled monolayers [16, 22, 23].

Many models for the dependence of the friction force on load and on contact area
have been suggested based on empirical observations. It has been proposed that a di-
lation of the surfaces is necessary for sliding to occur, and that the external load and
the adhesion forces contribute separately to the friction in such systems [22, 57]. In
the absence of adhesion, the surfaces need to separate only against the external load
(with no influence from the size of the contact area), whereas in adhesive systems
there is an additional contribution from the interfacial energy (which acts over the
real contact area). Depending on the strength of adhesion and the load regime, one
of these contributions might dominate over the other. This situation is commonly
expressed as F = uL + ScA (where A is a sublinear function of L) [22]. In one
very simple model, the adhesion (interfacial energy) is incorporated into S; only,
which implies that if the interfacial energy were reduced, the second term would
be strongly reduced or vanish, and only the linear load term (F = pL) would re-
main. In such cases, the friction would not depend on R, and data with different
probe sizes could be directly compared with one another. The data in Fig. 2 (cf. val-
ues of w in Table 1) are consistent with this model, which has been demonstrated
in other systems with probe sizes differing by 5-6 orders of magnitude [8]. Other
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models suggest that the friction force always depends on the contact area, and that
a linear dependence on L arises from a non-constant (pressure-dependent) shear
stress. Changes in the shear stress with pressure are certainly possible, especially
considering the monolayer transition observed at higher loads. However, the linear
F vs. L behavior has been observed in a wide variety of non-adhesive systems over
wide ranges of loads and pressures, and it is unlikely that all of these systems can
be rationalized by a pressure-dependent shear stress. In our adhesive systems, S.
appeared to be constant in the investigated range of loads (see Table 2), which has
also been observed in other systems [16].

Differences between adhesive and non-adhesive systems have also been demon-
strated in computer simulations, although not as two separate, additive terms. A lin-
ear dependence of F' on L has been seen in molecular dynamics simulations of
lubricated contacts (n-hexadecane between slightly rough gold surfaces), with a
different slope and a shift along the L axis toward lower L as adhesion was intro-
duced [24]. Recent molecular dynamics simulations of dry (unlubricated) contacts
with atomic scale roughness showed sublinear and linear F vs. L-curves with and
without adhesion, respectively [25].

We observed systematic differences in the friction with one versus two monolay-
ers confined in the contact (i.e., with bare Si tips vs. monolayer-functionalized tips).
In N>, the systems with one monolayer showed a higher S (i.e., a higher friction),
which might be expected if the presence of a monolayer on only one of the sur-
faces leads to a less well lubricated contact than when there is a monolayer on both
surfaces. However, the opposite trend was observed in p obtained from the mea-
surements in ethanol. This different response in ethanol does not appear to arise
from a contact area dependence, since the same proportionality between p from
experiments using bare or functionalized tips was observed irrespective of whether
the radius of the monolayer-covered tip was smaller, larger, or approximately equal
to the radius of the bare Si tip (cf. Table 2).

4.4. Monolayer Modulus

In experiments on polyaromatic thiol monolayers [16], the friction data in ad-
hesive contact in Ny could only be replicated (as F = ScA) with areas from
the extended TCCM model if a high Young’s modulus was chosen, E > 7 GPa,
(v=0.4,¢ =0.01-0.02). Similar data on fatty acid monolayers required a much
lower modulus, £ < 0.7 GPa (v =0.4,¢ > 0.1) [16]. Moduli chosen outside these
ranges gave curves with a rise too high or low compared with the experimental data,
or did not reproduce the pull-off region (data at lowest L) well. Following a similar
approach, the current data (Fig. 4) were best approximated with a Young’s modulus
in a narrow range of £ =0.5+0.1 GPa (E, = 1.1 £ 0.2 GPa).

A wide range of monolayer moduli can be found in the literature. Experi-
ments using AFM to measure local compliance have suggested Young’s moduli of
E =0.2-0.4 GPa for close-packed Langmuir-Blodgett fatty acid monolayers [59],
and measurements of thickness changes during compression gave 1-5 GPa [60].
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AFM experiments on the viscoelastic properties of close-packed alkanethiol mono-
layers have suggested a Young’s modulus of 2 GPa [61]. Computer simulations of
alkanethiol monolayers have indicated moduli around 20 GPa [62] and 36 GPa [49,
63], possibly representing ideal systems with few defects. A uniaxial strain modulus
of Ey =3 GPa (E =~ 1.4 GPa) has been found in molecular dynamics simulations
of an alkylsilane monolayer compressed by a flat plate [64] and used successfully to
compare calculated contact areas to molecular dynamics simulations of the contact
between an AFM tip and the alkylsilane monolayer [48].

A Young’s modulus of £ = 0.5 GPa in our systems is quite similar to the exper-
imental values reported for fatty acids, alkanethiols and alkylsilanes [16, 59—61],
but differs clearly from the values for polyaromatic monolayers without methylene
groups. These observations suggest that the deformations in the current, phenyl-
terminated alkanethiol monolayers occur mainly in the alkane portion of the films.
Furthermore, the overall lower friction compared to simple aromatic and polyaro-
matic thiol monolayers [14-16] is likely due not only to the higher packing in the
current systems, but also to the possibility of facile reorientation of the terminal
groups that are attached to flexible alkane chains.

4.5. Odd—Even Effects on Friction

The number of methylene units in alkanethiol monolayers or in spacers between
functional end-groups and substrates has been shown to affect a number of prop-
erties such as the orientation of the terminal methyl group, the advancing contact
angle of water and other liquids [52, 65-67], and the nanoscopic friction [9, 21,
52-54, 68, 69]. Interesting odd—even effects on packing density and molecular ori-
entation have also been seen in biphenylalkanethiol [70, 71] and terphenylalkane-
thiol monolayers [13, 72], but their friction has not been studied.

Experimental work on alkanethiol SAMs on gold has suggested a higher fric-
tion with an even number of methylene units [53, 54]. Molecular dynamics sim-
ulations [68] of monolayers consisting of close-packed, methyl-terminated alkane
chains have shown that compression and sliding induced significant conformational
changes in the uppermost part of monolayers where the terminal CHz— group was
initially oriented close to the surface normal. In monolayers obtained by adding a
methylene unit to this alkane chain, so that the terminal group was oriented away
from the surface normal, compression and sliding induced mainly a slightly larger
tilt of the terminal CH3— group, without extensive defect formation, and this system
consistently showed lower friction [68].

A possible rationalization of the odd—even effect that we observe for © in ethanol
is consistent with the computer simulation. Specifically, for even n the phenyl
groups are more tilted from the surface normal than for odd »n; consequently, less
defect formation and energy dissipation can plausibly occur for even n during com-
pression and sliding.
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5. Summary

We have studied the friction of a series of self-assembled, phenyl-terminated al-
kanethiol monolayers. The adhesion between the monolayer-covered flat sample
and the AFM tip was controlled by immersing the contact in ethanol or in dry Nj
gas. In ethanol, we observed linear friction (F = p L) that showed no dependence
on the tip radius, R. In dry N, where the adhesion was stronger, F' depended on
R. The apparent area-dependence of F in this case was analyzed by comparing the
experimental data to F = ScA, where A was the contact area calculated according
to the extended TCCM model and S. was the critical shear stress, which was a con-
stant for each system within the experimental uncertainty. The functional form of
the friction data was well described by areas calculated using a Young’s modulus
of E = 0.5 GPa, which is lower than the modulus needed to describe similar data
obtained on polyaromatic thiol monolayers. A systematic dependence of the coeffi-
cient of friction u in ethanol on the number of methylene units in the alkane chain
was found, with higher values obtained for odd n, where the terminal phenyl group
is oriented closer to the surface normal than in films with even .
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