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Abstract

The structures of long-chain alkanethiols (C;sH37SH) chemisorbed on an Au(111) single crystal
were investigated using reflection high-energy electron diffraction (RHEED). The primary
(V3 x V3)R30° structure observed as a major species in the as-deposited films contains gold
adatoms below the sulfur headgroups. Between the small ordered domains with the alkyl chains
tilting toward six directions are azimuthally disorderly packed regions, with a similar average tilt
of 30.2°. In contrast, a significant reduction in the coverage of gold adatoms is found in the

thermally-induced (23 x 3)reCt phase. This superlattice is shown to contain a mixture of two

sulfur arrangements, both of which exhibit a small S-S distance, and the pairing of the aliphatic

chains. A microscopic picture is then given for the structural transition. These findings
demonstrate how the RHEED technique may be used to resolve structures of nanometer-thick

thin films with multiple orders at the interfaces.
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adsorbate pairing



1. Introduction

Since the discovery by Nuzzo and Allara in 1983,' self-assembled monolayers (SAMs) of
organic thiols on gold have been utilized as an elegant yet versatile platform to better understand
the physical and chemical phenomena involved in the self-assembly processes®* as well as their
properties.”” The organized molecular architectures have also attracted broad attention as a
result of their applications in various fields of nanotechnology and energy industries, e.g.
chemical and biosensors,>° biotechnology®* and molecular electronic devices,” solar cells,"
electrochemistry,'' and organic field-effect transistors.'> To better characterize the organizations
of alkanethiols chemisorbed on gold, a plethora of surface science techniques have been used to

13,14

provide the structural information either in a local region using atomic force microscopy ™ and

1316 or from a large probed area to capture an ensemble

scanning tunneling microscopy (STM),
picture using surface-sensitive methods such as infrared spectroscopy,'”'* optical ellipsometry,'®
X-ray photoelectron spectroscopy (XPS)," helium atom scattering,”® low-energy electron
diffraction (LEED),"” and grazing incidence X-ray diffraction (GIXD).*' Both types of methods
are necessary to reach a more complete understanding.**

Early studies described a commensurate (v3 x v3)R30° primary structure for chemi-
sorbed long-chain (10 or more carbon atoms) n-alkanethiols at the saturation coverage relative to

426 The nearest-neighbor displacement

the underlying Au(111) substrate lattice (Figure la-b).
between all-trans thiol molecules is ~5.0 A, leading to an area of ~21.4 A* as the calculated
coverage per molecule. In addition, the alkyl chains are tilted towards the next-nearest-neighbor
direction with an angle of approximately 30° from the surface normal direction.”* However, later

reports indicated the existence of a secondary ordering of thiols, first hinted by the splitting of

the methylene scissor mode observed by infrared spectroscopy at low temperature’’ and then



Figure 1. Different two-dimensional arrangements proposed in literature for the sulfur sublattice

(top panels) and the tailgroups of aliphatic chains (bottom panels). (a, b) (V3 x+/3)R30°

structures. (c) A S-S dimer model. (d) A twisted-chain model giving the (2v3x3)

superlattice. (e~h) Two sets of adsorbate-pairing models producing the (2v3 x 3)rect superlattice.

identified by diffraction”® and STM® as a ¢(4x2) superlattice relative to the former (V3 x
V3)R30° structure [or in a rectangular (2v3x3) _ superlattice relative to Au(111)]; some

studies used shorter-chain (8 or fewer carbon atoms) alkanethiols.”*=° It has also been shown that
a thermal treatment of long-chain SAMs on Au(111) results in the formation of larger ordered
domains and facilitates the transition from the primary structure to the thermodynamically more

stable (23 x 3)rect phase.’'** However, despite the extensive efforts both experimentally and

23,24,33-36

theoretically, which have led to various proposed models, the actual superlattice

structure is still under debate (Figure 1).



Fundamentally, the organizations of sulfur headgroups, methylene spacers, and tail
functional groups are all needed to determine the structure of a SAM on gold. Here, we limit the
discussion for assemblies of long-chain n-alkanethiols and hence are only concerned about two
arrangements, i.e. that of the sulfur atoms and that of the remaining alkyl chains as a whole.

Initially, a model containing two inequivalent molecules in a (2v3 x 3)reCt unit cell with

different twist angles along the methylene backbones was proposed, considering the high
sensitivity of helium atom scattering®® and STM?’ toward the topmost part of an assembly
(Figure 1d). Thus, the orientations of the alkyl chains were regarded as the key ingredient of the
superlattice, whereas the sulfur arrangement was not directly resolved but assumed to bind the
three-fold face-centered-cubic (fcc) interstitial sites of Au(111) (Figure 1a). Such a model was
first called into question by Fenter et al., whose GIXD results signified the presence of two
inequivalent sulfur headgroups forming S-S dimers (Figure 1c) along with different twist angles
of the alkyl chains (Figure 1d) for the superlattice structure.”' Subsequently, a number of studies
supported this dimer model with direct or indirect experimental observations using sum
frequency generation,”’ high-resolution XPS,*® thermal desorption spectroscopy,” STM,* and
X-ray standing wave method,"' all of which have different sensitivities toward the sulfur
sublattice. However, it was a high-resolution energy-loss spectroscopy (HREELS) study that
provided direct evidence for the observation of disulfide bonds on Au(111) at 375K but their
absence in a freshly prepared sample.* Interestingly, radiation-induced breakage of S—Au bonds
and formation of disulfides were also cautioned in an earlier XPS study, which supported the
presence of disulfide bonds at an elevated temperature.*’

An intriguing turn of the story was seen following a later GIXD study by Torrelles et

al.,** which proposed a different sulfur sublattice against actual dimerization (Figure 1g). The



distance between neighboring adsorbate atoms was indicated to be 3.2 A, with the two sets of
sulfur atoms occupying nearby fcc and hexagonal-closest-packed (hcp) interstitial sites. With a
short butyl chain for the alkanethiolates, Chaudhuri et al. by symmetry arguments provided
support for this fcc—hcp adsorption scheme as one of the possible structures that agree with the
data by both LEED and GIXD (from long-chain thiols), although two other models with gold
adatoms below sulfur atoms cannot be ruled out.*® However, it was also around a similar time
that the latter gold adatom models gained more recognition, first pointed out by Maksymovych et
al. on still relatively short hexanethiols and octanethiols using normal incidence X-ray standing
waves.” Details in a later STM observation of short-chain octanethiols led to the interpretation
of the apparent pairing found in the images as support for thiolates binding directly on gold
adatoms; the organization of the alkyl chains was not a central issue.”® Nonetheless, the effects of
an STM tip on the structures of SAMs and image formation and interpretation have been the
major challenges for this scanning probe microscopy method.?**"*® It is intriguing that more than

seven different (2v3 x 3)rect structures have been proposed by STM studies, which are only a

22,28,30

slight variant of each other, whereas relative few were presented in diffraction-based

20,21

studies as the most abundant structures. This raises a crucial question: what is the best model

to describe the (2v3 x 3)rect superlattice? Further investigation using a different surface

sensitive technique is thus necessary. In addition, a clear understanding of the equilibrium
structure is also critical to the interpretation of stimulus-induced dynamics and changes.

In this report, reflection high-energy electron diffraction (RHEED) is used to examine the
structures of octadecanethiols (ODTs) chemisorbed on single-crystalline Au(111). The RHEED
method has not been applied on SAMs to date, although its use has been seen in studies of

Langmuir-Blodgett (LB) films of fatty acids to determine the packing of alkyl chains.*’™*



Compared to X-ray photons,*"*

electrons have orders-of-magnitude higher scattering cross
sections with matter, which readily enables the probing of different parts of a molecular
assembly by changing the incidence angle. Furthermore, it is relatively straightforward to
distinguish the contributors of various diffraction features, thus capable of resolving questions
regarding the buried headgroup structure, its relation with that of the tailgroups, and additional
features from the substrate. Determination of the molecular tilt of the alkyl chains from the
substrate surface normal is also straightforward.>’

We first establish the effectiveness of the RHEED method by studying the as-prepared
SAMs of ODTs, which exhibit a crystalline arrangement for the headgroups in a large area on
Au(111) and a substantial degree of disorder in the alkyl chain region that forms 6-fold rotated
small ordered domains coexisting with imperfect, randomly oriented molecular packing.
However, the average molecular tilt is the same, 30.2°+0.4°. This predominantly hexagonal
(V3 x V3)R30° overlayer evolves to show a longer-range order for the methylene packing under
thermal annealing. Furthermore, with clear increase of the average domain size, distinguished
diffraction features from the sulfur atoms and the alkyl chains show the formation of the
superlattice structures that involve different arrangements for the head and tail groups. More
importantly, with the help of kinematic scattering simulations for diffraction, evidence is found
for the presence of gold adatoms under sulfur in the as-prepared SAMs but not in the thermally-
treated films. We believe that these RHEED observations of SAM ODTs are helpful to reconcile
the different superlattice models proposed in the literature and thus provide information about

the major contributing structures formed on Au(111).2"*

2. Experimental

A single-crystalline Au(111) substrate with a surface orientation accuracy of <0.1° (Princeton
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Scientific Corp.) was used to reach the best structural order of SAMs. The crystal was cleaned by
repeated rounds of argon ion sputtering at 1.5 keV at room temperature and annealing for hours
at 770 K in vacuum at a base pressure of <2x107® torr. The atomically flat Au(111) surface was
confirmed by the characteristic streaky RHEED pattern at grazing incidence angles without
observation of any transmission-like diffraction spots. The gold substrate was then removed from
vacuum and immediately used in the solution-based preparation of SAMs.”' In short, Au(111)
was immersed in a 1-mM solution of ODT in ethanol for 46 hours in a nitrogen-filled glove box;
octadecanethiol (98%, from Sigma Aldrich) was used as received without further purification.
The SAM samples were rinsed with a copious amount of ethanol and dried under ultrahigh pure
helium and then loaded into vacuum. The time of ambient exposure during sample rinsing,
drying, transport, and loading was no more than 30 minutes. The sample plate was mounted on a
5-axis goniometer coupled to a cryostat for liquid nitrogen cooling and internal heating up to 460
K. The surface temperature was measured directly by a K-type thermocouple with an accuracy of
<1 K. In the present study, samples were annealed up to a range of 373-383 K. Diffraction
experiments were conducted with 30-keV electrons by varying the grazing incidence angle (6;,)
between 0° and 5° and the accessible range of the azimuthal angle (¢). A schematic of the
RHEED geometry is shown in Fig. S1. The resulting RHEED images on a phosphor screen were
recorded by an intensified CMOS camera assembly, which allows the data acquisition using an
ultralow rate of electron dose on the order of 0.1-1 nA/cm®. The fabrication of SAMs and the
RHEED experiments were conducted and reproduced multiple times. No changes were observed
in the diffraction patterns even after extended exposure to the electron beam (still a low dose of
0.001-0.01 e/A* for 10 consecutive hours). Thus, we confirm that radiation damage of SAMs is

of minimal concern in our study.



Figure 2. RHEED images acquired at selected incidence angles from an as-deposited specimen.
Top (bottom) panels are recorded with electrons probing the {10} ({11}) zones of Au(111); the
images in panels d and h are displaced vertically in order to show the diffraction spots from the
supporting gold substrate. The hut-shaped diffraction feature is observed at lower incidence

angles. Note the different horizontal spacings between panels e—g and h.

3. Results & discussion

3.1 Primary structure

The repeating C,H4 methylene units in an ordered SAM of ODTs are anticipated to form a three-
dimensional (3D) lattice for ordered domains, which should resemble what was previously

observed in LB films of long-chain fatty acids.*’**

With an estimated packing density of the
aliphatic chains (V) and the total elastic scattering cross section of 30-keV electrons by carbon
and hydrogen atoms (o), a mean free path of [ = 1/No ~ 130 nm is obtained. Therefore, the
diffraction probe depth of ~130 nm - sin 6;, is estimated and essentially only the C,H4 sublattice

of the SAM is probed when 6;, < 1° for a film thickness of ~2 nm. The sulfur headgroup
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sublattice and the crystalline gold substrate are more accessed at higher 6;, because of the
increased probe depth.

Our observations are consistent with this simple estimate. Shown in Figure 2 are the
RHEED images of an as-prepared SAM at selected 6;,'s, with the electron path directed along
two principal crystallographic directions (30° apart) of Au(111). Four main diffraction features
can be distinguished. First, a somewhat diffuse hut-shaped feature symmetric with respect to the
center vertical rod is recognizable at all 6;,, < 3° and invariant to the probing direction [i.e., ¢; 0
degree is defined to match with probing a (10) zone of gold] (Figure 2, a—c and e—g). Second,
spotty diffractions, either well-defined or vertically elongated, are found prominent at lower 6;,
and become symmetric in their appearance at selected ¢'s, particularly along the two principal
zones of Au(111) (Figure 2, a, b, e, and f). Such a feature signifies the presence of a 3D lattice in
the SAM with respect to the substrate. Third, more streak-like diffractions appear when 6;,, > 1°
and are more prominent at higher 8;,, which agrees with the probing of a different 2D lattice in
the lower region of the SAM and the top surface of Au(111) (Figure 2, b, c, f, and g). The
coincidence in the horizontal spacing and arrangement of the former Bragg spots and these
diffraction streaks is noted, which indicates the relation of the azimuthal orders between the 3D
methylene and the 2D sulfur sublattices. At 8;, > 4.5°, the diffraction spots from Au(111) can
be seen (Figure 2, d and h), showing more penetration of the probe electrons through the SAM to
detect the surface of the substrate.

In the present case, it is relatively straightforward to use the crystallographic concepts of
reciprocal rods and the Ewald construction to find out the structural relation between the 2D
sulfur sublattice and Au(111). Their hexagonal structures are confirmed by the recurring patterns

in a ¢ scan, indicating a 6-fold rotational symmetry. The smallest horizontal spacings observed
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between diffraction rods are directly associated with probing of the {10} zones (Figure 2d for the

gold substrate and Figure 2f-g for sulfur). This association is also confirmed by the observation

of /3 times the former spacings in the patterns acquired at 30° azimuthal rotation where the
{11} zones are probed (Figure 2h for gold and Figure 2b—c for sulfur). Hence, the unit-cell

constant a for a hexagonal lattice can be calculated using the following equation,

_ 2T
4= sin60°

where s is the momentum transfer associated with the smallest horizontal spacing. From the
known a,, = 2.884 A for Au(111), ag = 5.00 + 0.02 A is obtained, which is V3 - aa,. Thus,
combining with the fact that the {10} zone of the sulfur lattice and that of Au(111) are separated
by 30°, we establish that the sulfur headgroups indeed form a (V3 x+/3)R30° hexagonal
overlayer in the primary structure with respect to the gold lattice, which is consistent with the
literature (Figure 1a).

Packing of the 3D methylene lattice is hence expected to be hexagonal as well given the
covalent bonding with the sulfur atoms. The tilt angle (with respect to the surface normal) and
the azimuthal orientation (with respect to the substrate) of the aliphatic chains need to be
determined; results from previous studies of LB films may be used as a reference for the intracell
atomic arrangement. The angular information can be deduced based on the relative positions of
the Bragg spots observed at low 6;, and the angles of the hut-shaped diffraction feature with
respect to the shadow edge (Figure 2, a, b, e, and f; see also the discussion below regarding
Azimuthally Disordered Domains). To confirm, we carry out simulations of RHEED patterns
from an ordered monolayer of ODTs using the kinematic scattering theory. The intensity Ip;; of

a Bragg spot (hkl) is proportional to the square of the structure factor Fy;,
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Fyp = Zf] exp[Zni(hxj + ky; + lzj)]
J

where the sum is calculated over all atoms in the unit cell with (xj, Vi Zj) being the coordinates
of the jth atom and f; the corresponding scattering factor.

The following main observations are found as a result. First, the ordered domains of the
methylene lattice, although forming a hexagonal arrangement (Figure 1b), do not all exhibit the

same azimuthal orientation for the molecular tilt even though a defined value for the tilt angle is

Figure 3. Simulated RHEED patterns generated using different azimuthally rotated domains of
the (V3 x v3)R30° structure of the ODT SAM at ¢p = 30°. (a) The accumulated pattern obtained
from all six-fold rotated domains. (b, ¢) A slanted pattern from the domain where the tilt
direction of the molecules is +90° (—90°) with respect to the electron probe direction.
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obtained. In fact, the symmetric spot patterns observed in Figure 2, b and f, along both principal
axes of Au(111) indicate a uniform presence of all six azimuthally-rotated domains (hence each
with one of the 6-fold tilt directions) of the alkyl chains in the probed region (Figure 3). Second,
the width of the Bragg spots gives ~9.3 nm as the average diameter of the crystalline domains

according to the Scherrer formula.”® Thus, these two results show that the common SAM growth

(a)
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Figure 4. The hut-shaped diffraction feature. (a) An experimental RHEED image obtained from
an as-deposited specimen by averaging over a ¢p range of 25°. (b) The vertical center position of
the hut-shaped feature obtained at each horizontal pixel with a fit of the intensity profile to a
Gaussian function over a quadratic background. The dashed lines are linear fits. (¢) Simulated
hut-shaped pattern obtained from azimuthally rotated domains with a random distribution of the
lattice constant around a mean value of 5.0 A.
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at room temperature only results in a limited size of ordered methylene packing [above the more
regular (V3 x v/3)R30° headgroups], even after an extended incubation period. This is consistent
with results of STM studies showing the presence of the six-fold rotational (V3 x +/3)R30°
domains with the tilting of the alkyl chains along one of the six next-nearest-neighbor
directions.***® Additionally, it is found that the sulfur atoms alone would not have sufficient
contribution to the intensity of the diffraction streaks. Further discussion about this point will be

made later.

3.2 Azimuthally disordered domains
Locally packed aliphatic chains are anticipated to be present in the gaps between the 6-fold
ordered domains. This is supported by the aforementioned hut-shaped diffuse feature, which
does not change for all ¢ probed and hence further indicates the alkanes to be imperfectly
ordered (see below).”® However, the inclination of the two diffuse wings referenced to the
shadow edge still gives a good measure of the average chain tilt with respect to the surface
normal. Shown in Figure 4a is an average RHEED image over a ¢ range of 25°. The center of
the diffraction wings at each horizontal image pixel is then determined by a fit of the vertical
intensity profile to a Gaussian function over a quadratic background (Figure 4b). With linear fits,
a value of 30.2°+0.4° is determined for the average molecular tilt, which is within the range
reported previously in the literature.”*>*

Shown in Figure 4c¢ is a simulated RHEED pattern that resembles the experimental hut-
shaped observation in Figure 4a. Here, a uniform molecular tilt of 30° is used but the horizontal

displacement between adjacent molecules is randomly altered and given a small distribution

around 5.0 A; the simulated results are then aggregated azimuthally over 360° rotation. Thus,
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this diffraction result further signifies that, in addition to the inherent distribution of the tilt
angle, a translational disorder from the hexagonal packing exists among the azimuthally
disordered aliphatic chains that fill up between the 6-fold ordered crystalline domains. We also
note that the diffraction spots are on the hut-shaped feature (Figure 2, a, b, e, and f), which
indicates the similar chain tilt for both ordered and disordered regions. Consequently, a picture of
mixed orders and orientations of ~30°-tilted alkyl packing with the sulfur headgroups forming a
(V3 x V3)R30° overlayer is concluded for as-prepared SAMs of long-chain thiols on Au(111) at
room temperature, which is in good agreement with the generally accepted picture of SAMs. The
azimuthally disordered regions are referred as "liquid-like domains" in STM studies.”*** Also,
fluctuations of the lattice spacings were previously observed based on the GIXD data.>

The hut-shaped feature becomes weaker as the SAM is annealed at elevated temperatures
and almost disappears at 383 K (Figures 5 and 6, recorded at ~100 K). This result suggests that a
high-temperature thermal treatment helps to further enlarge those ordered domains (to an average
size of ~87 nm estimated using the Scherrer formula) and therefore reduce the disordered regions
in between. However, new diffraction features different from what are seen in Figure 2 also

emerge, which indicate the growth of (and the conversion to) a secondary structure in the SAM.

33(2v3x3)__, Superlattice structure

Shown in Figure 5 are the experimental and simulated RHEED images at two selected incidence
angles to highlight the new diffractions from the chain and headgroup sublattices after a
specimen was annealed for 5 minutes. A quick comparison of Figure 5a with Figure 2b shows
that the diffraction features from the primary structure are retained, with largely diminished hut-

shaped wings. However, two main differences are noticed. First, clearly discernible diffraction
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spots with systematic absences are observed at a similar image height (indicated by the arrow in
Figure 5a), which are too weak to recognize from a freshly prepared sample (Figure 2¢). Second,
a few low-intensity streaks coinciding with the horizontal positions of the new spots are
discernible, which become clearer at a higher 6;,, = 3.0° (Figure 5b). As discussed earlier, these
new spots and streaks should originate from the orders of the alkyl chains and the sulfur
headgroups, respectively, in the emerging structure. These two new diffraction features are also
present in patterns recorded at other azimuths (Figure 6, a—d), and their appearance is found to be
essentially symmetric with respect to the center streak. We further note that the intensity of the
new streaks is much weaker compared to that from the primary structure. The observed new

streaks in Figure 5 give a clear indication that the sulfur headgroups of the secondary structure

Figure 5. RHEED images of an annealed sample, recorded at ¢p = 0° at 100 K for two selected
incidence angles, (a) 6;, = 2.5° and (b) 6;, = 3.0°. The blue arrows indicate the important
diffraction features for structural determination (see text). (¢, d) Simulated patterns using the
combination of two different models (Figure 1, ¢ and g for the sulfur sublattice and Figure 1h for
the alkyl chains). Four domains whose chain-tilt directions are 60°, 120°, 240°, and 300° in
azimuth with respect to the electron probe direction are considered in c; the two domains with

the tilt directions of 0° and 180° (i.e., parallel to the electron incident plane) are used in d.
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Figure 6. RHEED images of an annealed sample. (a—d) Experimental patterns recorded at
selected azimuths. (e~h) Simulated patterns considering all six-fold rotated domains formed by

of the two models shown in Figure 1, ¢, g, and h. The yellow arrows highlight the matching of

diffractions seen in the experimental and simulated patterns.

Figure 7. Simulated RHEED patterns for the two principal zones using the 2D arrangements of

sulfur atoms shown in (a, b) Figure Ic, (c, d) Figure le, and (e, f) Figure 1g.

no longer maintain the primary hexagonal lattice. Thus, this result does not support the original
model assuming equivalent sulfur headgroups by the helium atom scattering®® and early STM*’

studies (Figure 1, a and d). However, a quick analysis gives support for the (2v3 x S)rect

secondary structure. At ¢ = 0°, the real-space cell constant associated with the smallest horizontal
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spacing between streaks, Sy in, 1S 27/Spin for a rectangular lattice; sp,;, is a quarter of the spacing s,,, in
Figure 2d associated with the unit-cell constant of Au(111), and a,, = 4m/v/35a,. Thus, the cell constant
of 2T /Spin = 2V3 apy = 10.0 A is obtained, matching the first part of the structural assignment.
The systematic absences require a certain intracell arrangement of the sulfur atoms.

Shown in Figure 7 are the RHEED simulations for the two high-symmetry zones at
¢ = 0° and 30° using the different 2D lattices of sulfur atoms shown in Figure 1. Consistent with
the experimental results, the streak patterns at ¢ = 30° do not exhibit a fundamental difference
and they are similar to that observed from the primary structure (Figure 2g). However, major
changes are seen at ¢p = 0°. It is clear that Figure 7d fails to produce the superlattice streaks
observed in Figure 5b, which signifies a much minor contribution, if ever present, given by the
model depicted in Figure 1e. On the other hand, Figure 7, b and f, produces more streaks with the
needed absence of the (20) superlattice streak. Given the similar intensity level of the (10) and
(30) superlattice streaks as well as the presence of the (50) one in Figure 5b, a combination of
Figure 7, b and f, is therefore needed to be consistent with the observation, instead of a single
dominant contributor. Thus, we consider that the best picture for the sulfur sublattice is described
by a mixture of the models in Figure 1, c and g. This finding is in fact in an agreement with both
of the earlier GIXD studies made by two different groups.”'** Our temperature-dependent results
indicate that the S-S dimer formation becomes noticeable at an annealing temperature of 347 K
and above. However, just as a SAM on gold before annealing is a highly inhomogeneous system
with multiple contributing species and rotated domains, a mixture of more than one superlattice
structure can be anticipated. Here, we also note that both structures exhibit shorter S-S distances
(2.2 A and 3.2 A, respectively) compared to those in the other models. This tendency of sulfur

dimerization upon annealing together with the pairing of alkyl chains and the difference in the
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gold adatom configuration (see below) sheds light on the changes made to a SAM by a thermal
treatment.

For the aliphatic chains, a similar examination was conducted using the different
arrangements depicted in Figure 1. Judging from the positions where the diffraction spots are
observed, the best agreement was found with the model of Figure 1h; the patterns simulated
using the combination of the models in Figure 1, c, g, and h for different azimuths are shown in
the bottom panels of Figures 5 and 6 (see also Figure S2 for further comparison). We note that
the six-fold azimuthal rotations of domains are still present. In fact, two sets of diffractions can
be identified in Figure 5, where the first set (Figure 5c) is generated by those domains with the
chain-tilt directions being 60°, 120°, 240°, and 300° in azimuth with respect to the electron probe
direction, and the second set (Figure 5d) by the domains with the chains parallel to the electron
incident plane (i.e., being 0° and 180° in azimuth with respect to the electrons’ direction). With
all six-fold azimuthally rotated domains, diffraction spots away from the center streaks can be
reproduced (Figure 6). Some additional features are noticed essentially along the hut-shaped
wings, which we attribute to the presence of minor secondary superlattice structures of the alkyl
chains resulting from annealing. For example, the two spots near by the center spot in Figure 6b
may be attributed to the twisted-chain model in Figure 1d (see Figure S2i).

The diffraction consistence with the model of Figure 1h indicates that a thermal treatment
of a SAM leads to the pairing of aliphatic chains in addition to the aforementioned two types of
pairings of sulfur atoms. Evidently, the pairing of whole thiolate molecules, including the
headgroups and the aliphatic chains, is responsible for the superlattice structure. These findings
provide a consistent picture yet further details compared to previous reports using other methods,

e.g., the presence of more than one headgroup structure proposed by the GIXD study** as well as
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the confirmation of both pairings of the sulfur atoms and the chains, which remains a question in
the STM study that first resolved a pairing distance of 3.3 A.*® The precise driving force for the
pairings is uncertain and may likely be a combination of a few factors, including the enhanced
van der Waals interactions between long alkyl chains and an energetic preference resulting in
closer S-S association. Here, it is noted that the about-one-order-of-magnitude increase in the
average range of ordered domains, from 9.3 nm as deposited to 87 nm after annealing,
demonstrates the importance of domain sizes to the formation of the superlattice, which is in an

agreement with the literature.*

3.4 Gold adatoms underneath thiolates
Here, we address the issue regarding the presence of gold adatoms below the sulfur headgroups.
The experimental RHEED images show that the diffraction streaks from the sulfur sublattice of

the (2v3 x 3)reCt structure (Figure 5b) are much weaker in intensity compared to those from the

(V3 x v3)R30° primary structure (Figure 2). Given the same scattering cross section of electrons
for sulfur atoms, two scenarios are possible for such a difference. The first is related to the
population difference, i.e., the proportion of the superlattice structure might still be in a lesser
extent and not as high as that of the primary structure even as the ordered domains are enlarged
after a high-temperature annealing. Although such a scenario cannot be completely ruled out, it
does not resolve a major inconsistency. As anticipated in the kinematic scattering theory, the
simulated RHEED patterns yield comparable streak intensities (but with substantial differences
in the positions) from the sulfur sublattices of the two structures. However, a large intensity
discrepancy is found between the experimental and simulated images for the primary structure

before annealing. This leads us to consider the second scenario with the presence of gold
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Figure 8. Schematic of two adatom models for the primary structure, with (a) (RS-Au,q) units

and (b) a supercell structure proposed recently in Ref. 59.

adatoms, which have a substantially higher scattering capability compared to sulfur atoms in the
primary structure.

The experimentally observed streaks (Figure 2) require the same unit cell symmetry for
the gold adatoms as the hexagonal arrangement of the sulfur headgroups. Shown in Figure 8 are
two candidates suggested by different studies. The first model is atop site binding of the thiolates
to gold adatom (RS-Au,g) based on normal incidence x-ray standing waves (NIXW)>® and
photoemission core-level shifts’’ for short-chain alkanethiols (Figure 8a). For this (V3 x
V3)R30° primary structure, the surface coverage of gold adatoms is 0.33 referenced to Au(111),
i.e. one gold adatom per SAM unit cell that is the same as the thiolate coverage. The second
model contains gold adatom-dithiolate (RS-Au,g-SR) staple motifs, which have been observed
for short-chain alkanethiols on planar gold surfaces® as well as on gold nanoparticles.’
Construction of a (\/§ X \/§)R30° lattice using the RS-Au,g-SR motifs is not straightforward,
although they have been used to construct other types of unit cells observed in SAMs.* Here,
the recent model proposed by Torrelles et al. based on GIXD and STM data is considered, which

contain both dithiolate staple units and thiolate radicals in a (3v3 x 3v/3)R30° supercell structure
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with one third of the coverage in the first model (Figure 8b).”

Hence, we compare the simulated patterns at ¢¢ = 30° and 6;, = 1.3° for the different
models (Figure 9) with the experimental RHEED image in Figure 2f. It is found that compared to
the aliphatic chain Bragg spots, the diffraction streaks are discernable only when gold adatoms
are bonded to all thiolates (Figure 9a). The low streak intensity in Figure 9b signifies that a lower
coverage of gold adatoms fails to provide an effective scattering contribution, which results in a
pattern resembling that for the original model without gold adatoms (Figure 9¢) and thus may be
ruled out. Thus, our study suggests that the primary structure consists of gold-adatom-bonded

monothiolates as the basic structural moiety. On the other hand, for the (2v3 x 3)reCt superlattice

structure, we are led to conclude that the coverage of gold adatoms, if ever present, would be
significantly lower than that for the primary structure or even of minor importance because of the
low streak intensity compared to that of the diffraction spots from the reconstructed alkyl chains.
Thus, the significant difference in the coverage of gold adatoms between the primary and
superlattice structures is worth further investigation, taking into account the influence of alkyl
chain lengths (and hence the strength of van der Waals interactions), fabrication and thermal
treatment processes, and metal surface conditions. It is noted that a low coverage (0.14-0.17) of
gold adatoms associated with a dithiolate-bonded model has been reported in previous STM

. 60,61
studies,

although the results were obtained and interpreted using irreversible chemical
changes. As a further confirmation, we performed another simulation (not shown) with a
(23 x 2v/3)R30° supercell whose coverage is 0.16 (i.e., 2:1 for the ratio between sulfur and gold
atoms for dithiolate staple motifs). The resulting diffraction pattern shows not only much weaker

streak intensities but additional streaks in between that do not conform with the symmetry of the

observed (V3 x v3)R30° lattice.
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Figure 9. Simulated RHEED patterns at ¢ = 30° for the six-fold azimuthally rotated, (V3 x
V3)R30° primary structure, with (a) (RS-Au,g) units shown in Figure 8a, (b) the model proposed

in Ref. 59 as shown in Figure 8b, and (c) without gold adatoms below the sulfur headgroups.

Thus, by measuring SAMs in their original film conditions, we have found evidence that a high
coverage of gold adatoms as in the monothiolate-bonded model is needed, which has also been
argued and considered by Li et al. using STM results.’” On the contrary, the high coverage of
gold adatoms is lost in the (2v3 x 3)reCt superlattice structure formed via annealing. This
observation becomes reasonable and may be anticipated considering the observation of enlarged
domains of long aliphatic chains and closer S=S distances in the headgroups. Through thermal

annealing, a better methylene packing takes place during the structural transition as a result of

the strong van der Waals interactions between long chains. However, the unit cell structure of
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Figure 1h is not compatible with the headgroups and gold adatoms in the original primary lattice.
Hence, we find support that the headgroups favor closer S-S distances without bonding to gold
adatoms, resulting in a significant reduction in the coverage. The two models of Figure 1, ¢ and
g, especially the latter, may indicate the presence of some gold adatoms. The unbonded atoms
may migrate to the step edges and vacancy islands, as previously observed during the desorption

of thiolates.®*%

4. Conclusions

The structures of self-assembled monolayers of octadecanethiols chemisorbed on single-
crystalline Au(111) were investigated using RHEED and kinematic scattering theory
simulations. The as-prepared films, even after an extended deposition time, contain small
ordered domains of a primary (V3 x v3)R30° structure with a molecular tilt of 30.2° and six-fold
azimuthal rotation for the tilt, along with azimuthally disorderly packed regions of the same
average tilt. Gold adatoms with the same hexagonal symmetry below the sulfur headgroups are
present in the primary structure to account for the large intensity of the diffraction streaks; such a
high coverage of gold adatoms is needed. The annealing of the films up to a temperature of 383 K
results in a significant portion of the ordered domains transitioning to the (23 x 3)rect
superlattice structure, with an increase in the average size from 9.3 to 87 nm, for both the sulfur
atoms and the alkyl chains; the disorderly packed areas are largely reduced. Upon further
examinations, the superlattice structure consists of a mixture of two sulfur arrangements, both of
which contain a short S-S distance, and the pairwise-packed aliphatic chains, without the
presence of gold adatoms. Concurrently, the coverage of gold adatoms is largely reduced, as

evidenced in the much weaker streak diffractions observed. A microscopic model consistent with
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the changes in the structures, cell packings, headgroup distances, and coverages of gold adatoms
is provided. From these results, we believe that RHEED is a helpful method to further resolve
structural details and questions about other self-assembled films, as demonstrated in this study

which contain two or more regions of sublattices.
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Figure S2. Simulated RHEED patterns according to three (2v/3 x 3)rect structures for select azimuths. (a—f) Based on Figure 1h with a

combination of the models shown in Figure 1, ¢ and g for the sulfur headgroups. (g-1) Based on Figure 1d with the sulfur headgroups

as in Figure la. (m-r) Based on Figure 1f with the sulfur headgroups as in Figure le.
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