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ABSTRACT: It is important to understand the structure of redox-active self-
assembled monolayers (SAMs) down to the atomic scale, since these SAMS are
widely used as model systems in studies of mechanisms of charge transport or to
realize electronic functionality in molecular electronic devices. We studied the
supramolecular structure of SAMs of n-alkanethiolates with ferrocenyl (Fc) end
groups (S(CH,),Fc, n = 3 or 4) on Au(111) by scanning tunneling microscopy
(STM). In this system, the tilt angle of the Fc units with respect to the surface
normal (c) depends on the value of n because the Au—S—C bond angle is fixed. The
ordered domains of the SAMs were imaged by STM after annealing at 70 °C at

ultrahigh vacuum conditions. High resolution electron energy loss spectroscopy

(HREELS) and cyclic voltammetry show that this annealing step only removed physisorbed material and did not affect the
structure of the SAM. The STM images revealed the presence of row defects at intervals of 4 nm, that is, six molecules. We
determined by near edge X-ray absorption fine structure spectroscopy (NEXAFS) that the Fc units of the SAMs of SC;Fc are
more parallel to the Au(111) plane with a tilt angle @ = 60.2° than the Fc units of SC,Fc SAMs (a = 45.4°). These tilt angles are
remarkably close to the tilt angles measured by X-ray diffraction data of bulk crystals (bc-plane). Based on our data, we conclude
that the molecules are standing up and the SAMs pack into lattices that are distorted from their bulk crystal structures (because
of the build-up stain due to the differences in size between the Fc units and thiolate anchoring groups).

B INTRODUCTION

Redox-active self-assembled monolayers (SAMs) have been
widely applied in molecular/organic electronics,"” in energy
storage,3 in photovoltaics,4 in biomolecular systems,5 and as
model systems to investigate the mechanisms of charge
transport through molecules and their interfaces with the
electrodes and/or electrolyte. The supramolecular structures of
the SAMs are important to understand in physical-organic
studies involving charge transport but are often not well-
understood.>” For instance, the electrochemical behavior of
SAMs of ferrocenyl-alkanethiolates (S(CH,),Fc abbreviated as
SC,Fc) have been widely studied because of the good
electrochemical stability, and synthetic flexibility,® since the
early 1990s,”~"" but their electrochemical behavior is still not
completely understood. We showed that subtle changes in the
supramolecular structures of these SAMs incorporated in SAM-
based tunnel junctions have a large influence on the electrical
properties of the junctions by just changing the length of the
carbon backbone (n) from even (n..,) to odd (n.,44)
numbered.'> These so-called odd—even effects have been
observed for other types of SAMs as well and affect melting
points, electron transfer rates, or stabilities against radiation
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damage.'® Here we propose three-dimensional (3D) models for
SAMs of SC,Fc on Au(111) with n = 3 and 4 based on a
combination of complementary characterization techniques.
We believe that these models are useful for future studies of
charge transport through these SAMs, and they provide
insightful information on, for instance, understanding odd—
even effects.

Most surface characterization techniques provide often only
qualitative information regarding a certain aspect of the SAM
over a large area, whereas scanning probe based techniques
yield detailed real space images, but only probe a small fraction
of the surface.'*™"” Often it is difficult to reconcile data
obtained by, for instance, scanning probe methods with other
techniques because it is not always clear whether the image
(small) area is representative for the whole surface. Techniques
that sample large areas on surfaces only yield spatially averaged
data and, for instance, inhomogeneous surfaces or the presence
of different phases, hamper the interpretation of the data. For
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example, mixed SAMs of SC Fc with n-alkanethiolates, SC,
suffer from phase separation,'® leading to nonuniform surface
properties at the nanometer scale. The structures of pure SAMs
of SC,Fc have rarely been characterized by scanning tunneling
microscopy (STM),"”?° but these SAMs are used in various
applications including electrochemical switches,*" memories,”*
electronic gates,23 and diodes;** therefore, it is important to
understand their structures at the atomistic scale.

Previously, we'® reported that small changes in the packing
of the SAMs can have a profound effect on the charge transport
properties across them in molecular tunnel junctions of the
form Ag"™-SC,Fc//GaO,/EGaln (where Ag™ denotes a
template-stripped silver surface, and the GaO,/EGaln is the
top-electrode of a non-Newtonian liquid-metal alloy of Ga and
In with a thin (0.7 nm) conductive surface layer of GaO,).>®
These junctions are molecular diodes with rectification ratios of
1.0 X 10* but only when 7.y is in the range of n = 7—15. For
junctions with 71, the rectification ratios drops by a factor of
10, the reproducibility by a factor of 2—3, and the yield by
about 10%. The number of CH, units in the backbone of the
SAM determines the orientation of the Fc units with respect to
the surface normal, that is, the so-called tilt angle & (deg). The
tilt angle is determined by n: for SAMs formed on Au, the Fc
units in SAMs with n,,, stand up more (the value of «a is
smaller) than the Fc units in SAMs with n.44. Therefore, the
alkyl chains in SAMs with n,,., pack better by 0.5 kcal/mol than
SAMs with n,4q; this difference in the packing energy caused
the observed odd—even effects.’? In addition, these SAMs also
showed odd—even effects in their electrochemical behavior,
which we related to the packing energy: SAMs with .., pack
better than SAMs with 7,44 and are therefore more difficult to
oxidize (by ~25 meV). For these reasons, we believe SC,Fc
SAMs (with n = 3 or 4) are good model systems to study odd—
even effects at the nanoscale by STM.

The packing of the SAMs is driven by the nature of sulfur—
gold bond and intermolecular interactions’®*’ and, more
specifically for this work, alkyl—alkyl chain, Fc—alkyl chain,
and Fc—Fc interactions. It is well-known that the structure of
SAMs of SC, on Au(111) is (/3 X 1/3) R30°.2%*° Replacing
the CH, terminus by bulkier groups (SC,X, X = OH, COOH,
NH,, phenyl, or ferrocene, for instance) hampers ideal packing
of the alkyl chains and causes deviations from the (\/ 3 X \/ 3)
R30° packing, increases the number of defects, and reduces the
domain size.””** To minimize steric hindrance between the
terminal groups, and to obtain well-ordered structures, mixed
SAMs on Au composed of SC, Fc and SC, have been studied by
STM.>'~** In addition, physisorbed Fc functionalized mono-
layers on highly ordered pyrolytic graphite (HOPG) have been
investigated by STM.>**

Pure SAMs of SC,Fc have occasionally been characterized by
STM. Rudnev et al.> reported that for SAMs of SC,COFc with
short alkyl chains (n = 4, 6, 8) it was difficult to observe
ordered domains, because of a liquidlike behavior of the short
alkyl chains due to weak alkyl—alkyl chain interactions.®”
Others reported that annealing at 70 °C resulted in relatively
well-ordered surfaces that were suitable for STM investiga-
tions.”®** These authors did not provide any information
regarding whether annealing improves the packing of the SAMs
or merely removes loosely bound molecules from the surface.
Here we studied the difference in packing of SAMs of SC, Fc
with 7 = 3 and 4 on Au(111) by STM. We found that annealing
the SAMs in ultrahigh vacuum removes physisorbed materials;
this annealing step does not induce conformational changes

neither does it cause damage to the SAMs. We compared the
packing of the SAMs on Au(111) to the packing of the
molecules in macroscopic crystals which were determined by
single crystal X-ray diffraction (XRD). We observed that the
SAMs packed well with structures similar to that of the bulk
crystals, but the structures are distorted because of the
mismatch in sizes between the sulfur atoms, Au atoms, and
the Fc units. This mismatch induced strain that caused so-called
row defects at intervals of six molecules. The Au—S—C bond
angle is fixed at 109.5°, and therefore, the number of CH, units
determines the value of a.'**”* The experimental values of
in SAMs (determined by near edge X-ray adsorption
spectroscopy, NEXAFS) match very well to those extracted
from the bulk crystal structures (see below for details) from
which we conclude that the SAMs form dense layers with
similar structures in a bulk crystal. Based on these data, we
conclude that the real space STM images represent the SAMs
very well and we propose models for the SAM that help to
understand the experimentally observed odd—even effects.

B EXPERIMENTAL SECTION

Preparation of the Au Substrates. The hydrogen flame
annealed and template stripped (TS) Au substrates were prepared
following reported procedures*' (Supporting Information page S2).
The hydrogen flame annealed Au substrates were used for the STM
measurements, and Au® substrates were used for high resolution
electron energy loss spectroscopy (HREELS), cyclic voltammetry, and
NEXAFS.

Preparation of the Self-Assembled Monolayers. We synthe-
sized the HSC,Fc (n = 3, 4) compounds following previously reported
procedures.*” The Au substrates were immersed into the correspond-
ing ethanolic solutions of 2—3 mM of HSC Fc immediately after
fabrication. We formed the SAMs over a period of time of 3—5 h. The
samples were thoroughly rinsed with absolute ethanol, blown to
dryness in a stream of pure N, gas, and used immediately.

Scanning Tunneling Microscopy. We performed the STM
measurements using a RHK UHV700 system at room temperature
under ultrahigh vacuum (UHV) conditions (2.0 X 107'° mbar). We
used electrochemically etched tungsten tips. We annealed the SAMs at
~70 °C for 45 min in UHV before we started the measurements. The
STM images were recorded at a sample bias range of +1 to +2 V with
a range of tunneling currents of 30—100 pA.

High Resolution Electron Energy Loss Spectroscopy. The
HREELS measurements were performed in a dual-chamber UHV
system equipped with a Delta 0.5 high resolution electron energy loss
spectrometer with a mu-metal magnetic shield. The sample stage was
kept at the desired temperature within +1 °C at a base pressure of 2.0
X 107'® mbar. The specular spectra (6, = 53°) were taken with an
incident electron beam of S eV. We annealed the SAMs at the desired
temperatures for 60 min and recorded spectra before and after
annealing.

Near Edge X-ray Absorption Fine Structure Spectroscopy.
The NEXAFS data were recorded using the SINS (Surface, Interface
and Nanostructure Science) beamline of the Singapore Synchrotron
Light Source (SSLS) in an UHV chamber with a base pressure of 1 X
107"° mbar. We collected the angular dependent C K-edge NEXAFS
spectra in Auger electron yield (AEY) mode and a Scienta R4000
electron energy analyzer. We used two different angles to determine
the molecular orientations: normal incidence (90°) and grazing
incidence 20° (Supporting Information page S2).

Cyclic Voltammetry. The cyclic voltammograms (CVs) were
recorded using an Autolab PGSTAT302N potentiostat (Metrohm)
and Nova 1.10 software. We used a custom built electrochemical cell
equipped with a platinum counter electrode and a Ag/AgCl reference
electrode, and the Au™ served as a working electrode. CVs were
recorded in an aqueous solution of 1.0 M HCIO,, between —0.1 and
0.9 V at a scan rate of 1.0 V/s.
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X-ray Single Crystal Diffraction. The crystal structures of
HSC,Fc (CCDC no.: 1020652) and HSC,Fc (CCDC no.: 1020653)
were determined using Bruker Apex2 and SMART diffractometers.
Single crystals of HSC;Fc and HSC Fc were grown from solutions of
pentane at —20 °C, and the crystals were selected using an optical
microscope equipped with a polarization filter. Structures were solved
by direct methods using SHELXS-97 software.** The crystallographic
data are given in the Supporting Information page S4. We determined
the value of @ with respect to the surface normal of the bc-plane of the
crystal structure.

B RESULTS AND DISCUSSION

Characterization of the SAMs before and after
Annealing. We found that physisorbed materials were always
present on the SAMs despite rinsing with excess amounts of
solvents. These physisorbed materials are generally composed
of water and organic molecules (their composition depends on
the environmental conditions), and residual HSC,Fc. Others
have reported that SAMs of SC, are stable in UHV conditions
up to a temperature of 120 °C.>>** To remove the physisorbed
materials, we annealed the SAMs in UHV (2.0 X 107'° mbar)
for 45 min at 70 °C (see below). To prove that during
annealing the SAMs were not damaged or altered in other ways,
we followed the annealing process by HREELS. Figure 1A
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Figure 1. (A) HREEL spectrum of a SC;Fc SAM on Au'%; peak
assignments are listed in Table 1. (B) HREEL spectra of a SC;Fc SAM
annealed for 1 h at 30 °C (red line), 60 °C (blue line), 90 °C (purple
line), and 120 °C (green line). (C) HREEL spectra of a SAM of SC;Fc
(black line) and SC,Fc (red line) on Au™ annealed at 90 °C for 1 h.
(D) CVs of nonannealed (solid line) and annealed (dashed line)
SC;Fc SAMs, 10 scans recorded at a scan rate of 1.0 V/s with aqueous
1.0 M HCIO, as the electrolyte and a Ag/AgClI reference electrode.

shows the HREELS data for the SC;Fc SAM before annealing.
We assigned nine peaks (labeled P,—P,) that are listed in Table
1 following previously reported assignments.*>™* The signals
labeled Py, P5, P, P, P, and Py are the vibrational modes of the
Fc moieties, and Py and Py are vibrational modes of the alkyl
chains. The intensities of P; and P, display a strong angular
dependence where the angle is measured between the surface
normal and 7 molecular orbital vector (the cyclopentadienyl, or
the Cp ring plane) because of the dipole selection rule (only
vibrational modes can be detected when the change in dipole
moment is perpendicular to the surface). The relative
intensities of these signals give information regarding the

value a of the Fc unit. Here, the intensity of P is lower than
that of P, for SC;Fc SAMs, which indicates that the out of
plane C—H bending (P5) modes are more perpendicular to the
surface normal than the P, bending mode (which is in plane of
the ring). To confirm our peak assignments and interpretation
of the spectra, we also recorded HREEL spectra of SC,Fc after
annealing (Figure 1C). The relative intensities of P and P, are
reversed for the SC,Fc SAM, indicating that its Fc units are
more parallel orientated with respect to the surface normal than
the Fc units of the SC;Fc SAM. These data agree with the more
accurately determined a values by NEXAFS (see below).

Figure 1B shows the HREEL spectra of the SAMs of SC;Fc
on Au® after annealing at four different temperatures in high
vacuum (1077 mbar) for 1 h at 30, 60, 90, and 120 °C. These
results show that the spectra did not change after annealing up
to 90 °C apart from an increase of the signal-to-noise ratio from
which we conclude that the SAMs were stable and did not
change during the experiment, and that physisorbed molecules
were removed from the surface. In contrast, the spectrum
recorded after annealing at 120 °C changed significantly. Peak
P; vanished, and the intensity of P, decreased, indicating that
the surface coverage decreased and that the remaining
molecules lie flat on the surface (with the Cp rings
perpendicular to the surface normal). The intensities of P
and Py increased while those of P4 and Py decreased which
agree with an increase of exposure of the alkyl chains consistent
for flat-lying molecules. These results indicate that the SAMs
decomposed and the molecules desorbed from the surface at
120 °C.

We also characterized the SAMs by cyclic voltammetry with
aqueous 1 M HCIO, as the electrolyte. Figure 1D shows the
CVs before and after annealing of the SAMs of SC;Fc at 70 °C
for 1 h in vacaum (1077 mbar). The difference between the first
and second scan is more pronounced for the nonannealed
surfaces than that for the annealed surfaces. It is well-known
that the Fc units in their oxidized state have a higher solubility
in water than the Fc units in its neutral form.*® During the first
scan, the Fc units convert to Fc™ and the physisorbed molecules
desorb from the surface and dissolve in the electrolyte. The
shape of the CVs did not change during the nine consecutive
scans. From this experiment, we conclude that the SAMs are, as
expected, stable under our electrochemical conditions and that
during the experiment only physisorbed material was removed
from the SAM.

Surface Coverage. We determined the surface coverage of
the Fc units, 'z, (mol/cm?), from the CVs. The 'z, can be
calculated by using eq 1, where Q,, is the total charge obtained
by integration of the CV, n is the number of electrons per mole
of reaction, F is the Faraday constant, and A is the surface area
of the electrode exposed to the electrolyte solution (0.33 cm?).

FFC = Q—tot/nFA (1)

The surface coverage of the nonannealed SAMs (2.98 + 0.14 X
107" mol/cm?) is slightly higher than that of the annealed
SAMs (2.81 + 0.02 X 107*° mol/cm?). Here the error bars
represent the standard deviation of three experiments, but in
each experiment the surface coverage was higher before than
after annealing. We observed that, after annealing, the CVs
became slightly broader (the full width at half-maximum
increased by 63 + 2 mV) which may indicate improved
interactions between the Fc units in the SAMs.*’ Additionally,
the peak oxidation potential shifted to more negative potentials
by 22 + 2 mV, indicating that SAMs tend to be oxidized more
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Table 1. Peak Assignments for HREEL In-Specular Direction Spectra of the SAMs of SC;Fc and SC,Fc on Au™ before and after

Annealing
peak position before peak position after
annealing (meV) (this annealing” (meV)
work) (this work)
peak peak position (meV) ref SC;Fc SC,Fc SC;Fc SC,Fc peak assignments
P, 60 45 none” none” 59 Ss
P, 59.3 46 antisymmetric iron-ring stretch
P, 3.8 47
P, 79.1 47 none” none” 72 69 Eyy 7(CH)
P, 100.5 45 101 101 101 101
P, 102 46 C—H bend out of the plane of the rings: A,,, 7(CH)
P, 108.6 47
P, 130.2 45 130 130 130 129
P, 125 46 C—H bend in the plane of the rings: E,,, 7(CH)
P, 115.8 47
Py 155.5 45 153 153 153 153 A, 5(CH)
P, 148.4 47
Py 178.6 45 170 169 170 169
Py 175 46 E,, 7(CH)
Py 182.8 47
P, 199.3 45 211 210 211 210
P, 210 46 E,, 7(CH)
P, 196.0 47
Py 363.3 45 363 360 363 360 V(C-H) sp®
Py 3824 45 383 383 383 383 V(C-H) sp?
P, 386 46

“P, and P, are very close to the noise levels before annealing, and therefore, their peak positions could not be determined. bThe surfaces were

annealed at 90 °C for 1 h in ultrahigh vacuum (2.0 X 107 mbar).

easily, which agrees with the removal of physisorbed materials.
Although these changes in the CV data are small, the CV results
are in agreement with the HREELS data and annealing at 70 °C
for 1 h in vacuum removes most of the physisorbed materials.
The CV data seem to suggest that SAM packing improved
slightly during annealing, but any changes in the HREEL
spectra were not apparent. Therefore we believe that annealing
did not induce any conformational changes or phase transitions,
or alter the surface coverage.

Tilt Angles of the Fc Units. We determined the a values
by NEXAFS. Figure 2A shows the angular dependent NEXAFS
at the C K-edge for SAMs of SC;Fc and SC,Fc on Au™®. The
signals 1 and 2 are assigned to the transitions from C Is to 7*
orbitals (4e1g at 285.4 eV and 3e,, at 286.9 eV) associated with
the Cp rings of ferrocene.*® The vectors of the 7* orbitals are
perpendicular to the Cp plane. The value of a was determined
by monitoring the changes in intensities of peaks 1 or 2 as a
function of the incidence angle of the X-ray beam following
previously reported procedures (see Supporting Information
for more details).>"** The a values are 60.2° for the SC,Fc
SAMs and 45.4° for the SC,Fc SAMs.

Figure 2B shows the CV graphs of SAMs of SC;Fc and
SC,Fc. The CV data show that the peak oxidation potential of
SAMs of SC;Fc (401 + 11 mV) is higher than that of SAMs of
SC,Fc (363 = 3 mV), by 38 + 14 mV. A higher anodic peak
potential (more difficult to oxidize) may be caused by higher
packing energy, or stronger Fc—Fc interactions, since oxidation
of Fc to Fc" ion and the strong interaction between Fc' and
ClO,” ions causes rearrangements of the supramolecular
structures of SAMs.>® Therefore, we believe that, in SAMs of
SC;Fc, the Fc units interact stronger with each other by 38 +
13 mV (0.88 + 0.032 kcal/mol) than those in SAMs of SC,Fc.

13450

Packing in the Solid State. Although the bulk and surface
packing structures are difficult to compare to each other due to
different driving forces for bulk packing (intermolecular
interactions) and surface packing (intermolecular interactions
and molecule—surface interactions), we show below that bulk
crystal structures are helpful and support our models since the
packing structure of the SAMs with short chains (n =3 — 4) is
largely driven by Fc—Fc interactions because of the short length
of the alkyl chains and the associated weak van der Waals
interactions between them (see Supporting Information page
SS for the crystal structures and a more detailed discussion).
We determined the tilt angle a of the Fc units with respect to
the surface normal that is perpendicular to a surface plane (bc-
plane; the thiol moieties lie in one plane) of the crystal packing
of HSC;Fc and HSC,Fc using the Mercury program.>* We
obtained values of a = 61.55° and 44.06° for HSC;Fc and
HSC,F, respectively (see Table 2).

Unfortunately, the orientation of Fc group in the SAMs
could not be extracted from the available real space images as
obtained by STM (see below). From the NEXAFS data, we
derived @ = 60.2° and 45.4° for SAMs of SC;Fc and SC,Fc,
respectively®® (Figure 2A), which is in quantitative agreement
with the XRD data (a = 61.55° and 44.06° for HSC;Fc and
HSC,Fc, respectively). These values are also in qualitative
agreement with the HREELS data (Figure 1C). The more
horizontal orientation of Fc groups of the SC;Fc SAMs (~15°
larger a values) possibly induces edge-to-face (EF) interactions,
which is similar to the arrangement in the known monoclinic
and orthorhombic forms of native ferrocene (determined by
single crystal XRD).***” The more favorable EF interactions
among the Fc groups leads to stronger lateral interactions and
higher packing density, resulting in an increase in the value of
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Figure 2. (A) NEXAFS spectra for SAMs of SC;Fc and SC,Fc
recorded at the incident angle (90°) and a grazing angle (20°). Peaks 1
and 2 are assigned to the transitions from C 1s to z* orbitals (4elg at
2854 eV and 3e,, at 286.9 eV) associated with the Cp rings. (B) CV
graphs of the SAMs of SC;Fc and SC,Fc on Au™® at scan rate of 1.0 V/
s, with aqueous 1.0 M HCIO, as the electrolyte and a Ag/AgCl
reference electrode.

E,, (by 38 = 1 mV) for SC;Fc SAMs as compared to SC,Fc
SAMs. We note that Fc—Fc interactions dominate for the short
SAMs (n < 5) because for thick SAMs with n > 5 C,—C,
interactions dominate.'>®

Nanoscopic Characterization of the SAMs. To explore
the packing structure of the SAMs at the nanoscale, we
performed STM experiments at room temperature under UHV
conditions (2.0 X 107'° mbar). We have used electrochemically
etched tungsten tips. We prepared the SAMs on hydrogen
flame annealed Au(111) surfaces, after which we introduced the

samples immediately into the high vacuum chamber of the
STM in order to minimize contamination from the ambient as
much as possible. Despite these precautions, we found that
physisorbed materials were always present on our samples
(bright dots on the surface in Figure 3B, for instance). Miiller-

Figure 3. (A) STM images of well-ordered domains of SAMs of SC,Fc
on Au(111) showing the different domains. (B) Magnification of the
stripes with a width of ~4 nm. The stripes exhibit a fine periodicity of
~0.4 nm along the defect row direction. (C) Domains of well-ordered
stripes of ~4 nm width extending over step edges. (D) Magnification
of the pattern in panel (C) showing the periodicity of ~0.4 nm marked
in blue. (E) STM height profile recorded along the solid black line in
panel (D).

Meskamp et al.'’ also reported the presence of excess
molecules. As described above, annealing at 70 °C for 45 min
reduced the amount of physisorbed materials.

Figure 3 shows the STM images of SAMs of SC;Fc from
which we make the following five observations. (i) The SAMs
form well-ordered domains (Figure 3A—C). (ii) The angle
between two orientations of stripes of neighboring domains, y
(see below), is ~74° (Figure 3A). (iii) The broad stripes
(caused by row defects; see below) with a width of ~4 nm

Table 2. Unit Cells of SAMs of SC;Fc and SC,Fc on Au(111) Compared to the Unit Cells of Their Bulk Crystals in the bc-Plane

SC,Fc
SC,Fc SAMs

SAMs bulk crystal A B bulk crystal
unit cell of SAMs® 24/3a X 6a 4a X 7a V/3la x 24/13a
dimension (nm)” 1.73 X 2.07 1.53 X 2.58 1.66 X 2.08 1.15 X 2.02 1.73 X 2.02
a (deg)® 60.2° 61.55° 45.4° 45.4° 44.06°
¥ (deg)? ~74° 90° ~60° ~80 ° 90°
packing density® (molecule/nm?) 2.3 2.0 2.0 12 12
surface coverage (molecule/nm?y 1.7 1.8 1.8

“a is the 0.288 nm lattice parameter of Au(111). “Dimension is defined as width X length of the unit cell in nm. “a is the tilt angle of the Fc units. dy
is the angle between the edges of a unit cell. “See Supporting Information page S3 for details. FThe surface coverage was obtained by CVs as

explained in the main text.
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contain a perpendicularly orientated striped pattern with a
width of ~0.4 nm (Figure 3B). (iv) The orientation of the
pattern is retained in subsequent Au terraces (Figure 3C). (v)
The line scans in panels 3D show that the apparent depth of
the groove between the broad stripes is ~15 pm (Figure 3E).

Figure 4 shows STM images of well-ordered domains of
SC,Fc on Au(111). Two domains coexist. These coexisting

e 0 2 4
Distance (nm)

4 8 12

Distance (nm)
Figure 4. STM images of SAMs of SC,Fc on Au(111). (A) Domain A
consists of stripes with a width of ~4 nm. (B) Domain B with the
intersecting of two striped patterns. The unit cell of domain B is 1.60
nm by 2.08 nm. The width of the stripes of domain B’ is 2.0 nm (as
explained in the main text, we believe that domain B and B’ are the
same). (C) Magnification of domain A. (D) Magnification of domain
B’. STM height profiles of domain A (E) and B’ (F).

domains are labeled A and B/B’, respectively, as indicated in
Figure 4A and B. Figure 4A shows the presence of broad stripes
of ~4 nm with an y of ~60° (domain A). Figure 4B shows the
intersection of two stripes with different spacing of 1.6 X 2.0
nm with y of ~80° (domain B), and stripes with a width of 2.0
nm aligned parallel to domain B’. Figure 4C and D shows a
magnification of the pattern of domains A and B'. The apparent
height profiles show that the grooves between the stripes of
domain A (Figure 4E) and domain B’ (Figure 4F) have a depth
of ~20 and ~30 pm, respectively. Domains B and B’ seem to
be similar since both domains consist of the same width of
vertical stripes (2.0 nm), but the horizontal line could not be
observed for domain B’ due to low contrast in the STM image.

Packing of the SAMs. Here we propose unit cells of the
SAMs based on lattice spacing obtained from the crystal
structures of their corresponding thiol derivatives and the
angular distortion of the y values obtained from STM results
(Figure 3 and 4). We report these unit cells in units of a which
is the nearest-neighbor distance (0.288 nm) of gold atoms in
Au(111). Figure S shows the models for the SAMs of SC;Fc
and SC,Fc. Figure SA shows the proposed sulfur lattice (orange
circles) for SAMs of SC;Fc on Au(111). The rectangular unit

Conformation A \
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| Fcplane

"'o (o) ? (0) O?Splane

00000 &Y

rowdefect  °2**™™ yow defect

T Auplane

bessef

1.0V nm

Figure S. Proposed models for the SAMs of (A) SC;Fc and (B) SC,Fc
on Au(111). Orange circles and parallelograms represent sulfur lattices
and unit cells of the SAM, respectively. Yellow circles and
parallelograms represent the sulfur lattices and unit cells of the bulk
crystal on be-plane placed on Au(111), respectively. Fc lattices of the
SAMs of (C) SC;Fc and (D) SC,Fc on Au(111). (E) Side view of the
SAMs packing of SC;Fc and SC,Fc, showing the mismatch in distance
between sulfur atoms (0.58 nm) and between Fc units (0.67 nm). Blue
and black circles represent Fc lattices and row defects, respectively, and
diagonal lines in the circles represent the orientation of Fc units
(perpendicular to Cp plane). Blue arrows represent the direction of
lattice distortions with respect to crystal structure.

cell of the sulfur atoms of the molecules in the single crystal
structure are given in yellow circles. It is well-known that the
sulfurs of SAMs of SC,, on Au(111) pack in a (\/3 X \/3) R30°
lattice.”®*® In our case, the lattice of the sulfurs on the surface
(y values) is distorted from 60° (expected from the (\/ 3 X

3) R30° lattice of Au) because of the large Fc terminal
groups. These angular distortions of the y values are similar to
observations reported by Piorier et al.*” for the packing of
SAMs with bulky terminal group, that is, SCcOH (y = ~74°),
and Jin et al®® for the SAMs of aromatic thiols, that is,
thiopyridine and thiolphenol (y = ~75—80°). We were not able
to resolve the orientation of the Fc units from the STM images,
and the diagonal lines in the circles represent the orientation of
the Fc obtained from the crystal structures.

For SAMs of SC;Fc, we propose a primitive unit cell 6a X
2\/ 13a with y of 74° and dimensions of 2.07 X 1.73 nm. The
sulfur lattice on Au(111) is stretched by 13% in the b-axis and
compressed by 20% in the c-axis relative to those of the crystal
structure of HSC;Fc (Figure SA). The deviations between b-
and c-axis lead to the distorted angle of 74° as well as the
buildup of strain between the Fc moieties. We believe that this
strain causes the sulfurs to skip a row in order to release the
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strain at certain intervals (~4 nm, equal to 6 molecules),
resulting in row defects and stripes (Figure SC). Figure SE
shows the side view of the SC;Fc SAM packing model and
indicates the different spacing between the sulfur atoms (0.58
nm) and the Fc units (0.67 nm).*” This figure shows that strain
is relieved when the sulfurs skip one row every six molecules,
resulting in a local depression. The depth of these depressions
is 15—30 pm (see STM height profiles in Figures 3E for SC,Fc
and 4E,F for SC,Fc).

For SAMs of SC,Fc, we propose two models to explain the
structures of domains A and B. For domain A, we propose a
primitive unit cell with a dimension of 4a X 7a with y of 60°
and dimensions of 1.15 X 2.02 nm (Figure 5B conformation
A). The lattice of the sulfurs is distorted from that derived from
the crystal structure of HSC,Fc by a relatively large
compression of the b-axis of 34% and only by stretching the
c-axis by 3%. This distortion of b-axis results in the buildup of
strain and induces row defects at intervals of 2.08 nm observed
as “stripes” (or grooves) in the STM images (Figure 4) as
described above.

The proposed unit cell for domain B is \/1311 X 2\/13«1 with
y of 80° and dimensions of 1.60 X 2.08 nm (Figure SB
conformation B). The lattice of the sulfurs is only slightly
distorted relative to that of the crystal structure by 8%
compression in the b-axis and 3% stretch in the c-axis. These
small distortions explain the absence of the defect rows (or
grooves) in conformation B (because no strain builds up
relative to the crystal structure). We believe that the stripes that
are visible in the STM image (Figure 4B) represent the
dimension of the units because the stripes have a spacing of 2.0
nm and the 1.6 nm spacing in the b-direction. The small height
difference between two stripes (~30 pm; Figure 4F) could be
caused by different Fc orientations because of a difference in
the twist angle ' between rows of molecules (as is also
observed in the crystal structure), but we were not able to
resolve these subtle molecular effects from the STM images.

All proposed unit cells are parallelograms. For SAMs of
SC;Fg, the 6a X 2\/1311 unit cell occupies an area of 3.44 nm?
with eight molecules, resulting in a packing density of 2.33
molecule/nm?2. For SAMs of SC,Fc in conformation A, the 4a
X 7a unit cell occupies an area of 2.01 nm? with four molecules,
resulting in a packing density of 1.99 molecule/nm?”. For SAMs
of SC,Fc in conformation B, the \/13(1 X 2\/13:1 unit cell
occupies an area of 3.28 nm” with four molecules, resulting in a
packing density of 1.22 molecule/nm”. These numbers agree
well with a packing density of ~2 molecule/nm* (or ~3.0 X
107" mol/cm?) obtained experimentally by CVs for SAMs of
SC;Fc and SC,Fc. These surface coverages are about 30%
lower than the packing density of SC,Fc SAMs with n > § (2.7
molecule/nm? or 4.5 X 107'° mol/cm?) based on a simple
hexagonal packing model for Fc units where the Fc units are
treated as spheres with a diameter of 0.67 nm.” As mentioned
above, these SAMs are dominated by C,—C, interactions and
not by Fc—Fc interactions when n < 5.'>°° Figure 6 shows the
a and f values of the Fc units for the proposed unit cells. The
values are 60° and 45° (in agreement with the NEXAFS data)
for SAMs of SC;Fc and SC,F, respectively, with a twist angle
of 0° and 90° between rows of molecules (for example,
between rows I and II) based on the XRD data. As a result, the
Fc units are orientated EF for the SC;Fc SAMs and FF for the
SC,Fc SAMs, which explains the patterns observed in the STM
image.

Au(111)-5C Fe

Figure 6. Top and side views of the proposed models of the
orientation of the Fc moieties of SAMs of (A) SC;Fc and (B) SC,Fc.
The schematic of the top view shows that the Fc groups of the SC;Fc
SAM pack edge-to-face (red arrows), while the Fc groups of the SC,Fc
SAM aligns more upright in a parallel orientation. The side views show
the a value for SC,Fc SAMs with n = 3 is larger than that for n = 4 (in
agreement with NEXAFS) and the difference in value of §§ between
neighboring molecules indicated by I and II (in agreement with XRD).

B CONCLUSIONS

We have imaged ordered domains of SAMs of SC;Fc and
SC,Fc by STM. The STM imaging was made possible after
annealing up to 70 °C to remove physisorbed materials. Our
HREELS results indicate that annealing did not induce phase
transitions or damage the SAMs. We studied the supra-
molecular structure of the SAMs using techniques that probe
large areas (HREELS, CV, and NEXAFS) which are
complementary to scanning probe based techniques. The
agreement between all these techniques shows that the STM
images represent the structures of the SAMs very well. The
proposed unit cells of the SAMs are similar to that of the crystal
structures but are distorted. The distortions are induced by the
mismatch in size between the Fc (0.67 nm) units and the sulfur
atoms (0.58 nm), which cause the buildup of strain in the
SAMs. This strain is relieved when the sulfurs skip one row on
the Au(111) surface, which were observed as stripes at regular
intervals of six molecules for the SC;Fc and SC,Fc SAM,
respectively.

We propose that the SAMs pack into the following unit cells:
6a X 2\/13a with ¥ of 74° for SAMs of SC,Fc, and 4a X 7a
with y of 60° (conformation A) and \/ 13a X 2\/ 13a with y of
80° (conformation B) for SAMs of SC,Fc, which are essentially
distorted crystal packing structures. The molecules are standing
up (despite the short alkyl chains), and the a values of the Fc
units are determined by the number of CH, units (because the
Au—S—C bond angle is fixed). Thus, the outcome of the
assembly process is governed by odd—even effects, intermo-
lecular interactions, and the buildup of lattice strain due to the
mismatch in size of the bulky terminal Fc groups and the sulfur
anchoring groups. Our findings improve our understanding of
the supramolecular structure of these SAMs, but we believe that
the findings reported here also apply to other systems.
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