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Structure-property relationships for methyl-terminated alkyl self-assembled monolayers (SAMs) are
developed using near-edge X-ray absorption fine structure (NEXAFS) spectroscopy and atomic force
microscopy (AFM). NEXAFS C K-edge spectra are used to compute the dichroic ratio, which provides a
quantitative measure of the molecular structure. AFM data are analyzed with an elastic adhesive contact

model, modified by a first-order elastic perturbation method to include substrate effects, to extract the
monolayer mechanical properties. Using this approach, the measured mechanical properties are not
influenced by the substrate, which allows universal structure-property relationships to be developed
for methyl-terminated alkyl SAMs.

Published by Elsevier B.V.

1. Introduction

The organization of self-assembled monolayers (SAMs) onto so-
lid surfaces has received significant attention for both technologi-
cal and fundamental reasons [1]. Not only do SAMs show great
potential as protective layers to slow oxidation [2], photoresistive
layers for lithography [3], electrically-switchable layers to alter
wettability [4], and interfacial lubrication layers to mitigate adhe-
sion and friction [5], but they also provide excellent model systems
for understanding the nano-scale mechanisms behind macro-scale
phenomena such as corrosion, wetting, and lubrication [6]. SAMs
are useful in so many different applications because of their versa-
tile structure-property relationships; the head group (which con-
nects the SAM to the solid surface), tail group (which represents
the outer surface of the SAM), and spacer chain (which forms the
backbone of the SAM) can be tailored to achieve a nearly unlimited
array of binding energies, adhesion energies, and Young’s moduli,
respectively [7]. To take advantage of this versatility, it is necessary
to understand the function of each building block and how it influ-
ences the overall structure-property relationships and elucidate
the mechanisms responsible for each relationship. For example,
in a previous study [8], the length of the spacer chain was shown
to determine the Young’s moduli, which were then used to reveal
universal behavior of the electrical properties and a single mecha-
nism for collapse under contact. In this Letter, we examine the role
of the head group on molecular structure and mechanical proper-
ties via a comparative study of two methyl-terminated alkyl SAMs:
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alkylthiols (CH3(CH,),-;SH) on Au and alkylphosphonates (CH
3(CH3),_1PO(OH),) on indium tin oxide (ITO), denoted as C,, where
n is the number of carbons in the spacer chain. Near-edge X-ray
absorption fine structure (NEXAFS) data provide a quantitative
measure of monolayer structure and atomic force microscopy
(AFM) data are analyzed to extract monolayer mechanical proper-
ties. As with previous work [8,9], a critical factor in developing
SAM structure-property relationships is the use of a method that
takes substrate properties into account, thus generating SAM prop-
erties that are not artificially inflated.

2. Experimental

Si(1 0 0) substrates were coated with a 5 nm Ti adhesion layer
followed by a 100 nm Au film. The Au-coated Si samples were
cleaned with acetone, isopropyl alcohol, and ultraviolet ozone; im-
mersed in 1 mM ethanolic solutions of the thiols (n=5, 8, 12, and
18) for 24 h; rinsed in ethanol; and dried with N,. Alkali-earth
boroaluminosilicate glass substrates were coated with a 150 nm
ITO film. The ITO-coated glass samples were cleaned with acetone,
isopropyl alcohol, and ultraviolet ozone; immersed in 1 mM anhy-
drous tetrahydrofuran solutions of the phosphonates (n =8, 10, 12,
and 18) for 24 h; rinsed in tetrahydrofuran; and dried with N,. The
samples were stored in a class 100 cleanroom for at least a week to
allow for monolayer diffusion and ripening [10]. AFM experiments
were performed in ambient conditions (21 °C, 45% relative humid-
ity) with Si cantilevers coated with 60 nm of Co followed by 20 nm
of Cr. The cantilever spring constants in the normal direction, k,
were determined by laser Doppler vibrometry [11]; values for k
varied between 0.9 and 1.4 N m~'. The probe tips were character-
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ized before and after the contact experiments to check for damage
by imaging microfabricated Si spikes. The radius R of the highest
protrusion, or asperity, was ~20 nm, with no discernable changes
due to contact. Force-deformation (F-6) data were derived from
force-displacement (F-d) curves by subtracting cantilever deflec-
tion, F/k. Only the unloading portion of each F-d curve was consid-
ered, as the displacements are elastic, allowing the data to be
interpreted via elastic contact theory. The maximum F was
~15 nN, which translates to contact pressures below those re-
quired to induce lateral displacement of alkyl SAMs [12]. NEXAFS
measurements were carried out at the NIST U7A beamline of the
National Synchrotron Light Source. Partial electron yield (PEY)
spectra at the C K-edge were obtained with a channeltron retarding
voltage of —225V to enhance surface sensitivity and Auger yield.
NEXAFS spectra were taken at angles, 0, ranging from 20° to 90°,
measured between the sample surface and the photon beam.

3. Results and discussion

AFM F-¢ data for the thiols and phosphonates are shown in Fig-
ure 1a and b, respectively. Young’s modulus, Egy,, and work of
adhesion, w, of the film can be extracted from the F-§ curves with
the Derjaguin-Muller-Toporov (DMT) contact model, an elastic
theory that includes adhesive forces in the response of a sphere
with radius R against a flat surface [13].
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Figure 1. AFM F-¢ data (symbols) and theoretical fits (solid lines) for (a) thiols on
Au and (b) phosphonates on ITO.

where E* is the reduced modulus of the contact. Xu and Pharr devel-
oped an analytical solution for E* of a film on substrate system, which
considered Young’s moduli and Poisson’s ratios of the film (Egjm, Vfim)
and substrate (Esyp, Vsup). In the model, E* is given by [14]

1 1 (14 Veup) 2(1 + veim)

2
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where Iy and I; are weighting functions that account for shear mod-
ulus mismatch and Poisson’s ratio effects, respectively. Esy, =77
GPa and vy, =0.42 were used for Au [15], Esyp =88 GPa and
Vsub = 0.33 were used for ITO [16], and vgy, = 0.44 was used for alkyl
SAMs [17]. To find w, Eq. (1) was solved at 6 = 0, which results in
W= —F,0/2nR, where Fy, is the pull-off force from each F-¢ data
set. To find Egm, Eqs. (1) and (2) were fit to the full F-é curves as
shown in Figure 1. The values for w and Eg, are given in Table 1.
Using these values, the probe tip radius, and the equilibrium sepa-
rations from Figure 1, the Tabor parameter [18] was found to be
u=~0.3 (at F=0) for all monolayers, justifying the use of the DMT
model. As F increases, E* increases (due to substrate effects) and u
decreases, pushing the system further into the DMT zone.

Figure 2 is a plot of w and Eg), as a function of n. For the thiols,
the values for w and Eg,, are within uncertainty of results from ul-
tra-high vacuum studies [8,9], suggesting that capillary meniscus
forces were negligible here, consistent with previous work on cap-
illary interactions with hydrophobic SAMs [19]. Therefore, w and
Efim can be described by van der Waals interactions at the tip-
monolayer and tip-substrate interfaces and between the alkyl
chains, respectively. From this observation, it is possible to par-
tially explain the overall trends in Figure 2, namely the monotonic
increase in w and decrease in Egyy, as n decreases, in terms of vari-
ations in the van der Waals interactions with n. As n decreases, the
stabilization energy between alkyl chains decreases, which reduces
the film’s resistance to elastic deformation (i.e., decreases Egiy),
thereby exposing the tip to additional functional groups in the film
or to the substrate (i.e., increases w). However, it is evident that n
does not solely determine the monolayer mechanical properties, as
alkyl SAMs with similar n, but different head groups, sometimes
exhibited drastically different values for w and Eg, (e.g., see
n =38 in Figure 2). As a result, to develop structure-property rela-
tionships, a structural metric that not only considers the spacer
chain, but also the role of the head group and tail group, is needed
and is considered in the next section.

NEXAFS C K-edge PEY spectra for the thiols and phosphonates
are shown in Figure 3a and b, respectively. All spectra exhibit the
same hydrocarbon resonance peaks: the C=C =©* peak at
285.5 eV, the C—H o¢* peak at 288.6 eV, and the C—C ¢* peak at
293.6 eV. In Figure 3a, the spectra exhibit a strong angular depen-
dence for n =18 and 12, but are nearly identical for n =8 and 5. In
addition, as n decreases, the intensity of the C=C n* resonance

Table 1
W, Efim, and C—H ¢* R, for thiols on Au and phosphonates on ITO.
n Head group w Efiim C—H o*
(m] m~?)? (GPa)* R
5 Thiol 166.9 £21.3 0.12 £0.03 0.04 £ 0.04
8 Thiol 147.7 £16.0 0.26 £ 0.03 0.02 £ 0.02
Phosphonate 117.4+10.3 0.67 £ 0.09 0.20 £ 0.03
10 Phosphonate 113.1+£124 0.72 £ 0.06 0.23 £0.03
12 Thiol 1109+7.8 0.80+0.09 0.26 £ 0.02
Phosphonate 102.1+4.3 0.89+0.09 0.33+0.01
18 Thiol 92.6+8.9 0.97+0.13 0.50 + 0.03
Phosphonate 932+43 0.96 + 0.06 0.46 £ 0.01

2 Uncertainty values represent two standard deviations from at least 10 mea-
surements or;
> A 95% confidence level in the fit.
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Figure 2. (a) w and (b) Egimy as a function of n for thiols on Au and phosphonates on
ITO. Uncertainty values represent two standard deviations from at least 10
measurements. Lines are a guide to the eyes.
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Figure 3. NEXAFS C K-edge PEY spectra for (a) thiols on Au and (b) phosphonates on
ITO at 0 = 20°, 44°, 70°, and 90°.

peak, which is associated with adventitious hydrocarbons, in-
creases. In Figure 3b, the spectra exhibit angular dependence for
all n, with a decrease in dependence as n decreases, and the inten-
sity of the C=C ©r* peak is small and invariant with n. The variations
in peak intensity with 0 can be quantitatively related to molecular
orientation through the dichroic ratio, R;= (Igge — Io-)/(Igg- + Ipo),
where Igp- is the peak intensity at 0 = 90° and Iy- is the peak inten-
sity at 0 = 0°. R can vary from —1 to +0.75, with a more positive va-
lue for the C—H o™ peak corresponding to greater surface normality
and monolayer crystallinity (R, = 0 may represent a random distri-
bution of chain orientations) [20]. Table 1 summarizes the C—H ¢*
dichroic ratios. For both the thiols and phosphonates, R; decreases
as n decreases, which points to a structural dependence on n, con-
sistent with the observations from Figure 2. Furthermore, from the
Ry results, it is clear that the change in phase from crystalline to
amorphous occurs at different n (8 <n<12 for the thiols and
n <8 for the phosphonates), which explains the different values
for w and Eg, at n =8 in Figure 2. Thus, R; is sensitive to changes
in both the spacer chain and the head group.

Figure 4 is a plot of w and Eg),, as a function of R;; universal
behavior is observed for both properties as a function of this struc-
tural measure, and the trends can be divided into three regions. In
region 1, the properties do not change as R; decreases, implying
that although there is a change in chain orientation, the gross
SAM structural features (i.e., SAM termination by CHs groups and
chain-chain interactions) remain largely unaltered. In region 2,
the gross structure of the film is gradually altered as R; decreases,
as chain-chain SAM stabilization forces decrease with increasing
tilt angle and gauche defects form in the topmost methyl units
[21], leading to a monolayer with densely-packed and amorphous
regions. The exposure of the probe tip to CH, groups and the sub-
strate leads to an increase in w and the decrease in chain-chain
stabilization leads to a decrease in Egy,. In region 3, the monolayer
is completely amorphous and there is significant thermal desorp-
tion of the alkyl chains. Such desorption processes continue until
a coverage-dependent heat of adsorption makes the film stable,
as with the short-chain thiols here, or to completion [22]. The des-
orbed chains are replaced with adventitious hydrocarbons, evident
from the C=C 7* peaks in Figure 3a. Thus, w and Eg,,, are due to the
remaining alkyl chains and the adventitious hydrocarbons, with w
and Egy, ultimately converging to those for a full adventitious
hydrocarbon layer. The phosphonates are less prone to desorption

190 I T T i T ‘ T z i T
= |@, | <«—region3
.g N B region 2
ENE 150 F LAd region 1 -
T = 5] §§Eé§§
g ?E/ - . e % _
= =110} P T .
o L i I
= -t Gt
70 1 1 1 n 1 1 n 1
0.0 0.1 0.2 0.3 0.4 0.5
12 T T T T T T
ZT08 e S i
=0 il
»w E PIREE
2uF04r T g
3 [l 2 thiols
> —a ©  phosphonates
DO 1 1 1 ' 1 " 1

0.0 0.1 0.2 0.3 0.4 0.5
Dichroic Ratio, R,

Figure 4. (a) w and (b) Eqim, as a function of R; for thiols on Au and phosphonates on
ITO. Uncertainty values represent two standard deviations from at least 10
measurements or a 95% confidence level in the fit. Lines are a guide to the eyes.
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due to the bidentate/tridentate binding configurations to ITO [23],
in contrast to the thiols, which exhibit monodentate binding to Au.

4. Summary and conclusions

In summary, mechanical properties of methyl-terminated alkyl
SAMs were examined with AFM and correlated with surface struc-
ture via NEXAFS. The structure-property relationships appear to
be universal for methyl-terminated alkyl SAMs only when plotted
in terms of Ry, as the thiol and phosphonate data fall onto the same
curves, despite differences in head group. R; is a more complete
structural measure, as it not only considers variations in the spacer
chain, but also the role of the head group and tail group. Further
work on SAMs with different head groups, tail groups, and spacer
chains will allow similar structure-property trends to be
established.
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