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ABSTRACT: This study examines the impact of surface temperature on H

alkanethiolate self-assembled monolayer (SAM) reactivity with atomic hydrogen
(H) as well as how the combined effects of temperature and alkanethiol chain
length alter the reaction outcome. This is achieved using ultrahigh vacuum
scanning tunneling microscopy (UHV-STM) to monitor the spatiotemporal
evolution of the monolayer throughout the reaction. We find that with decreasing
temperature, the reaction rate of alkanethiol SAMs with atomic H decreases
monotonically. Furthermore, the kinetic profile of the low-temperature reaction
differs from that at room temperature, indicating structural and dynamical
fluctuations within the monolayer that influence reactivity. Chain length is also
seen to significantly affect reactivity at reduced substrate temperature, with longer
alkanethiols reacting more slowly than shorter ones. Finally, we observe a unique
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surface rearrangement of the SAM upon exposure to atomic H, including changes in the organization of close-packed thiol domains
and the evolution of gold adatom islands not observed at elevated temperatures. Overall, this work provides both quantitative and
nanoscopic insight into how substrate temperature influences the structural dynamics of thiolate monolayers and how these

fluctuations influence chemical reactivity.

1. INTRODUCTION

The ability to passivate a chemically active surface is of interest
to many industrial sectors such as metallurgy and semi-
conductor manufacturing, as the functional lifetime of these
materials depends heavily on slowing their degradation when
they are exposed to a variety of reactive species. To this end,
organic thin films demonstrate significant promise in their use
as passivating coatings for metal and semiconductor surfaces.
Thiolate self-assembled monolayers (SAMs), for example, have
already been shown to provide significant resistance to
chemical reactivity and corrosion on a variety of technolog-
ically relevant substrates.' ™

However, structural deviations often occur in these films
under different environmental conditions, which can alter their
physical and chemical properties and, in turn, impact their
passivation abilities. For example, many pioneering studies on
alkanethiolate SAMs on Au(111), both theoretical’™"* and
experimental,'*~"® show that these films are subject to
temperature-dependent tilt-order phase transformations due
to their canted assembly on the surface. These include both
low-temperature transitions (T < 300 K) between two ordered
phases of differing tilt angles, and high-temperature transitions
(T > 300 K) between ordered, crystalline phases and phases
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characterized by disordered molecular fluctuations. Further
studies also illustrate that the surface structure and packing
density of alkanethiolate SAMs influence the energy-transfer
dynamics that occur between a monolayer and gas-phase
particles that collide with it."*'” A thorough understanding of
how structural changes impact surface reactivity is hence
crucial in advancing the implementation of functional thin
films in real-world applications.

The well-characterized and highly ordered polycrystalline
structure of thiolate SAMs, in addition to their vast chemical
versatility, provides a unique platform for studying the
dynamics between environmental conditions and chemical
reactivity of organic thin films."*™*' Several groups have
employed spectroscopic techniques such as X-ray photo-
electron spectroscopy”” and reflection absorption infrared
spectroscopy23 to examine how surface temperature influences
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Figure 1. Representative STM image progression (200 nm X 200 nm) of a 1-octanethiolate (8C) SAM as it reacts with atomic H at 250 K. Top
row: STM images showing @-phase coverages of 100%, 86%, 62%, and 32%. Regions of low-density SAM first appear around the domain
boundaries at 86% coverage, with low-density striped phase clearly visible beginning at 62% coverage. Bottom row: examples of the image
processing procedure used to quantify the @-phase coverage for each of the images in the top row, with the low-density SAM regions marked in
blue and the @-phase domains in orange. Note that initial defect sites such as etch pits and grain boundaries are always masked.

the film structure and reactivity of SAMs with O(°P). Previous
work has also utilized a combination of spectroscopies to
explore the impact of substrate temferature on alkanethiolate
interactions with X-ray irradiation.”

To gain an accurate understanding of how these temper-
ature-dependent thin film dynamics evolve on the nanoscale,
however, we must use a more localized experimental technique
such as scanning probe microscopy (SPM). SPM allows us to
better investigate kinetic events on the molecular level, rather
than being limited to averaged information from the entire
reactive surface. This work therefore uses ultrahigh vacuum
scanning tunneling microscopy (UHV-STM) to investigate the
localized impact of substrate temperature and alkanethiol chain
length on self-assembled monolayer reactivity. First, we track
the reaction progression of 1-decanethiolate (10C) SAMs
exposed to atomic hydrogen (H) at substrate temperatures Ty
= 295, 270, 250, and 130 K by monitoring the close-packed
thiol surface coverage. Using our previously developed rate
model,”> we describe the reaction kinetics and deduce the rate
constants for the reaction at each temperature. Furthermore,
we compare the reactivity of 1-octanethiolate (8C) and 10C
SAMs at low temperature (250 K) to reveal the combined
effects of reduced T and shorter chain length on reaction
kinetics with atomic H. Finally, we examine the impact of
substrate temperature on the SAMs’ surface rearrangement
during their reaction with atomic H. This paper provides
significant insight into the relationship between substrate
temperature and the resultant chemical activity of organic thin
films upon exposure to energetic species such as atomic H. In
particular, it emphasizes how structural fluctuations in the film
influence its reactivity as a function of temperature.

2. EXPERIMENTAL SECTION

Experiments are performed in a UHV chamber (base pressure
<5 x 1071 Torr) that houses both an RHK 350 Beetle UHV-

STM/AFM and a Mantis MGC-75 thermal gas cracker.”> The
in situ gas cracker is located 80 mm from the sample and
oriented 50° from the imaging stage’s surface normal,
occupying a solid angle of 0.004 sr. All atomic H flow
therefore arrives at the surface from the same direction, and
the impinging beam is controlled by a manual shutter.

The gas cracker produces atomic H by passing molecular
hydrogen (backing pressure of 1 X 1077 Torr) through a
heated iridium capillary and subsequently collimating it. Under
these conditions, the expected cracking efficiency and atomic
H flux are 90%”° and ~10' H atoms cm ™2 s~), respectively. To
prevent shadowing from the STM tip, we fully retract the
microscope head from the sample during exposures.

We prepare our thiolate SAMs using solution deposition on
flame-annealed Au(111)-on-mica substrates from Phasis. The
substrates are immersed in 1.0 mM solutions of 1-octanethiol
(8C) and 1-decanethiol (10C) in ethanol for 24 h at room
temperature and 2.5 h at 60 °C, respectively. Samples are then
rinsed with ethanol and dried in air prior to placement in the
UHV chamber.

For experiments at T < 295 K, the STM sample stage is
cooled with liquid nitrogen using a flow cryostat. A stable
sample temperature is maintained using a radiative heating
teedback loop and measured with a Type K thermocouple.

All STM images are taken with a +0.70 V bias on the sample
and a tunneling current set point of 10 pA. Previous control
experiments with 10C SAMs confirm that exposure to atomic
H is uniform across the entire substrate and that there are no
noticeable differences in reactivity due to variations in Au(111)
surface structure or SAM domain orientation for this
reaction.”” Finally, we perform all of our STM image
processing using Gwyddion, an open-source software for
SPM data analysis.””
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Figure 2. (A) Plot showing the fraction of 1-decanethiolate (10C) SAM ¢-phase coverage as a function of atomic H exposure time, at four different
temperatures and under constant atomic H flux. Each point is a weighted average of the data collected for the sample at that time, and we
performed multiple experimental runs to confirm the validity of the trajectories. Solid curves are fits produced using eq 1, and the vertical dashed
line marks the time at which we obtained the images in (B). (B) Representative images (150 nm X 150 nm) of 10C SAMs at 130, 250, 270, and
295 K after 64 min of atomic H exposure. At this time point, we observe a wide range of temperature-dependent reactivity: the SAM at 130 K
shows little-to-no reactivity (thin grain boundaries with numerous evenly distributed etch pits), whereas the SAM at 295 K is fully reacted (covered
in striped low-density phase and covered in bright gold islands). (C) Table of rate constants produced by eq 1 for all four reaction temperatures.
Although the two-rate model appears to adequately describe the reaction at 295 and 270 K, there is breakdown at 250 K, as evidenced by a

significantly lower value for k.

3. RESULTS AND DISCUSSION

It is well-documented in previous studies”’ that the primary
reaction mechanism of atomic H with short-chain alkanethio-
late SAMs (C < 12) is through the cleavage of the sulfur—gold
bonds, thereby removing entire thiols from the surface. This
reactivity, as shown in our reaction of an 8C SAM in Figure 1,
initially appears around the thiolate domain grain boundaries
and subse% ently expands outward, in agreement with previous
results.”>*” > The removal of thiolate molecules promotes the
formation of various low-density phases, including both
ordered lying-down, or striped, phases and disordered 2D
fluids.>* ™" These low-density regions continue to grow as the
reaction proceeds, consuming the hexagonal close-packed (¢-
phase) domains until only low-density alkanethiol and gold
adatom islands™>*”*° remain. We consider the reaction to be
complete when no @-phase SAM is left on the Au(111)
surface.”® The bottom row of Figure 1 illustrates the image
processing procedure used to quantify the ¢-phase coverage at
any point in the reaction, where all low-density SAM regions
are masked in blue to allow the computation of the unreacted
area.

The results of our study are divided into three parts. First,
we present the reaction of 1-decanethiolate (10C) SAMs at
decreased substrate temperatures and discuss the validity of
our previously developed kinetic model® for Ty # 295 K.
Second, we examine the effect of chain length on low-
temperature alkanethiolate reactivity by comparing the
reaction rates of 8C and 10C SAMs at both Tg = 295 and
250 K. Finally, we analyze the impact of Ts on nanoscale
alkanethiolate surface rearrangement, with particular emphasis

on the restructuring of ¢-phase domains and gold adatom
islands at low temperature.

3.1. 1-Decanethiolate (10C) Reactivity at Various Ts.
To understand the impact of reduced temperature on
alkanethiolate SAM reactivity with atomic H, we tracked the
reaction progression of 10C SAMs at T = 295, 270, 250, and
130 K. These results are presented in Figure 2A, where the
area fraction of ¢-phase SAM is plotted as a function of
hydrogen exposure time. The rate of a 10C SAM’s reaction
with atomic H decreases with decreased temperature, with the
lowest temperature of Ts = 130 K showing no measurable
reaction. This trend in reactivity in relation to Tg is in
agreement with previous work””~** and is visually represented
in Figure 2B, where the STM images of 10C SAMs are
presented for the same atomic H exposure at different surface
temperatures.

The experimental data in Figure 2A were fitted to our
previously developed model, which successfully describes the
reactivity of alkanethiolate SAMs of different lengths at room
temperature25

G5 _ polsior y 1
0, &

ky (1)

where % is the normalized area fraction of @-phase SAM, t is
0

the hydrogen exposure time, ks is the rate constant for
hydrogen’s reaction with the @-phase, k; defines the rate of
hydrogen’s reaction with low-density phases, and A is a
constant dependent on kg and k;. This two-rate model builds
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Figure 3. (A) Plot showing the fraction of ¢-phase coverage as a function of atomic H exposure time for 8C and 10C SAMs at 295 and 250 K. Each
point is a weighted average of the data collected for the sample at that time, and solid curves are fits produced using eq 1. (B) Tabulated rate
constants produced by eq 1 for 8C and 10C SAMs at 295 and 250 K. We note that k;’s independence of chain length appears to persist even at low

temperature.

on previously proposed theory®® and assumes that the reaction
of thiols with atomic H occurs one of two ways: (a) the slow
reaction of sterically hindered close-packed thiols or (b) the
fast reaction of easily accessible edge-site and/or low-density
thiols. Calculated reaction probabilities based on the atomic H
flux and time-dependent SAM densities also provide further
support for our two-rate model. At T = 295 K, a 10C SAM has

~30% reaction probability for % = 0.95, which increases to a

(
~90% reaction probability once there is greater low-density

thiol coverage and % = 0.60.
0

Both the fitted curves in Figure 2A and the rate constants in
Figure 2C show that the two-rate model describes the
experimental data well for Tg = 295 and 270 K adequately.
Three key statements about the impact of temperature on the
reaction can be made following this analysis: First, k; varies
minimally between the two temperatures, which implies that
the lying-down phase is equally reactive under both conditions,
and thus the reactions likely follow similar mechanisms.
Second, k; > kg, which once again suggests that low-density
phase thiols are significantly more reactive than ¢-phase thiols,
regardless of temperature. Finally, ks decreases for colder
samples, which confirms that atomic H’s ability to permeate
the @-phase domains is greatly reduced due to increased SAM
crystallinity at lower temperature.” '3

However, the proposed two-rate model disagrees with the
experimental data for Tg < 250 K. As shown in Figure 24,
there is a modest divergence of the model fit from the
experimental data at longer atomic H exposure times. Unlike
the reactions at Tg = 295 and 270 K, which accelerate
continuously after their incubation periods, the reaction at Tj
= 250 K appears to slow down as it approaches completion.
This observation is a direct consequence of lingering ¢-phase
domains on the surface near the end of the reaction and is
reflected in the calculated reaction probabilities for a 10C SAM

at Tg = 250 K. For % = 0.63, the reaction probability is at its

0

peak of ~31%; however, for % = 0.17, it drops to ~18% and
0
continues to decrease until the end of the reaction. Sigmoidal

profiles like these are commonly observed in systems governed

by the Avrami equation, where the reaction begins slowly,
accelerates when multiple nucleation centers are available to
react simultaneously, and then decelerates once the amount of
available reactant becomes minimal. In our experiment, we
propose that the final deceleration occurs when the @-phase
domains approach the minimum size for thermodynamic
stability, but there is not yet enough available surface area for
all of the ¢-phase to convert into lower-density striped phases.
This phenomenon is more probable at lower temperature
because the thiols are less mobile on the Au(111) surface,
which prohibits the @-phase from coalescing into larger and
more stable domains.’**’ Previous work supports this
proposal, using the Avrami theorem as a basis to describe
both the formation process of a self-assembled monolayer from
solution*” and the reductive desorption of alkanethiols from an
Au(111) surface.”!

The change in experimentally observed reactivity at Tg =
250 K supports the conclusions drawn by past molecular
dynamics studies,””"" which state that alkanethiolate SAMs
undergo distinct structural phase transitions at specific
temperatures. At Tg = 150 K, thiolate SAMs form highly
ordered solid films with all molecules tilted unidirectionally at
~34° from surface normal'* and rotational motion fully
prohibited. Conversely, at Ts > 300 K the collective tilt angle
becomes diffuse, and the molecular fluctuations increase
significantly. However, for 250 K < T < 300 K, there exists
an intermediate phase where although crystalline order is
largely maintained, molecular fluctuations appear in the
individual molecules’ tilt directions. This suggests that our
observed difference in reactivity at Ts = 250 K compared to T
= 270 and 295 K can be explained by differences in the
monolayer’s temperature-dependent dynamic disorder and the
degree of molecular fluctuations experienced, which in turn
influences atomic H mobility through the film.

3.2, Effect of Chain Length on Low-Temperature
Alkanethiolate Reactivity. We also investigated how the
chain length dependence of alkanethiolate reactivity is affected
at low T by comparing the reaction progression of 8C and
10C SAMs at T = 295 and 250 K. Figure 3A plots the area
fraction of ¢-phase SAM as a function of hydrogen exposure
time, and the experimental data are fitted to eq 1. We find that
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Figure 4. STM images (150 nm X 150 nm) of 8C and 10C SAMs at T = 295 and 250 K, both prior to reaction and at 65 = 0.56. Each image shows
a representative @-phase domain highlighted in green as well as the average @-phase domain size for that chain length, temperature, and surface
coverage in the bottom right-hand corner. At T = 295 K, the average @-phase domain size increases as the reaction progresses, with the 8C sample
exhibiting greater rearrangement than the 10C sample. At T = 250 K, however, the ¢-phase domains remain approximately the same size following
exposure to atomic H. This phenomenon is attributed to the freezing of lateral molecular movement, which would typically be thermodynamically

favorable, at reduced temperature.

the shorter SAM reacts with atomic H more quickly than the
longer SAM because longer alkanethiolate chains exhibit a
more crystalline packing structure and are thus less penetrable
to atomic H.”>***’ This observation is true at both
experimental temperatures, and the rate constants for each fit
are tabulated in Figure 3B.

Both the 8C and 10C SAMs exhibit a similar decrease of
95% in relative reaction rate at Tg = 250 K compared to T =
295 K. This suggests that although the SAMs’ reaction with
atomic H is chain-length-dependent across multiple substrate
temperatures, any changes in alkanethiolate packing due to
reduced T are comparable for 8C and 10C SAMs. Although
some previous studies” show that lowering Ty yields a more
severe relative decrease in reactivity for longer-chain thiols, we
suspect that this difference only manifests when comparing
SAMs across different chain length regimes. Because both 8C
and 10C SAMs are classified as short-chain alkanethiols (C <
12),”* as determined by their tilt structure,'> we expect the
temperature dependences of their packing behavior and
reactivity to be relatively similar.

3.3. Impact of Ts on Nanoscale Alkanethiolate
Surface Rearrangement. Finally, we use the nanoscale
imaging capabilities of STM to analyze chain-length-dependent
surface rearrangements” at low Tg during reaction with atomic
H. These temperature-dependent differences in surface
morphology result in the rearrangement of ¢-phase domains
and etch pits and the evolution of gold adatom islands.

First, Figure 4 presents STM images at both 05 = 6, and 05 =
0.56 and demonstrates how the @-phase domains of 8C and
10C SAMs evolve during the course of reaction at Tg = 295
and 250 K. At room temperature, we observe the anticipated
Ostwald ripening of the close-packed thiols and etch pits,”

with the 8C sample exhibiting greater rearrangement than the
10C sample. The chain length dependence of the monolayer
restructuring is attributed to the van der Waals forces between
neighboring alkanethiol molecules; the shorter the molecule,
the weaker the intermolecular forces within the film*® and
therefore the greater the molecular mobility on the Au(111)
surface. At Tg = 250 K, however, neither 8C nor 10C SAMs
exhibit a statistically significant difference in their average ¢-
phase domain size when comparing 65 = 6, to 65 = 0.56; that
is, at low temperature, the @-phase domains of alkanethiolate
SAMs remain approximately the same size throughout their
reaction with atomic H, as illustrated by the domains
highlighted in green in Figure 4. We propose that this lack
of surface rearrangement at T = 250 K is due to the thiols’
reduced mobility at colder temperatures; the lower temper-
ature prohibits molecular movement that would otherwise
result in the formation of larger and more thermodynamically
favorable domains.***’

Finally, the temperature dependence of gold adatom island
formation following the SAMs’ exposure to atomic H is shown
in Figure 5. During experiments performed at T = 295 K, gold
islands appear exclusively at the end of the reaction; their
appearance signals that the reaction with atomic H is complete
and that no ¢-phase SAM remains on the surface. This
observation is also true for SAMs exposed to atomic H at T =
270 K. However, at Tg = 250 K, the gold islands appear
gradually throughout the reaction, even while close-packed
thiols are still present on the Au(111) surface. We propose that
the slow growth of gold islands is partially due to the reduced
mobility of thiols on the Au(111) surface at low temperature,
although it is interesting to note that the Kandel group has also
recently reported on similar reaction-induced surface evolution

https://doi.org/10.1021/acs.jpcc.1c07487
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Figure 5. STM images (150 nm X 150 nm) of 10C SAMs with 65 =
0.74 @-phase coverage at 270 and 250 K. At 270 K, we observe the
typical reaction progression: a widening of grain boundaries around
the close-packed thiol domains. However, at 250 K, we notice the
appearance of gold islands (see features highlighted in inset) within
the low-density thiol regions, despite there still being @-phase on the
surface. This phenomenon occurred for both 10C and 8C SAMs at
250 K.

at higher temperatures than our results.** This suggests that
other factors likely impact the rate of gold adatom growth,
such as atomic H flux and overall reaction speed.

4. CONCLUSIONS

In this paper, we use STM to demonstrate that the
temperature of alkanethiolate SAMs significantly impacts
their reactivity with atomic H, in terms of both kinetics and
surface reconstruction. First, our experimental data show that
SAMs react more slowly as temperature decreases, and all
reactivity can be eliminated at sufficiently low Ts. For slightly
decreased temperatures (Tg = 270 K), the reaction kinetics are
well-described using our previously developed two-rate
model.”> However, at Tg = 250 K, our proposed model
diverges from the experimental data, likely due to a structural
phase transition in the alkanethiol monolayer’ "' which
decreases the degree of molecular fluctuations experienced
and, hence, hinders the mobility of atomic H through the
SAM. Second, we find that shorter SAMs react with atomic H
more quickly than longer SAMs due to increased dynamical
fluctuations caused by their weaker interchain attrac-
tions,”**>* and that this is true at both Ts = 295 and 250
K. Furthermore, 8C and 10C SAMs exhibit a similar decrease
of 95% in relative reaction rate at T = 250 K compared to Tg =
295 K. These conclusions imply that although the SAMs’
reaction with atomic H is chain-length-dependent at any given
substrate temperature, changes in alkanethiolate packing due
to reduced Tg are comparable for octanethiolate and
decanethiolate SAMs. Finally, we observe nanoscale differences
in the reaction-induced structural rearrangement of the
alkanethiolate monolayers at T = 295 K compared to Tg =
250 K. At room temperature, the @-phase domains undergo
Ostwald ripening during their reaction with atomic H, with the
8C sample exhibiting greater rearrangement than the 10C
sample. However, at T = 250 K, the average ¢-phase domain
size remains approximately unchanged following exposure to
atomic H, for both the 8C and 10C SAMs. This lack of surface
rearrangement is attributed to the reduced molecular motion
of thiols across the surface at colder temperatures. Addition-
ally, we observe a temperature dependence in the formation of
gold adatom islands during the SAMSs’ reactions with atomic H.
At room temperature, the adatoms appear abruptly after the ¢-
phase domains are gone; however, at T = 250 K, the adatoms

24411

grow slowly throughout the course of the reaction. We propose
that this slow growth of gold islands is partially due to the
reduced mobility of thiols on the Au(111) surface at low
temperature, although it is also likely impacted by other factors
such as atomic H flux and overall reaction speed. This STM
study therefore yields important insight into temperature-
dependent structural changes that occur in organic thin films,
as well as how these rearrangements influence the films’
chemical reactivity and passivation capabilities.
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