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ABSTRACT: While molecular-level structural information is read-
ily available for n-alkanethiol self-assembled monolayers (SAMs) on
noble metal surfaces, the same cannot be claimed for dithiol-based
SAMs due to their lack of long-range-order. This work provides
molecular-level structural information on dithiol SAMs by
investigating 5-(octyloxy)-1,3-phenylenedimethanethiol (OPDT)
SAMs on Au(l11) surfaces, using combined high-resolution
scanning tunneling microscopy (STM), atomic force microscopy
(AFM), and nanolithography. The high coverage OPDT SAMs do
not exhibit long-range order. Desorption of these OPDT SAMs

leads to the formation of ordered domains known as the striped phases, whose unit mesh is revealed as commensurate with the

underlying Au(111) lattice. In these domains, OPDT molecules are

lying-down, with the benzene ring and the zigzag plane of the

alkyl chain parallel to the Au(111) surface. At the boundaries of these ordered structures, standing-up OPDT molecules are
frequently present with an intermolecular space of 1 nm (i.e., 1D ordered structures). Using these ordered structures as internal

standards in situ, the structure of the high-coverage OPDT SAMs is

revealed: amixture of standing-up and lying-down molecules

randomly distributed on Au(111); as such, these SAMs exhibit little long-range order or ordered domains. The two thiols of each
OPDT molecule occupy triple hollow sites on Au(111) surfaces. In the standing-up configuration, the benzene ring is perpendicular
to the surface. In the lying-down con-figuration, the benzene ring and zigzag plane of the alkyl chain are parallel to the Au(111)
surface. This work represents a high-resolution and molecular-level structural characterization of functionalized dithiol SAMs,

furthering our understanding of dithiol molecule—surface interactions and the unique properties of these SAMs.

1. INTRODUCTION

Self-assembled monolayers (SAMs) generated from dithiol-
based adsorbates, such as 5-(octyloxy)-1,3-phenylenedimetha-
nethiol (OPDT) shown in Figure 1, have attracted much
attention due to their greater thermal stability than their
monothiol counterparts.'? The differences in the molecular
structure of dithiol versus thiol adsorbates, shown in Figure 1,

provide possible rationales for the enhanced stability: namely,
the presence of the aromatic ring and the two meta -CH,-SH
groups linked to the ring in the aromatic dithiols. The benzene
ring can é)lausibly give rise to stabilizing TT-TT interactions
among adsorbates in the SAMs, while the two meta thiols

provide a chelate effect to the Au(111) surface. The chelating
effect, not only stabilizes the SAMs but also inhibits the
formation of intramolecular and intermolecular disulfides,>

precursors that lead to the desorption and degradation of
SAMs.*® To unveil their enhanced stability and realize
advanced applications,’” molecular-level structural character-
ization of these SAMs becomes essential. While monothiol-
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based SAMs are well characterized at the molecular level,'*"?
high-resolution investigations of functionalized aromatic
dithiol SAMs remain challenging. Prior work indicated that
dithiol SAMs on gold surfaces lack long-range order or
periodicity,>!®2°-22 in contrast to n-alkanethiol SAMs, which

form a closely ;ﬁacked and ordered structure on gold
surfaces.!®12" The lack of order makes it technically
challenging to achieve molecular-level structural character-

ization.

The present study provides a molecular-level structural
characterization of OPDT SAMs on Au(111) surfaces using a
combination of high-resolution imaging and nanolithography
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Figure 1. Structure of an aromatic dithiol, OPDT, and two
monothiols, decane-1-thiol (Ci0) and octadecane-1-thiol (CisSH),
were used in this study. Conformations were generated using an
energy minimization using molecular mechanics 2 (MM2) force field
in Chem3D. Sulfur, carbon, hydrogen, and oxygen atoms are
represented by yellow, gray, white, and red spheres, respectively.

techniques. First, high-resolution scanning tunneling micros-
copy (STM) was utilized to reveal surface morphology and
structure of OPDT SAMs, under ultrahigh vacuum (UHV).
Then, atomic force microscopy (AFM) imaging and nano-
grafting were utilized to determine the thickness of the OPDT
SAMs. Finally, well-ordered structures of low-coverage OPDT
SAMs were produced by annealing the high-coverage SAMs in
UHYV, which served as our internal standards. The UHV-STM
imaging revealed the location and arrangement of individual
OPDT molecules on gold, as well as the order and periodicity
of'these internal standards, side by side. Comparisons of high-

resolution STM images of the internal standards and the
OPDT SAMs yield the molecular-level structure of dithiol
SAMs accurately and quantitatively. These results provide
important insights into dithiol molecule-surface interactions,
which benefits advanced applications of dithiol SAMs and are

of fundamental importance for the research of dithiol SAMs
and SAMs in general.’~%?+%7

2. METHODS

2.1. Materials for Imaging and Structure Character-
ization. Octadecane-1-thiol (abbreviated as CisSH) (98%),
and decane-1-thiol (abbreviated as C;o0SH) (98%), were
obtained from Sigma-Aldrich (St. Louis, MO) and used as
received. The clear ruby muscovite mica substrate was
purchased from Mica New York Corp (New York). Ethanol

5200 root%édecalin (amixture of cis and trans, 98%%, hexane
299.9%), KOH, tetrahydrofuran (h HF, purity 299.9%) were
all purchased from Sigma-Aldrich. Deionized water §_218.2
Muw) was purified by a Milli-Q system (Q-GARD 2, Millipore
Sigma, Billerica, MA). The STM tips were made from tungsten
wires (purity 99.95%) purchased from California Fine Wire
Company (Grover Beach, CA).

2.2. Synthesis of (5-(Octyloxy)-1,3-phenylene)-
dimethanethiol. Materials for Synthesis. 3.5-Bis-
(hydroxymethyl)phenol was prepared according to procedures
available in the literature.?® Potassium carbonate (K,COs),
methanesulfonyl chloride (MsCl), triethylamine (Et3N),
potassium thioacetate, lithium aluminum hydride (LiAIHjy),
and 1-iodooctane were purchased from Sigma-Aldrich and
used as received. The solvents tetrahydrofuran (THF) and
dichloromethane (CH,Cl,) were purchased from Sigma-
Aldrich. Hexanes, diethyl ether, acetonitrile (CH3CN), and
methanol (MeOH) were purchased from Mallinckrodt
Chemicals. Anhydrous ethanol (EtOH) was purchased from
Decon Laboratories, Inc. Distilling over calcium hydride gave

Scheme 1. Synthesis of (5-(Octyloxy)-1,3-phenylene)dimethanethiol (OPDT)
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dry tetrahydrofuran and dichloromethane. Silica gel for column
chromatography was obtained from Sorbent Technologies.

Procedures. (5-(Octyloxy)-1,3-phenylene)dimethanethiol
(OPDT) was prepared using the steps outlined in Scheme 1.
The experimental details are provided in the subsequent
paragraphs.

(5-(Octyloxy)-1,3-phenylene)dimethanol (3). Amixture of
K>COs3 (3.76 g, 20.0 mmol), 1-iodooctane (1.93 g, 8.04
mmol), and 3.5-bis(hydroxylmethyl)phenol (1.40 g, 9.09
mmol) in acetonitrile (250 mL) was refluxed for 12 h. The
resulting mixture was condensed by rotary evaporation
followed by the addition of diethyl ether (200 mL) and then
acidification with 4.0 M HCI solution to afford a solution pH
of ~3. The organic layer was washed with water (3 x 100 mL),
dried over Na,SOs, and concentrated in vacuo to produce 1.90
g (7.14 mmol) of a white solid (89% yield). '"H NMR (500
MHz, CDCls):  6.24 (s, 1H), 6.84 (s, 2H), 4.66 (s, 4H), 3.96
Et, J=6.4 Hz, 2H), 1.76 (m, 2H), 1.25-1.43 (m, 26H), 0.87
t,J = 6.8 Hz, 3H).

(5-(Octyloxy)-1,3-phenylene)bis(methylene)  Dimethane-
sulfonate (4). A 1.90 g (7.14 mmol) aliquot of (5-
(octyloxy)-1,3-phenylene)dimethanol was introduced into a
500 mL round-bottomed flask containing 250 mL of THF, and
then triethylamine (3.2 mL, 30 mmol) was added slowly to the
mixture, which was stirred at room temperature for 30 min.
The reaction flask was placed in an ice bath, and
methanesulfonyl chloride (2.1 mL, 30 mmol) was transferred
slowly to the solution while stirring. The ice bath was then
removed, and the mixture was stirred for 4 h at room
temperature. After completion of the reaction, excess
methanesulfonyl chloride was destroyed by adding 100 mL
of water followed by acidification with 4.0 M HCl solution to
afford a solution pH of ~3. The mixture was extracted with
diethyl ether (3 x 100 mL). The combined organic layers were
washed with brine (100 mL) and water (3 x 100 mL). The
organiclayerwasdried over Na;SOy, filtered, and concentrated
in vacuo to produce (5-(octyloxy)-1,3-phenylene)bis-
(methylene)dimethanesulfonate (2.70 g, 5.92 mmol), which
was used in the next step without further purification (83%
yield). 'H NMR (500 MHz, CDCls): & 7.00 (s, 1H), 6.95 (s,
2H), 5.19 (s, 4H), 3.96 (t, J= 6.4 Hz, 2H), 2.97 (s, 3H), 1.77
(m, 2H), 1.28-1.44 (m, 10H), 0.88 (t, J= 7.3 Hz, 3H).

S,S'-(5-(Octyloxy)-1,3-phenylene)bis(methylene) Dietha-
nethioate (5). A mixture of potassium thioacetate (1.71 g,
15.0 mmol) and (5-(octyloxy)-1,3-phenylene)bis(methylene)
dimethanesulfonate (2.70 g, 5.92 mmol) in ethanol (300 mL)
was refluxed for 12 h under nitrogen. After cooling, the
precipitate was filtered off, rinsed with ethanol, and the
combined organic phases were evaporated to dryness. The
residue was taken up in a blend of diethyl ether (100 mL) and
water (200 mL). The mixture was extracted with diethyl ether
(2x100mL). The combined organic layers were washed with
brine (3 x 100 mL), dried over anhydrous Na,SOg, filtered,
and concentrated by rotary evaporation, and then dried in
vacuo to give 1.25 g (3.28 mmol) of S,S’-(5-(octyloxy)-1,3-
phenylene)bis(methylene)diethanethioate as a yellow solid
(55% yield). 'H NMR (500 MHz, CDCls): d 6.75 (s, 1H),
6.69 (s, 2H), 4.03 (s, 4H), 3.89 (t, J = 6.4 Hz, 2H), 2.33 (s,
6H), 1.77 (m, 2H), 1.25-1.44 (m, 10H), 0.87 (t, J="7.3 Hz,
3H).
(5-(Octyloxy)-1,3-phenylene)dimethanethiol (OPDT). To a
suspension of LiAlH4 (0.380 g, 10.0 mmol) in THF (300 mL)
was added a solution of S,5’-(5-(octyloxy)-1,3-phenylene)bis-

(methylene) diethanethioate (1.25 g, 2.28 mmol) in THF (50
mL) dropwise at 0 °C. The ice bath was then removed, and the
mixture was refluxed for 2 h under nitrogen. Subsequently, the
reaction was quenched with degassed ethanol (25 mL). The
mixture was acidified to pH ~ 1 by careful addition of 2.0 M
HCI solution and then extracted with diethyl ether (3 x 100
mL). The combined organic layers were washed with brine (1
x 100 mL), dried over anhydrous Na,SOs, filtered, and
concentrated by rotary evaporation. The crude product was
purified by column chromatography (hexanes:ethyl acetate =
9.8:0.2) to give 0.605 g (2.18 mmol) of OPDT as a colorless
0il (66% yield). "H NMR (500 MHz, CDCl5): 8 6.84 (s, 1H),
6.75(s,2H),3.94 (t,J=6.3 Hz, 2H), 3.68 (d, /= 8.0 Hz, 4H),
1.76 (m, 4H), 1.27-1.45 (m, 10H), 0.89 (t, /= 6.3 Hz, 3H).
BC NMR (125 MHz, CDCls): & 159.72, 143.00,119.90,
112.96,68.11,31.94,29.48,29.38,29.04,26.18,22.80, 14.27.

2.3. Preparation of SAMs on Gold Thin Films. Au(111)
thin films were prepared in a high vacuum evaporator (DV-
502A Thermal Evaporation system, Denton Vacuum, Moores-
town, NJ).>* The evaporation rate was 1.9 A/s. The mica
substrate was maintained at 673 K during Au deposition. After
evaporation, the films were annealed at 673 K for 30 min.
These protocols are known to yield Au(l11) terraces,
hundreds of nanometers in lateral dimensions.”

In parallel, a I mM decanethiol and a 1 mM octadecanethiol
solution in ethanol were prepared. A 1 mM OPDT solution in
THF was also prepared.”” Mild sonication was used, if
necessary, to accelerate the dissolution of the adsorbate. The
Au thin films taken from the evaporator were cleaned using
hydrogen flaming, then immediately immersed into the
designated solutions (see above) for at least 24 h.?* Prior to
imaging, the surfaces of the thiol SAMs were washed with
ethanol, hexane, then ethanol again. The samples were
transferred to the designated sample stages for the STM and
AFM investigations upon drying. The OPDT SAMs on
Au(111) were washed sequentially with ethanol, decalin,
hexane, and ethanol and then dried before being transferred to
sample stages for STM or AFM investigations.

2.4. STM Imaging and Structural Characterization.
Uponremoval from the ethanolic OPDT solution and washing
following the protocols described in Section 3 above, the
OPDT SAMs were immediately mounted and transferred to
the UHV STM chamber.'">* The STM tips used for this study
were prepared by mechanically cutting tungsten wires,
followed by electrochemical etching.!'”* A home-constructed
electrochemical potentiostat was used to control the redox
reaction time and current to avoid over-etching.!'?* The
potentiostat monitored the redox current and automatically
halted the etching process when the current dropped suddenly.
Typical etching conditions were 2.1 V in a 3 M KOH
solution.”> The freshly fabricated tips were then washed
sequentially with Milli-Q water and then ethanol several times.
The tips were then quickly transferred to the UHV STM
chamber.

Avariable-temperature STM (STM 300, RHK Technology,
Inc., Troy, MI) was employed for imaging. The STM was

operatedunder UHV conditions with the background pressure
in the UHV chamber maintained at 1 x 107! mbar. A
tungsten filament heater was mounted underneath the sample
stage for annealing, and the final temperatures (300-398 K)
were adjusted by varying the current. Temperatures were

monitored using a thermocouple (K type) installed directly

https://doi.org/10.1021/acs.jpcc.1c07171
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underneath the sample to measure and monitor the annealing
process. !

3. RESULTS AND DISCUSSION

3.1. Production and Characterization of Striped
Phases of OPDT SAMSs. Prior investigations by us and
other researchers have found that alkanethiol SAMs at
submonolayer coverage form striped phases on Au(111)
surfaces.'!"153% In addition, aromatic thiols, such as 1,4-
benzenedimethanethiol molecules, also formed striped phases

on gold at low coverages.’’ These striped phases exhibit long-
rang ¢ order or periodlgcity. J‘E’F 5JR{Z‘%VitEin these strucmregs

thiols lie down on Au surfaces, and the chain-surface and
chain—chain van der Waals interactions Prgylge a basis for the
formation of various striped structures.'°='>2%%3 Therefore, we
hypothesized that the OPDT molecules would likely form

striped structures at submonolayer coverages. By detaching a
portion of the adsorbates with an OPDT SAM, we could create
coexisting striped structures inlaid in the mature monolayer of
OPDT SAM. The well-ordered striped phases would then
provide good internal standards for the determination of the
structures of the dithiol SAMs.

To prepare coexisting monolayer and submonolayer OPDT
SAMs, we thermally heated OPDT SAMs under UHV to
desorb a portion of the dithiols. To avoid under-or
overheating, an iterative approach of “heating-cooling-imaging”
wasappliedin our UHV-STM chamber, asillustrated in Figure
2A. For each heating event, STM images were acquired upon
cooling to room temperature to assess desorption of OPDT in
order to achieve coexisting monolayer and submonolayer
coverage. Pointsito vin Figure 2A indicate the times when the
STM images were acquired. The chain length of our dithiol
molecules is equivalent to tetradecanethiol, thus the melting
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Figure 2. (A) Thermal desorption of OPDT from a SAM. Annealing
process including designated temperatures and durations. Arrowsito
v signify to the checking points where the OPDT SAMs were imaged

bf, STM under UHV. (B) Coverage of standing-up phase (Bstanding,
black) and lying-down phase (B1ying-down, blue), measured from high-
resolution STM topographic images.

temperature and desorption should be ~80 and 130 °C
respectively, based on prior investigations of alkanethiols.>! 33
At 46 °C, which is significantly below the melting and
desorption, annealing at 46 °C for 17 h aimed at the removal
of loosely bond adsorbate molecules. At 76 °C, which is near
but still below desorption, annealing at 76 °C for 43 h aimed at
increasing the domain size of standing up domains and
improving packing. At 120 °C, first annealing for 3 h aimed at
partial desorption and formation of lying-down phase(s).
second annealing for 16 h aimed at further desorption and
increasing of the coverage of lying-down phase(s). The
coverage of the standing-up and lying-down phases was
calculated from the high-resolution STM images that taken
aftereach sample annealing conditionin Figure 2A, and results
are shown in Figure 2B.

The synthesis (see Scheme S1) and characterization (see
Sections S1 and S2) of OPDT are discussed in detail within
the Supporting Information. OPDT SAMs were prepared by
soaking gold thin films in 1 mM OPDT THF solution
following established protocols.>**!® Upon transferring inside
the UHV chamber, STM imaging was performed at room
temperature (point i in Figure 2) and base pressure of 1 x
10-'""mbar. The typical surface morphology isshownin Figure
3A, where etch pits are visible and surrounded by packed but
nearly randomly distributed OPDT molecules. The lack of
long-range order is further revealed by the fast Fourier
transform (FFT) shown in the inset of Figure 3A, where there
are no ordered lattices. In contrast, a hexagonal lattice would
result in the FFT image for alkanethiol SAMs on Au(111)
surfaces which exhibit a well-known c(4 x 2) structure (see
also Figure S3 in the Supporting Information).!*!%16 Further
heating led to a reduction in the number of etch pits, and
sporadic stripes began to appear as shown in Figure 3B.
Continued annealing led to more desorption of OPDT
molecules or decreasing coverages and the formation of
striped phases, as shown in Figure 3C, where an ordered
domain with 11 stripes is visible in the central 40 nm x 15 nm
area. The FFT image of the striped region is shown in the

inset, where the two bright spots perpendicular to the stripes
are visible, indicating long-range order or periodicity. Further
annealing caused additional desorption and a further decrease
in surface coverage; thus, more areas were covered by striped
phases. These observations reveal that lowering the coverage of
the solution prepared OPDT SAMs led to ordered structures
(e.g., the striped phase) analo%ous to that observed in low-
coverage monothiol SAMs, !1>13716.20.22,30.33-35 The formation
of the OPDT striped phases is highly reproducible, as we
tested three batches of samples under various annealing
conditions.

To determine the molecular-level structure of the OPDT
striped phases, we collected high-resolution STM images as
shown in Figure 4A. The stripes, corresponding to the S-
headgroups, are aligned along the (121) direction, or the next
nearest neighbor direction, of the Au(l111) surface as
illustrated in Figure 4B. The Au atoms in the Au(111) surface
form a 2D closely packed structure (i.e., a hexagonal unit cell
or unit mesh) with a = b = 0.288 nm as shown in Figure
4B.'%3°The S atoms are likely located at the triple-hollow sites
of the Au(111) lattice, from prior investigations on
chemisorption of S on Au(111).'"!%!5 The interline distance
in the STM image measures 1.52 + 0.08 nm. Thus, we place
the S-lines at 1.58 nm spacing to maintain that all S-
headgroups reside at the triple hollow sites of Au(111). In

https://doi.org/10.1021/acs.jpcc.1c07171
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without annealing (i.e., pointiin Figure 2). Bias voltage '=+1.4 V, and tunneling current /= 10 pA. (B) STM image acquired at point iii in Figure
2 under V'=1.4V and /=20 pA. (C) STM image acquired at point iv in Figure 2 under V’=1.4V and /=10 pA. The scale bars in all STM images

are 10 nm. Inserts are the corresponding 2D FFT of images over the entire scan in parts A and B, and over the striped region in part C. Scale bars
on FFT images =2 Gm™. " 9

OPDT striped phase, a’ and b’, can be described with respect
to that of Au(111) a” and b using the universal notation as

foll_oLXvs: ]
Ja,¥ 4 9 lay
- 2 =J—3 42%1 Z
LA k7 kb
kb'{ kO{ )

3.2. Molecular-Level Structural Characterization of
OPDT SAMs. With the striped structure well characterized
and the coexistence of striped areas and high coverage OPDT
SAM areas, we proceeded to use the striped structure as an
internal standard or reference to facilitate the structural

Figure 4. (A) A 30 nm x 30 nm STM topogra hic image of the
OPDT SAM acquired at point v in Figure 2 under '=-1.4V and /=
10 pA. (B) Molecular-level structure of the OPDT striped phase

shown in reference to the Au(111) surface underneath (yellow

spheres). The larger black spheres represent S headgroups, while the
smaller black and red spheres represent C and O atoms, respectively.
H atoms are omitted for clarity. The structure corresponds to the 6
nm x 4 nm area as indicated in part A.

other words, the striped phase is commensurate with the
Au(111)lattice. Each OPDT molecule is likely lying flaton the
surface with its aromatic ring and zigzag carbon plane parallel
to the gold surface to maximize the van der Waals interactions
between the molecule and the surface. Therefore, the striped
phases are also referred to as “lying-down

» 11,14,15,33-35,37

phases”. The unit cell or unit mesh of the

characterization of the high coverage OPDT SAMs. As the
first step, we produced and characterized the 1D standing-up
phase of the OPDT SAMs located next to the striped
structures. In addition to the aforementioned striped structure,
Figure 5A shows frequently occurring motifs, in each case, a
line of well-resolved bright spots appearing at the end of a
stripe. The image was acquired at point iv of Figure 2. These
brightspots are either completely aligned with the correspond-
ing stripe (middle left in Figure 5A) or with a small phase shift
(upper right in Figure 5A). These 1D structures were always
observed at the stripe boundaries and were sandwiched
between the striped phase and the high-coverage phase.
They also exhibited brighter contrast than the striped

——— g - ’. o A B A A A A A A A A A
TS T Pe

— (AL
Srye

Figure 5. (A) A 50 nm x 50 nm STM topographic image of the OPDT SAM acquired at point iv in Figure 2, under V=-1.4 V,and =10 pA. (B)
Molecular level structure of the 1D standing up phase and the striped phase shown in reference to the Au(111) surface underneath. The striped
structure follows the notation used in Figure 4B, and we use a gray color to represent C atoms in the standing-up phase to distinguish from C atoms
in the lying-down phase (black). The structure corresponds to the 5 nm x 4 nm white frame as indicated in part A. (C) Molecular-level structure of
the high coverage OPDT SAM within the 5 nm x 5 nm area as indicated in part A (teal frame). Insets are a side view indicating the orientation of
the standing-up OPDT molecules with respect to the Au(111) surface.
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Figure 6. (A) A 1000 nm x 1000 nm AFM topographic image of an OPDT SAM within which a 500 x 600 nm area of C1sSH SAM was produced
using nanografting. Scale bar =200 nm. (B) Cursor profile as indicated in part A revealing the height difference between the C18 and OPDT

SAMs.

structures in the STM topographs. The distance between the
spots measured 1.08 + 0.09 nm, consistent with the
intermolecular spacing of OPDT of 1.00 nm when closely
packed together with the S headgroups aligned along the (121)
direction of the Au(111) surface as shown in Figure 5B.
Therefore, we infer that these 1D structures are ordered and
standing-up OPDT molecules. Taking the area defined in
Figure 5A as an example, the 1D standing-up structure shifted
further from the stripe by 0.50 + 0.06 nm along the (101)

direction, and 1.39 + 0.16 nm along the (121) direction of

Au(111). Considering that the S headgroups occupy the triple
hollow site of Au(111), the 1D standing-up OPDT structure is
shown in Figure 5B in reference to the striped phase and
Au(111) surface underneath. The standing-up configuration is
illustrated in the inset of Figure 5B, where the aromatic ring is
perpendicular to the Au(111) surface, and the zigzag plane of
the chain is in the same plane defined by the aromatic ring.

The STM contrast of SAMs depends sensitively on the local
density of states (LDOS) of the S atom chemisorbed on gold
surfaces. The contrast is known to vary, depending on the
actual structures (or phase);'>* e.g., in the case of alkanethiol
SAMs, the S is well resolved for molecules in the standing-up
phase with closely packed structure, but not always clearly
resolved among lying-down phases, such as the M4 phase.”
STM contrast also varies depending on the orientation of
adsorbates, e.g., among standing-up decanethiol molecules.'>?*
It is fortunate, in the case of OPDT SAMs, that the standing-
up molecules at the domain boundaries were clearly resolved,
serving as an internal standard for structural determination of
OPDT SAMs.

In the next step, we analyzed the STM images from low to
high coverage, and identified those containing all three phases:
striped, 1D standing up, and as prepared OPDT SAMs. Figure
5A provides an example where all three phases were captured
in one image. Spot-like features are observed throughout the
high coverage region (bottom half of Figure 5A), although
these features appear randomly distributed with various
contrasts. The contrast of the bright features in the high-
coverage area is similar to that of the standing-up OPDT
molecules, while the other features are attributed to the lying-

down dithiol molecules. In the area defined by the 5 nm x 5
nm teal frame shown in Figure 5A, four bright and three

dimmer features are present. Therefore, these bright and
dimmer features are likely due to the standing-up and lying-
down OPDT molecules, respectively. The distance between
these OPDT molecules can be measured using the striped

24167

phase and the 1D standing-up phase as internal standards.
Considering that the S headgroups occupy the triple hollow
site of Au(111), a structural model is constructed in Figure 5C
to represent the OPDT SAM:s prepared in solution.

Corroborating evidence was obtained from our AFM
investigations, where we produced alkanethiol SAMs inlaid in
OPDT SAMs using nanografting.*®° Figure 6 shows an AFM
topographic image, where a 500 x 600 nm area of an
octadecanethiol (C13SH) SAM was inlaid in an OPDT SAM.
Both SAMs exhibited homogeneous contrast because the AFM
lateral resolution is lower than that of STM in general.***! The
single atomic steps of gold (lines in Figure 6A) are visible,
demonstrating atomic level vertical resolution in this AFM
image. The Cis SAM region measures 1.06 £ 0.06 nm taller
(Figure 6B) than the surrounding OPDT SAM. Since the C3
SAM structure is well-known, including its height 0f 2.29 nm
(see Figure S4),'-3%42 the apparent height of the OPDT SAM
is therefore 1.24 + 0.06 nm (see Figure S5).*%*? Assuming no
tilt, the OPDT molecules should be 1.83 nm above Au(111)
and, thus, taller than the height measured by AFM. The AFM
apparent height measurements are consistent with our
conclusion shown in Figure 5C, where the OPDT SAM is
actually a mixture of standing-up (1.83 nm) and lying-down
(0.5 nm) adsorbates. The height measured in AFM under
contact mode imaging, therefore, falls in between the two
configurations. Assuming a simple linear relationship, the
estimated mixing would be 55.5% standing-up and 44.5%
lying-down OPDT molecules, which is consistent with STM
results shown in Figure 5.

4. CONCLUSIONS

With two -CH,-SH groups at the meta positions of the
aromatic ring, the chemisorption of OPDT intrinsically differs
from that of n-alkanethiols on gold surfaces. Using high-
resolution STM imaging under UHV in conjunction with
creating and characterizing internal standards, this work
revealed molecular-level packing of OPDT on Au(111)
surfaces. The OPDT SAMs consist of a mixture of standing-
up and lying-down molecules randomly distributed on
Au(111), as illustrated in Figure 5C; thus, the SAMs have
no long-rang order or ordered domains. The two thiols of each
individual OPDT molecule occupy the triple hollow sites on
Au(111). In the standing-up configuration, the benzene ring is
perpendicular to the surface. In the lying-down configuration,
thebenzenering and zigzag plane of the alkyl chain are parallel
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to the Au(111) surface. Desorption of the OPDT SAMs leads
to the formation of ordered domains known as the striped
phases, whose unit mesh is quantified by eq 1. At the
boundaries of these ordered structures, standing-up OPDT
molecules are frequently present and aligned along the stripe
directions with intermolecular spacing of 1 nm (i.e., 1D
ordered and closely packed structures). To the best of our
knowledge, this work is among the highest resolution, i.e.,
molecular-level characterization of dithiol SAMs, which is of
fundamental importance to dithiol SAMs specifically and
SAMs in general. The results also provide an important
structural basis for dithiol molecule-surface interactions,

which deepens our understanding of the unique properties of
these SAMs.
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