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We have investigated the formation of 2-adamantanethiolate self-assembled monolayers on Au{111} and
their displacement by n-dodecanethiol, using scanning tunneling microscopy, X-ray photoelectron spectroscopy,
and infrared reflection absorption spectroscopy. Well-ordered 2-adamantanethiolate monolayers undergo rapid
and significant molecular exchange upon exposure to n-dodecanethiol solutions, but their structures and
intermolecular interactions template the growth of n-dodecanethiolate domains. Annealing 2-adamantanethiolate
monolayers at 78 °C decreases the density of vacancy islands, while increasing the overall order and the
average domain sizes in the films. This results in slower displacement by n-dodecanethiol molecules, as
compared to unannealed monolayers. The secondary sulfur position on the adamantyl cage influences the
lattice structure and exchange of 2-adamantanethiolate monolayers by alkanethiols.

1. Introduction

Alkanethiolate self-assembled monolayers (SAMs) on
Au{111} form well-defined crystalline structures due to the
spontaneous formation of strong gold—sulfur bonds and attrac-
tive van der Waals forces between adjacent alkyl chains.'?
However, characteristic domain boundaries and defects gener-
ated during assembly>~% limit their applicability for patterning
and device fabrication.®”®

One solution for improving control over patterning in SAMs
is to design molecules with tailored intermolecular interactions
that impart tunability to surface properties.”” !> For instance, self-
assembly of amide-containing alkanethiols results in highly
stable films due to strong hydrogen bonding interactions between
buried amide functional groups.'®!” In contrast, adamantanethiols
with their rigid 10-carbon adamantane cage (Scheme 1)'®
produce SAMs with larger intermolecular distances and thus
smaller intermolecular interaction strengths, as compared to
n-alkanethiols. Thiol-based adamantane'®"?' and poly-
mantane??”2* SAMs on Au{111} have been prepared with a
variety of assemblies on gold surfaces by altering the number
and position of thiol functionalities on the diamondoid cage.
Recent scanning tunneling microscopy (STM) studies on
1-adamatanethiolate (1AD) SAMs on Au{111} revealed highly
ordered, hexagonally close-packed lattices that were readily
displaced by short-chain alkanethiols.? The labile nature of 1AD
SAMs has also been exploited to develop an improved soft
lithography technique, microdisplacement printing, wherein
alkanethiolate ink molecules displace a preexisting 1AD SAM
only in stamped (contacted) regions.?*"?With this technique,
the remaining 1AD SAM in unstamped areas acts as a diffusion
barrier, preventing pattern dissolution. This creates high-quality
patterns with sharp edges.
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SCHEME 1: (A) Molecular Structures of
1-Adamantanethiol and 2-Adamantanethiol* and (B)
Three-Dimensional Representation of the Corresponding

Thiolates
H
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@ Sulfur attachments to the tertiary (3°) and secondary (2°) carbon
on the adamantyl cage in each thiol are shown by the arrows.

The decreased molecular packing density and the lower
intermolecular interaction strengths in 1AD SAMs facilitate their
rapid and complete displacement by other thiol molecules at
room temperature and at millimolar concentrations.**~3> By
designing the intermolecular interactions, we are able to control
the rate and extent of molecular exchange in SAMs, making
the microdisplacement printing technique flexible and robust.
Here, we demonstrate that 2-adamantanethiol forms well-
ordered, hexagonally close-packed monolayers on Au{111} with
a c(4 x 2) superlattice. We also show the geometric influence
of the adsorbates on the final SAM structure by comparing
differences in SAMs of two structural isomers. In 1-adaman-
tanethiol and 2-adamantanethiol, sulfur is attached to the tertiary
or secondary carbon, respectively, on the adamantyl cage
(Scheme 1). We posit that this alteration changes the orientation
of molecules within the respective SAMs, resulting in different
superlattice structures. Further, in a 2-adamantanethiolate (2AD)
monolayer, asymmetry in the adamantyl cage with respect to
the gold—sulfur bond axis should modulate the strength of the
intermolecular interactions within the SAM, allowing us to
control the rate and extent of displacement.
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2. Experimental Methods

Materials. The chemicals n-dodecanethiol, thiourea, diethyl
ether, anhydrous magnesium sulfate, sodium hydroxide, silica
gel (70—230 mesh), anhydrous hexanes, potassium thioacetate
(KSAc), dimethylformamide (DMF), 2-bromoadamantane
(Sigma-Aldrich, St. Louis, MO), 1-bromododecane-d,s (Cam-
bridge Isotopes, Andover, MA), and 200-proof ethanol (Pharm-
co, Brookfield, CT) were used as received. 1-Dodecanethiol-
d»s was prepared as described previously.**

2-Adamantanethiol Synthesis. 2-Adamantanethiol was syn-
thesized by modifying a previously reported method** using
KSAc and 2-bromoadamantane. In a three-necked flask, 10.7 g
of 2-bromoadamantane was added to a stirred solution of 10 g
of KSAc in 100 mL of DMF. The mixture was refluxed at
130 °C under Ar until 2-adamantanethiol was formed. The
resulting solution was allowed to cool to room temperature and
was then partitioned between H,O and hexane; 2-adaman-
tanethiol was extracted into the hexane layer. The resulting
extracts were dried over anhydrous magnesium sulfate and
evaporated under Ar gas. 2-Adamantanethiol was purified by
using flash column chromatography and vacuum sublimation.®
The purified product was characterized by infrared spectroscopy,
nuclear magnetic resonance (NMR), and mass spectroscopy.’~%°
Infrared absorptions in CCl, were observed at 2910, 2850, 1465,
1455, and 2580 cm™! (S—H, very weak). Nuclear magnetic
resonance features in CDCl; were found as follows: 'H NMR
0 141 (d, 1H, J = 6 Hz), 1.47 (broad s, 1H), 1.53 (broad s,
1H), 1.72 (broad s, 2H), 1.79 (broad, 8H), 2.15 (broad s, 1H),
2.20 (broad, 1H), and 3.30 (broad d, 1H, J = 7 Hz); '3*C NMR
0 45.90, 36.05, 28.17, 27.37 for primary and tertiary carbons,
0 39.28, 38.25, 31.27 for secondary carbons. Mass spectral
features with assigned fragments and relative intensities were
observed at mass/charge ratios of 168 (C;oH;sSH™, 70%), 135
(CioH,5™, 85%), 93 (CsHy™, 80%), 91 (C;H;, 90%), 79 (CeH; T,
100%), 77 (C¢Hs™, 70%), 67 (CsH;™ or CioH5*F, 70%), 41
(C3Hs™, 30%), and 334 (CayoH30S5™, 20%).

Self-Assembled Monolayer Fabrication. All 2AD mono-
layers were assembled on flame-annealed Au{111} on mica
substrates (Agilent Technologies, Tempe, AZ) inserted in | mM
ethanolic 2-adamantanethiol solution. After annealing the Au
substrates with a hydrogen flame, clean substrates were placed
in 1 mM 2-adamantanethiol solution either at room temperature
for 24 h or at 70 °C for 2 h with subsequent dry-annealing under
nitrogen at 78 °C for 17 h in sealed glass v-shaped vials (see
the Supporting Information for further details). Following
deposition, each sample was removed from solution, rinsed with
ethanol, and blown dry with nitrogen 3 times. Displacement of
2AD SAMs with n-dodecanethiol was carried out by immersing
preassembled 2AD SAMs into 1 mM n-dodecanethiol solutions
for the specified time periods.

Scanning Tunneling Microscopy. All STM measurements
were performed under ambient conditions with use of a custom-
built beetle-style STM.*4%4! The samples were scanned within
24 h of fabrication and were stored under nitrogen prior to any
other measurements. The 2AD lattice spacing was measured
from Fourier transforms of STM images of 2AD SAMs after
being calibrated using the Fourier transforms of images of the
n-dodecanethiolate (C12) SAM lattice. Lattice spacings were
also determined from binary SAMs, which contained distinct
ordered domains of both 2AD and C12. In this way, the same
tip was used to obtain the lattice spacings of both components
simultaneously. The apparent corrugations of the SAMs were
calibrated by using the known height of the step edges of the
Au{111} substrate in C12 SAMs.
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X-ray Photoelectron Spectroscopy. Samples for X-ray
photoelectron spectroscopy were stored under nitrogen and
transferred to the vacuum chamber within 1 h. Spectra were
acquired with a Kratos Axis Ultra photoelectron spectrometer
with a monochromatic Al Ko source (20 mA, 14 kV), base
pressure of 1 x 107° Torr, and a spot size of 300 um x
700 um. Survey spectra were acquired at a pass energy of 80
eV and high-resolution spectra of the C 1s, S 2p, and Au 4f
regions were collected at a pass energy of 20 eV. The binding
energies were referenced to the Au 4f;, peak at 83.98 eV.*
Allof the peaks from the spectra were fitby using Gaussian—Lorentzian
(GL) line shapes (CasaXPS analysis software*®) using a linear
background when necessary.

Cyclic Voltammetry. A custom-built electrochemical cell**
and a BAS Epsilon potentiostat (Bioanalytical Systems Inc.,
West Lafayette, IN) were used to perform electrochemical
measurements with methods described previously.’*3>4> The
working electrode was defined by a perfluoroelastomer O-ring
(McMaster Carr, Cleveland, OH) mounted on top of the
Au{111} substrates inside the electrochemical cell. The area
of the working electrode was ~0.1 c¢cm? electrochemically
determined by using the Randle-Sevcik equation.*®

The potential of the cell was controlled by employing a Ag/
AgCl saturated KCl reference electrode (Bioanalytical Systems
Inc., West Lafayette, IN) and a Pt wire counter electrode
(Bioanalytical Systems Inc., West Lafayette, IN). An aqueous
solution of 0.5 M KOH (99.99%, semiconductor grade, Sigma-
Aldrich, St. Louis, MO) prepared with deionized water
(18.2 MQ) was used for the supporting electrolyte, after being
sparged with ultrahigh purity Ar for 20 min. Cyclic voltam-
mograms were acquired from —200 to —1500 mV at a sweep
rate of 20 mV/s and were baseline-corrected by using a straight
line subtraction in the first of 100 mV of the sweep in which
no faradaic processes occur.*

Infrared Reflection Adsorption Spectroscopy. All infrared
spectra were acquired by using a Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer (Thermo Electron Corp., Waltham,
MA) equipped with a liquid-nitrogen-cooled mercury—cad-
mium—telluride detector and a Seagull variable-angle reflection
accessory (Harrick Scientific Inc., Pleasantville, NY). The spec-
trometer was purged with dry CO,-free air prepared by a FTIR
Pure Gas Generator (Parker-Balston, Cleveland, OH). The data
were collected at grazing incidence reflection (82° relative to surface
normal) with p-polarized light and a mirror speed of 1.27 cm/s
with a resolution of 2 cm™'. All SAM spectra were transformed
by using N—B Medium apodization and were normalized with data
recorded for perdeuterated n-dodecanethiolate monolayers on
Au{111}. Spectra were acquired for each 2AD SAM to verify the
absence of impurities and the presence of the characteristic CH,
stretch at 2913 4 1 cm™!, which is indicative of well-ordered 2AD
SAMs. The samples were placed in 1 mM ethanolic n-dode-
canethiol solutions for displacement. After every specified time
frame, the SAMs were rinsed with ethanol and blown dry with
nitrogen. Each FTIR spectrum was recorded, and the sample was
returned to the n-dodecanethiol solution for further exposure. In
the case of DA 2AD SAM displacement, the displacement interval
was increased as the rate of change diminished. To achieve
saturation coverage, the samples were placed in a n-dodecanethiol
solution for a total of 24 h to allow additional growth and ordering.
Subsequently, a final spectrum was recorded for each sample to
determine the saturation coverage.
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Figure 1. Scanning tunneling microscopy images of 2-adamantanethi-
olate (2AD) self-assembled monolayers (SAMs) on Au{111} fabricated
by immersing substrates in 1 mM 2-adamantanethiol solution at room
temperature for 24 h (RT 2AD SAMs, A and B) or by first exposing
clean Au substrates to solution at 70 °C for 2 h, then dry-annealing the
samples under nitrogen at 78 °C for 17 h (DA 2AD SAMs, C and D);
sample bias 0.80 V, tunneling current 2.0 pA. The round features with
high contrast in panel C correspond to Au adatom islands with measured
heights of 2.4 A, consistent with the Au{111} single-atom step height.’

3. Results and Discussion

Characterization of 2-Adamantanethiolate SAMs on
Au{111}. Molecular exchange with a SAM strongly depends
upon the defect densities and domain sizes of the films.!#3!47
Thus, we first established conditions for controlling domain sizes
(and thus defect densities) in 2AD SAMs. Small-domain 2AD
SAMs with higher defect densities were prepared by placing
clean Au{111} substrates in 1 mM ethanolic 2-adamantanethiol
solution at room temperature (RT) for 24 h (RT 2AD SAMs,
Figure 1, parts A and B). Large-domain 2AD SAMs with lower
defect densities were fabricated by first placing clean Au
substrates in 1 mM ethanolic 2-adamantanethiol solution at
70 °C for 2 h, then dry-annealing (DA) the samples under
nitrogen at 78 °C for 17 h (DA 2AD SAMs, Figure 1, parts C
and D). The samples prepared from solution at 70 °C formed
2AD SAM surfaces with greater degrees of long-range order
than the samples prepared at room temperature. Other temper-
atures (50 and 60 °C) accelerate ordering. Annealing at 78 °C
gives further access to slow ordering, extending to large
domains. The annealing time used is not critical; however, we
observed evidence of desorption or oxidation including molec-
ular vacancies, disorientation, or disordering and clustering for
annealing times over 17 h (Figure S1 in the Supporting
Information).***° As shown in Figure 1, domain boundaries in
STM images appear as slight protrusions. The domain sizes of
RT 2AD SAMs were observed to be <200 A, with a large
number of disordered molecules in domain boundaries, vacancy
islands, and step edges (Figure 1A). High-resolution STM
images of RT 2AD SAMs (e.g., Figure 1B) reveal distinct
domain boundaries separating rotational domains. In contrast,
annealing at a moderately elevated temperature (78 °C) results
in 2AD SAMs with larger domain sizes, typically >500 A across,
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Figure 2. (A) A scanning tunneling microscopy image of a 2-ada-
mantanethiolate (2AD) self-assembled monolayer (SAM) on Au{111}
showing several rotational domains. The SAM was prepared by first
placing a Au substrate in a 1 mM 2-adamantanethiol solution at 70 °C
for 2 h, then dry-annealing the sample under nitrogen at 78 °C for
17 h (DA 2AD SAM). The lattice in domain B is rotated 30°
counterclockwise with respect to domain A, and domain C is rotated
40° clockwise with respect to domain A. The domains A’ and C' have
the same orientations as domains A and C, respectively. Domain D is
disordered. The yellow arrows denote translational domain boundaries;
600 A x 600 A; sample bias 0.80 V, tunneling current 2.0 pA. (B)
The proposed unit cell for the 2AD lattice on Au{111}. (C and D) The
proposed superlattice c(4 x 2) structures of alternating heights resulting
from different phases (3 and d), respectively.>

and a substantial decrease in disordered regions and vacancy
islands (Figure 1C).!*%73* During annealing, thermal energy
allows molecules in disordered regions to change orientation,
forming highly ordered monolayers over large areas (Figure 1D).
However, disordered regions still remain proximate to vacancy
islands, between domains, and along step edges (Figure S1 in
the Supporting Information).

In molecularly resolved images, we observe that rows of
molecules change direction between domains, even without
apparent depressions or protrusions at rotational domain bound-
aries. The relative orientation angles between rotational domains
were measured, although the exact rotation with respect to the
underlying Au substrate cannot be determined by imaging only
the adlayer. Figure 2A shows four rotational domains in a
DA 2AD SAM. Slight apparent protrusions observed in region
A (arrows in Figure 2A) indicate translational domain bound-
aries in the same rotational domain.* The relative rotational
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Figure 3. (A and B) Scanning tunneling microscopy images of mixed SAMs containing 2-adamantanethiolate (2AD) and n-dodecanethiolate
(C12) domains fabricated by inserting 2AD SAMs in 1 mM n-dodecanethiol solution for the specified times. (A) The 2AD SAMs were prepared
by immersing clean Au substrates in 1 mM 2-adamantanethiol solution at room temperature for 24 h (RT 2AD SAMs). The small protruding
features in the first image correspond to Au adatom islands formed during 2AD self-assembly.> (B) The 2AD SAMs were prepared by first placing
Au substrates in 1 mM 2-adamantanethiol solution at 70 °C for 2 h, then dry-annealing the samples under nitrogen at 78 °C for 17 h (DA 2AD

SAMs); sample bias 0.80 V, tunneling current 2.0 pA.

angles of domains B and C were measured from domain A; the
angle for domain D was not measured due to disorder. The angle
from domain A to domain B was 30° counterclockwise, whereas
the angle from domain A to domain C was 40° clockwise. Other
rotational domains were also observed in other STM images.
All measured rotational angles between domains were close to
30°, within a standard deviation of 10° due to errors resulting
from thermal drift in our ambient STM. The restricted variation
in relative rotational angles between domains in 2AD SAMs is
consistent with our proposed lattice structure (vide infra).
Individual molecules in 2AD SAMs are arranged in a
hexagonally close-packed formation with a c(4 x 2) superlattice
structure (Figure S2 in the Supporting Information).>®>” The
distance between hexagonal points in reciprocal space corre-
sponds to measured nearest neighbor distances of 6.9 & 0.4 A
and next nearest neighbor distances of 11.6 4+ 0.4 A, which are
close to the nearest neighbor distances of 6.67 + 0.01 A for
three-dimensional adamantane crystals.’® On the basis of the
above observations, we propose that the most likely unit cell
assignment is (4 x 4) with respect to the Au{111} substrate,
as shown in Figure 2B." Using a gold spacing of 2.88 A, a (4
x 4) unit cell has a lattice constant of 11.52 A and comprises
three molecules per unit cell. The phases of the c(4 x 2)
superlattice with respect to the proposed (4 x 4) unit cell
observed in 2AD SAMs are 3 and & phases,” consisting of
molecules with two different apparent heights (Figure 2C,D).
We observed ellipsoids at molecular resolution and linear

features in large scanning areas (Figure 1) depending on the tip
condition. This might have been caused by the convolution of
c(4 x 2) phases or different molecular interactions between
molecules driven by the flexible molecular orientation of 2AD
(e.g., tilt or twist).?!** However, it was not possible to determine
tilt or twist angles of the adamantyl cage from the Au—S bond
axis by STM.

Displacement of 2-Adamantanethiolate SAMs with
n-Dodecanethiol. Scanning tunneling microscopy allows us to
monitor the molecular exchange of 2AD monolayers with other
alkanethiols at the nanoscale. Figure 3 shows STM images of
2AD SAMs containing C12 domains generated by displacement
with 1 mM ethanolic n-dodecanethiol solution. To correlate
exchange kinetics with the domain sizes and defect densities in
2AD SAMs, both RT 2AD and DA 2AD SAMs were immersed
in 1 mM ethanolic n-dodecanethiol solutions for controlled time
periods. Figure 3 A shows the results of displacement of
RT 2AD SAMs by C12 for 2, 10, and 60 s from left to right.
Figure 3B depicts the displacement of DA 2AD SAMs by C12
for 10, 40, and 120 min from left to right.

As expected, small-domain RT 2AD SAMs undergo much
faster molecular exchange with C12 than large-domain DA 2AD
SAMs. After 2 s of displacement, the remaining lower areas
correspond to well-ordered 2AD domains, while the dots and
lines with high contrast are assigned as less-ordered C12
molecules. In the early stages of displacement, rapid molecular
exchange primarily occurs in disordered regions such as domain
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boundaries, vacancy islands, and step edges;* adsorbed C12
molecules in these regions are disordered. After 10 s of
displacement, corrugated rod-like structures begin to appear in
the SAM, oriented in different directions; we attribute these
features to the C12 areas that displace ordered 2AD molecules
in different rotational domains. After 60 s of displacement, C12
molecules start forming small domains of hexagonally close-
packed lattices; well-organized 2AD domains were still present
(not shown). We ascribe depressed lines observed in some C12
regions (arrows in Figure 3A) to missing rows caused by the
size disparity between C12 and 2AD after exchange. During
the displacement process, a C12 molecule replaces a relatively
large 2AD molecule, leaving room for additional C12 insertion.
This lattice mismatch is a key feature of successful and complete
displacement.?! More C12 molecules eventually backfill these
rows, optimizing hexagonal close-packing. As insertion time
increased, the fraction of the surface covered by 2AD domains
decreased and displacement was essentially complete after
40 min. At very long displacement times, molecular exchange
continued at the boundaries between C12 islands until they
eventually coalesced into large domains.*

As expected, the more ordered DA 2AD SAMs with larger
domain sizes exhibit slower C12 exchange kinetics. The
displacement process for DA 2AD SAMs was much slower than
that for RT 2AD SAMs (Figure 3B). However, the initial rapid
molecular exchange of disordered 2AD regions also occurred
quickly (first image of Figure 3B). At longer exchange times,
the difference in kinetics is evident; even after 40 min of
insertion in n-dodecanethiol solution, DA 2AD SAMs still
contained large, well-ordered 2AD domains, and 120 min was
required to cover most of the surface with C12.

Important differences are observed between the displacement
of SAMs of 2AD and SAMs of its structural isomer, 1AD. The
C12 regions in mixed SAMs formed by the short-time displace-
ment of RT 2AD SAMs showed rod-like structures that grew
linearly (see Figure 3A). In contrast, alkanethiolate regions
resulting from the solution displacement of 1AD SAMs with
n-octanethiol, n-decanethiol, and n-dodecanethiol appear as
clusters of molecules that grow radially.>3!? The different
growth patterns of C12 domains in 2AD SAMs suggest their
displacement mechanism is not precisely the same as the
displacement in 1AD SAMs; we attribute this to the different
lattice structures of the original labile SAMs.

Apparent height differences in mixed 2AD/C12 SAMs can
be used to infer the apparent height of the 2AD monolayer.
The apparent heights are used along with the lattice spacings
(and surface coverages) to help identify molecules in mixed
monolayers.!*%!"% Figure 4 shows STM images of a binary
SAM composed of both 2AD and C12 domains, fabricated by
40 min of displacement of a DA 2AD SAM in 1 mM
n-dodecanethiol solution. In Figure 4A, the low-contrast de-
pressed areas correspond to 2AD domains and the high-contrast
protruding patches correspond to C12 domains. The measured
apparent height differences between 2AD and C12 are 3.5 +
0.2 A. On the basis of the previously measured apparent height
of C12 regions as 12.0 & 0.2 A,%? the measured apparent height
of 2AD SAMs under these conditions should be 8.7 & 0.2 A.

Figure 4B shows a highly ordered mixed SAM with 2AD
and C12 domains, in good agreement with the expectation that
well-ordered 2AD domains are strongly resistant to C12
exchange. On careful inspection, C12 regions consist of several
rotational domains, attributed to separate nucleation of these
domains during displacement (Figure 4C). At high resolution
(Figure 4D), C12 domains show individual C12 molecules in
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Figure 4. (A—D) Scanning tunneling microscopy images of a mixed
SAM composed of 2-adamantanethiolate (2AD) and n-dodecanethiolate
(C12) domains on Au{111} fabricated by inserting a 2AD SAM into
a 1 mM n-dodecanethiol solution. The 2AD SAM was prepared by
first placing a Au substrate in 1 mM 2-adamantanethiol solution at
70 °C for 2 h, then dry-annealing the sample under nitrogen at 78 °C
for 17 h (DA 2AD SAM); sample bias 1.0 V, tunneling current
2.0 pA.

a hexagonally close-packed lattice in addition to the aforemen-
tioned linear patterns.

After displacement reaches completion, the predominant C12
phase is the saturated phase where the linear hydrocarbon chains
are aligned with a (\/ 3 x 3)R30° lattice. However, at shorter
displacement times, other C12 SAM phases were observed.
Figure 5 shows STM images of C12 domains after 60 min of
exchange with a DA 2AD SAM. These phases resemble those
previously observed for low-coverage n-alkanethiolate
SAMs.%~% Unsaturated striped phases of linear alkyl chains
known as 0 and y phases (see in Figure 5A) are initially formed
and are eventually replaced by a saturated ¢ phase (Figure 5B)
upon continued exposure. We propose that molecular exchange
between 2AD and C12 occurs initially at a 1:1 ratio,®”7!
resulting in unsaturated phases due to the size disparity between
2AD and C12, and that vacancies are later backfilled by
additional C12 molecules.

Intermolecular Interaction Strengths and Molecular Pack-
ing in 2-Adamantanethiolate SAMs. Weak intermolecular
interactions and low molecular packing density in 1AD SAMs
were the main thermodynamic driving forces for displacement
by n-alkanethiols.’*3? These two factors for 2AD monolayers
were quantified by using cyclic voltammetry and X-ray pho-
toelectron spectroscopy (XPS). Samples for these experiments
were prepared in the same way as those used for STM studies.

The cathodic peak potential (E}) in cyclic voltammetry offers
insight into the strength of intermolecular interactions in
SAMSs.”>"77 Figure 6 shows representative voltammograms of
single-component 1AD, 2AD, and C12 SAMs. Respective
average E;, cathodic peak current (/;), peak area, and the full-
width-at-half-maxima (fwhm) from several voltammograms are
listed in Table 1. The one-electron reductive desorption of the
thiolate from the gold electrode generates the cathodic peaks
in the voltammograms. As shown in Table 1, the average E,
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Figure 5. Scanning tunneling microscopy images of n-dodecanethiolate
(C12) phases generated from displacement of a 2-adamantanethiolate
(2AD) SAM with a 1 mM n-dodecanethiol solution for 60 min: (A)
715 A x 615 A; (B) 996 A x 477 A; sample bias 1.0 V, tunneling
current 2.0 pA. The 2AD SAM was fabricated by first placing a Au
substrate in 1 mM 2-adamantanethiol solution at 70 °C for 2 h, then
dry-annealing the sample under nitrogen at 78 °C for 17 h (DA 2AD
SAM).

04 06 -08 -1.0 -12 -14
Potential (V vs. Ag/AgCl)

Figure 6. Representative voltammograms showing the reductive
desorption of (A) a single-component 1-adamantanethiolate (1AD)
SAM, (B) a single-component 2-adamantanethiolate (2AD) SAM, and
(O) a single-component n-dodecanethiolate (C12) SAM. Baseline
correction was applied to account for solution resistance and sample/
electrode contact resistance using a straight line subtraction in the first
of 100 mV of the sweep in which no faradaic processes occur.’? The
traces are offset for clarity.

for single-component 2AD SAMs appeared at —1076 & 12 mV,
which is slightly more positive than the average E, for C12
SAMs (—1113 & 9 mV),”® but far more negative than that
observed for 1AD SAMs (—996 + 4 mV).** A more positive
E, for the SAM implies that less energy is required to desorb
each molecule reductively from the Au surface. Since the Au—S
bond strength is similar for the three species described here,
this suggests that the intermolecular interactions in 2AD SAMs
are weaker than those in C12 SAMs, but are apparently stronger
than those in 1AD SAMs. The asymmetry in the adamantyl
cage with respect to the Au—S bond provides a degree of
freedom to 2AD molecules, which evidently leads to stronger
intermolecular interactions, perhaps due to different intermo-
lecular distances of closest approach. The larger standard
deviation of the average E, for 2AD SAMs may be caused by
disordered regions in 2AD SAMSs.” The very narrow fwhm of
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TABLE 1: Average Cathodic Peak Potential (E,), Current
(I), Area, and Full-Width-at-Half-Maxima (fwhm) from
Voltammograms of Single-Component 1-Adamantanethiolate
(1AD) SAMs, Single-Component 2-Adamantanethiolate
(2AD) SAMs, and Single-Component r-Dodecanethiolate
(C12) SAMs*

avg peak avg peak avg peak avg peak
potential (mV)  current (A) area (uC) fwhm (mV)
1AD —996 + 4 32+04 85+ 1.8 58 + 11
2AD —1076 + 12 5.0+ 0.7 9.3+3.0 3548
C12 —1113+9 6.0+ 1.0 142 +0.8 45+9

“All SAMs were prepared by immersing clean Au substrates in
the corresponding 1 mM ethanolic thiol solutions at room temper-
ature for 24 h.

the cathodic peak in 2AD SAMs may also reflect increased
intermolecular interaction strengths relative to 1AD SAMs. 508!

The C12/2AD ratios for both the I, (1.2) and the cathodic
peak area (1.5) reflect the differences in molecular packing
density between C12 and 2AD SAMs, since each molecule loses
one electron during electrochemical desorption.?>* The smaller
average I, and cathodic peak area for 2AD SAMs on Au{111}
compared to C12 SAMs indicate that the absolute surface
coverage (number of molecules per unit area) of 2AD SAMs is
lower than that for C12 SAMs. If we consider only the unit
cell of each SAM, a C12 SAM (one molecule in a (\/ 3 x
/3)R30° unit cell) contains 1.8 (16/9) times more molecules
in the same area as a 2AD SAM (three molecules in a (4 x 4)
unit cell).* However, disordered molecules in the 2AD SAMs
strongly influence the uncertainty in the /, and the peak area,
making direct comparisons difficult. Also, the larger average I,
and peak area of 2AD SAMs than those of 1AD SAMs indicate
that the average number of molecules per unit area of 2AD
SAMs is slightly higher than that for IAD SAMs. This can be
rationalized by the difference of intermolecular distances
between 2AD SAMs (6.65 ;A) and 1AD SAMs (6.72 or
6.87 A).1°

Changes in XPS spectra of the mixed 2AD/C12 SAMs
generated by displacement compared to single-component 2AD
and C12 SAMs allow us to quantify the extent of displacement
in exchange reactions and to monitor the change in local
electronic properties of the interface between the organic layer
and the underlying Au substrate. Importantly, this technique
provides us with an ensemble measurement to complement the
molecular-scale information obtained by STM. Figure 7 shows
the C 1s region of the XPS spectra for single-component 2AD
and C12 SAMs, as well as binary 2AD/C12 SAMs created by
the displacement of RT 2AD SAMs with a 1 mM n-dode-
canethiol solution for 10 s, 1 min, and 10 min. All C Is spectra
for each sample were calibrated by using the Au 4f;, peak at
83.98 eV. The Au photoelectron peaks for each sample (not
shown) did not change in shape or fwhm, indicating that these
electrons come from the bulk gold.”* The C 1s peaks from the
spectra of the mixed 2AD/C12 SAMs shift from the lower 2AD
binding energy to the higher C12 binding energy as the exposure
time increases (see Table 2); a similar trend is observed for
DA 2AD SAMs at long displacement times.

For each 2AD SAM measurement, the observed peak is a
convolution of two peaks, with an area ratio of approximately
9:1 (inset in Figure 7). The smaller peak component at 285.0
£ 0.1 eV corresponds to the carbon with the thiol substituent.
The larger peak component at 283.8 & 0.1 eV corresponds to
the other nine adamantyl carbons.*® These peaks are different
than the C12 peak positions of 286.5 + 0.1 and 284.9 +
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Figure 7. The C 1s region of XPS spectra of a single-component
2-adamantanethiolate (2AD) SAM, a single-component n-dodecanethi-
olate (C12) SAM, and binary 2AD/C12 SAMs created by displacement
of 2AD SAMs with 1 mM n-dodecanethiol solution for 10 s, 1 min,
and 10 min. The 2AD SAMs were prepared by inserting Au substrates
in 1 mM 2-adamantanethiol solution at room temperature for 24 h
(RT 2AD SAMs). The inset shows the C 1s peak of a single-component
RT 2AD SAM fit by two Gaussian—Lorentzian line shapes with
maxima at 283.8 and 285.0 eV (283.9 and 285.1 eV for a dry-annealed
2AD SAM, see Figure S3 in the Supporting Information), and with a
peak area ratio of 9:1.

TABLE 2: Binding Energies and the
Full-Width-at-Half-Maxima (fwhm) of the C 1s Peaks in the
XPS Spectra of Single-Component 2-Adamantanethiolate
(2AD) SAMs, Single-Component n-Dodecanethiolate (C12)
SAMs, and Mixed 2AD/C12 SAMs Created by Displacement
of 2AD SAMs in 1 mM r-Dodedcanethiol Solution for the
Specified Times*

: b
C 1s binding Cls molecular species (%)

energy (eV) fwhm (eV) 2AD C12
RT 2AD 283.8 1.09 100 0
RT 2AD 10 s 284.2 1.19 70 30
RT 2AD | min 284.4 1.15 31 69
RT 2AD 10 min 284.5 1.13 20 80
C12 284.9 1.11 0 100
DA 2AD 283.9 1.00 100 0
DA 2AD 10 min 284.3 1.19 65 35
DA 2AD 40 min 284.4 1.21 51 49
DA 2AD 120 min 284.5 1.24 43 57
C12 284.9 1.11 0 100

“The 2AD SAMs were prepared by immersing clean Au
substrates in 1 mM 2-adamantanethiol solution at room temperature
for 24 h (RT 2AD SAMs) or by placing Au substrates in
2-adamantanethiol solution at 70 °C for 2 h, then dry-annealing the
samples under nitrogen at 78 °C for 17 h (DA 2AD SAMs).
b Surface fraction of each molecule, estimated from the area ratios
of the individual peaks discussed in the text.

0.1 eV.828 The larger intensity, lower binding-energy peak
corresponds to the C12 hydrocarbon tail. The lower binding
energy of the C 1s peak in a single-component 2AD SAM
relative to a single-component C12 SAM is attributed to the
adamantyl cage structure rather than chemical shift.>* This
binding energy difference is substantially larger than typically
observed chemical shifts (usually 0.1—0.3 eV) and the C 1s
peak moves closer to the C 1s binding energies found for
graphite and diamond.**#*35 The binding energy of the C 1s
peak from 2AD SAMs, 283.8 £ 0.1 eV, is slightly lower than
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that for 1AD SAMs, 284.4 + 0.1 eV.*® This could originate
from the structural flexibility of the molecule caused by tilting
or twisting for stronger intermolecular interactions. On the basis
of previous results and discussions,? 2-adamantanethiolates on
Au{111} may be in a more tilted orientation rather than upright
on the surface. Interestingly, the C 1s binding energy range of
DA 2AD SAMs (283.9—284.0 eV) is slightly higher than that
for RT 2AD SAMs (283.7—283.8 eV), which we attribute to
the different local environment in the SAM (Figure S3 in the
Supporting Information). We infer that better ordering on large
scales gives higher Cls binding energy.

The coverages of 2AD and C12 domains in binary SAMs
were estimated from the peak areas of the C 1s region of the
XPS spectra and are given in Table 2. The coverage of each
molecule in binary SAMs was determined by comparing the
peak areas of the mixed monolayers to those of the single-
component 2AD and C12 SAMs. Calculations using Gaussian—
Lorentzian fits to the spectra for the original monolayers were
not applicable,?® due to the changes in the work functions of
the local surface.®® These changes can be directly observed by
the change in the C 1s peak positions for mixed 2AD/C12 SAMs
vs 2AD SAMs while maintaining similar peak widths. As shown
in Table 2, the displacement of DA 2AD SAMs with C12 is
much slower compared to that of RT 2AD SAMs, principally
resulting from the higher SAM quality—large domain sizes and
fewer defects. Another factor is higher molecular coverage
indicated by the relatively larger C 1s peak area in DA 2AD
SAM (Figure S3 in the Supporting Information).

Kinetics of Displacement in 2-Adamantanethiolate SAMs.
We utilized Fourier transform infrared (FTIR) spectrometry to
monitor the SAM displacement reactions through completion,
and thus the quantitative kinetics of solution displacement of
2AD SAMs by C12. Grazing incidence FTIR spectra of 2AD
and C12 SAMs were obtained from 800 to 4000 cm™'.
Characteristic spectra of each adsorbate are shown in Figure
8A. The 2AD spectra display two main peaks and two shoulders
attributed to C—H stretching in the region from 2750 to
3050 cm™!. The 2850 and 2913 cm™! peaks are associated with
symmetric and asymmetric CH, stretch modes, respectively.>'%”
The shoulders at 2899 and 2934 cm™! are associated with C—H
stretches.8”"% The CH, symmetric and asymmetric stretch
modes of the C12 spectra were positioned at 2850 and
2919 cm™!, nearly overlapping those of 2AD in the same spectral
region. The CH; symmetric and asymmetric stretches were
resolved well at 2877 and 2963 cm™!, respectively.®?

The displacement of 2AD SAMs by C12 was studied by
monitoring the emergence of the well-resolved 2877 cm™! CH;
symmetric stretch as a function of n-dodecanethiol solution
exposure time.?%*1% Both RT 2AD and DA 2AD SAMs were
prepared and immersed in 1 mM ethanolic n-dodecanethiol
solution for the specified time periods. The process was
interrupted between time intervals for analysis by FTIR and
samples were then returned to the n-dodecanethiol solution for
the next displacement cycle. Figure 8B shows the spectral
evolution of a DA 2AD SAM at representative time intervals
(1, 10, 40, and 180 min) during displacement. After 180 min
of exposure, the sample was left in solution for a total of 24 h
to reach saturation. The final spectrum was collected in order
to determine the maximum C12 coverage. The fractional
coverage of C12 was determined by taking the ratio of the
interval and final peak area of the 2877 cm™!' CH; symmetric
stretch of C12. Figure 8C shows the C12 coverage as a function
of displacement time for the RT 2AD and DA 2AD SAMs. As
a result, RT 2AD SAMs were rapidly displaced, approaching
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Figure 8. (A) Infrared spectra of the C—H stretch region of a
2-adamantanethiolate (2AD) SAM and a n-dodecanethiolate (C12)
SAM, showing their spectral overlap (see text for mode assignments).
The 2AD SAMs were prepared either by inserting clean Au substrates
in I mM 2-adamantanethiol solution at room temperature for 24 h
(RT 2AD SAMs) or by placing Au substrates in 2-adamantanethiol
solution at 70 °C for 2 h, then dry-annealing the samples under nitrogen
at 78 °C for 17 h (DA 2AD SAMs). (B) Spectral evolution of a DA
2AD SAM displaced by C12 in 1 mM solution as a function of
immersion time, 1, 10, 40, and 180 min. (C) Plot of C12 monolayer
coverage formed by displacement of RT 2AD and DA 2AD SAMs by
C12 as a function of the specified periods of displacement time, at
every | min interval for RT 2AD SAMs, and at 1, 10, 20, 40, 60, 80,
100, 120, and 180 min intervals for DA 2AD SAMs.

saturation with C12 in less than 20 min. However, DA 2AD
SAMs were replaced by C12 more slowly, requiring over
180 min to approach completion. Both results are consistent
with the STM images and C 1s XPS spectral analyses.

As explained above, displacement is driven by three major
factors: access to the substrate at defect sites susceptible to
insertion and island nucleation, lower density of Au—S bonds
relative to the displacing alkanethiolate SAM, and lattice
mismatch that allows the SAM to continue to completion.30-31:91:2
While the internal domain structures of RT 2AD and DA 2AD
SAMs are identical, we observed significant differences in the
defect densities and the domain sizes for the two preparations
(vide supra). Manipulating these factors, via annealing, influ-
ences the overall displacement process. Numerous defect sites
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and disordered regions in RT 2AD SAMs allow rapid exchange,
while the improved quality of DA 2AD SAMs in terms of
ordering, domain sizes, and smooth domain boundaries limit
exchange, resulting in slower overall rates of displacement.

4. Conclusions

The study of 2AD SAMs with STM offers insight into the
relationships between molecular geometry and intermolecular
interactions in SAMs. In 2AD SAMs, the different position of
sulfur on the adamantyl cage changes the orientations of the
molecules on the surface as well as the Au—S bond configu-
ration in comparison with previously reported 1AD SAMs. This
results in stronger and directional intermolecular interactions,
which also affect substrate—molecule interactions. In the
molecular exchange between 2AD SAMs and n-dodecanethiols
in solution, the ¢(4 x 2) molecular arrangement directs the linear
growth of C12 domains during initial displacement, which
modulates the local work function of mixed SAMs. Increased
intermolecular interactions in the ordered 2AD domains result
in resistance to displacement by C12. Significantly, the kinetics
of molecular exchange in 2AD SAMs can be tuned by changing
the domain sizes and densities of disordered molecules. The
different kinetics and structures of these SAMs offer control
over molecular exchange and also indicate the importance of
directional interactions in patterning surfaces at the nanoscale.
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