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Thermal curing of a self-assembled monolayer
at the nanoscalet
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On fabrication by contact printing, a nanostructured self-assembled monolayer (SAM) of alkanethiol con-

tains a substantial fraction of unbound molecules that are either inverted among other upright molecules

or piled on top of the SAM. The molecular dynamics simulation in the present study demonstrates that
thermal annealing cures these defects for a SAM island of octadecanethiol. The SAM island melted
partially as a result of heating, so the unbound molecules that had piled on top of the SAM island pene-

trated down to make contact with the surface, and the inverted molecules flipped to achieve adsorption.
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Introduction

Nanostructured self-assembled monolayers (SAMs) of alkane-
thiols are utilized in various applications, such as functional
nanomaterials,'™ biosensors,” and molecular electronics.”””
All of these applications are based on the notion that the
nanoscale SAMs have the same ordered and stable structure as
the bulk SAMs at full surface coverage: the sulfur atoms are
closely packed with each other and firmly bound to the
surface, and the alkyl chains are aligned and packed
together.®® Nanosized SAMs, however, exhibit some novel fea-
tures: for example, the tilt orientation of the alkyl chains
periodically changes with time and the SAMs become unstable
when their sizes fall below certain values (5 nm and 3 nm in
width for the SAM dots and lines, respectively).'®™* At present,
the molecular and thermal properties of nanoscale SAMs are
poorly understood, compared to their bulk counterparts.

A nanostructured SAM is often fabricated by contact print-
ing utilizing a source with nano- or microscale asperities such
as a stamp’ or an atomic force microscope (AFM) tip'® coated
with thiol molecules. Essential in this nano- or microcontact
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With subsequent cooling, the packing of sulfur atoms and alignment of alkyl chains of the SAM island
were recovered. The molecular pathways for the adsorption of the unbound molecules were unraveled.
The transition state and activation energy, calculated for each pathway in the absence of annealing,
showed that these defects are incurable without the help of annealing.

printing is the self-assembly of a multi-layered mound of
entangled molecules into an ordered monolayer.

Owing to the largely random nature of molecular tumbling
and diffusion in the self-assembly, however, the resulting SAM
pattern inevitably includes a significant amount of unbound
thiol molecules, as shown in Fig. 1 (nearly 20% for the present
simulation of a SAM island). These unbound thiol molecules
were detected in the X-ray photoelectron spectra of the bulk
SAMs."**® For example, the minor sulfur peak for the SAM of
L-cysteine was attributed to the molecules physisorbed on the
first chemisorbed layer.'® However, spectroscopic or micro-

Nano SAM with Unbound Thiol Molecules

Fig. 1 A circular SAM island of ODT (7 nm in diameter) fabricated by
contact printing. A mound of entangled ODT molecules (left), deposited
by contact printing, spreads and self-assembles into a SAM island con-
taining unbound molecules either inverted among upright molecules or
piled on top of the SAM island. Spreading of an entangled mound of
thiol molecules into a monolayer is an essential step in nano- or micro-
contact printing of SAMs. In this and all of the following figures, the
underlying surface is gold (111) and is drawn as dots.
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scopic probing of the unbound thiol molecules of a nanoscale
SAM has been elusive. Instead, a molecular dynamics (MD)
simulation can provide a detailed picture of the unbound thiol
molecules.'” In addition to the molecules piled on top of the
SAM through nonspecific van der Waals interactions, our pre-
vious MD simulation has revealed the existence of inverted
molecules among upright molecules whose methyl tail groups,
instead of sulfur atoms, make contact with the surface.

The unbound molecules of nanoscale SAMs can seriously
limit their stabilities and efficiencies in various applications,
such as sensors, nanomolding, and nanoreplication. Here, we
propose thermal annealing as an efficient cure for these
defects. Thermal annealing is known to reduce the number of
disordered domains of the bulk SAM'’*° by decreasing the
amount of vacancy islands (pits) of the underlying surface.
Even on an atomically flat surface such as a gold (111) surface,
however, a SAM can have defects such as pinholes due to the
alkyl chains not being fully extended and the domain bound-
aries arising from the mismatch in the tilt direction of alkyl
chains.'*?*?! Nanostructured SAMs, having the novel struc-
tural features described above, are presumably more vulner-
able to thermal fluctuation compared to their bulk
counterparts.'®! Currently, the effects of thermal annealing
on nanostructured SAMs are unknown.

Herein, MD simulation was used to study thermal anneal-
ing (400 K) of the SAM island of 1-octadecanethiol (ODT) with
unbound thiol molecules. These unbound molecules are rele-
vant to those resulting naturally from the nanocontact printing
of a circular SAM pattern. We show that thermal annealing
effectively cures the unbound molecules in the SAM island,
giving rise to an ordered and compact SAM island. We resolved
the molecular pathways for the adsorption of unbound mole-
cules in the annealing process. We identified the transition
states and calculated the activation energies for these path-
ways. Our investigation shows that the unbound molecules of
the present SAM island cannot be cured without the help of
thermal annealing.

Results and discussion

A circular SAM island of ODT, 7 nm in diameter, was grown on
a gold (111) surface by nanocontact printing (Fig. 1). The
contact printing was emulated by spreading a droplet of ODT
molecules on the surface. The mound of entangled molecules
(left, Fig. 1) spread spontaneously and self-assembled into a
SAM island with unbound molecules either inverted among
upright molecules or piled on top of the SAM island. These
unbound molecules, arising from the random molecular tum-
bling and diffusion in the self-assembly, accounted for 20% of
the 346 total molecules comprising the SAM island (11%
inverted and 9% piled on top of the SAM island). Presumably,
these unbound molecules are ubiquitous in the nanosized
SAMs grown by contact printing. However, the thermal pro-
perties of these unbound molecules, especially those inverted,
were previously unexplored.
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The SAM island grown by nanocontact printing (right,
Fig. 1) was subsequently annealed at 400 K (Fig. 2). Upon
heating from 300 to 400 K, the SAM island melted partially
without desorption of molecules; it expanded laterally, and the
sulfur atoms, which were initially closely packed, dispersed
slightly. At the same time, the alkyl chains became curly and
disordered, in contrast to the initially straight alkyl chains that
were aligned with each other. At 380 K, all of the molecules
that piled on top of the SAM island penetrated down to make
contact with the surface, either upright or inverted. When the
temperature reached 400 K, all of the inverted molecules
flipped to stand upright. Upon subsequent cooling to 300 K,
the sulfur atoms were densely packed again, giving
the v/3 x v/3R30° overlayer packing of sulfur atoms. Moreover,
the alkyl chains aligned with each other, resulting in a
nearly defect-free compact SAM island. The structural para-
meters of the SAM island after the completion of annealing
were examined (see Table S1, ESIf)."”” The sulfur-sulfur
distance (4.97 A), tilt angle of alkyl chains (26.1°), percentage
of trans conformations of alkyl chains (97.1%), and order
parameter of the tilt orientation of alkyl chains were all close
to the corresponding values of the bulk SAMs without any
defects.

Two pinholes remained in the SAM island after the com-
pletion of annealing because two molecules folded their alkyl
chains in half, blocking two adsorption sites on the surface.

380K

300K 360K

Fig. 2 Thermal annealing of the present SAM island initially containing
unbound molecules. Selected snapshots of the SAM island in the
annealing arranged sequentially in the clockwise direction (starting from
the top left panel) are shown. In each panel, the bottom view of the
sulfur atoms of the SAM island is also shown. The temperature was
increased (decreased) by 20 K. At each temperature, MD simulation was
run for 4 ns.
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Interestingly, similar pinholes were found in the AFM images
of the crystalline domains of the bulk SAMs and were attribu-
ted to alkyl chains that were not fully extended.>® Note that the
present SAM island was annealed extremely fast (at a rate of
4.2 K ns™"), owing to the limited timescale of MD simulation
(which lasts only up to the sub-microsecond scale). An experi-
mental annealing, done much more slowly, will give a more
ordered SAM structure, presumably without the pinholes seen
above. We examined the structures of the SAM islands
annealed two and four times faster than in the present simu-
lation (Table S1, ESIT). We observed a clear trend that a slower
annealing gives rise to a reduced number of pinholes and an
enhanced orientational order in the alkyl chains of the SAM
island. Similarly, the previous experiments showed that a
reduced annealing rate decreases the number of defects (and
increases the range of ordered domains) in the bulk SAMs.>**?

We were able to identify four molecular pathways for the
adsorption of the unbound molecules in the annealing
process (Fig. 3). The unbound molecules piled on top of the
SAM island (46% of the 70 total unbound molecules) followed
the hop-down (44%) or push-down (56%) adsorption pathway.
In the hop-down pathway, a molecule migrated to the SAM per-
iphery and hopped down to the bare surface. In the push-
down pathway, a molecule that was stacked on top of the SAM

Heating

Molecules Piled above SAM (46%) Inverted Molecules (54%)
€\ \f
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Fig. 3 Molecular pathways for the adsorption of unbound molecules in
the present annealing. Two types of unbound molecules, either inverted
among other upright molecules (54%) or piled on top of the SAM island
(46%), were found. An unbound molecule piled on top of the SAM island
followed either a hop-down (44%) or push-down (56%) pathway to
achieve adsorption. An inverted molecule followed either a simul-
taneous (82%) or sequential (18%) flip pathway to achieve adsorption.
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island pushed away the molecules below it and made contact
with the surface. The molecules that had been pushed away in
turn pushed their neighbors, and these pushing events propa-
gated toward the SAM periphery. Before the temperature
reached 400 K, the pile of molecules on top of the SAM island
disappeared completely (more details can be found in Fig. S1,
ESI}). The present hop-down and push-down pathways are
similar to those found in our MD simulation of the growth of
a SAM island by contact printing.'*

The adsorption of an inverted thiol molecule in the anneal-
ing process followed either a sequential (18%) or simultaneous
(82%) flip pathway (Fig. 3). In the former case, the sulfur atom
of an inverted molecule pushed its way down to the surface
without moving its methyl tail group. Only after the sulfur
atom adsorbed, the methyl tail group went up, resulting in an
upright adsorbed molecule. In the latter, the sulfur atom of an
inverted molecule went down to the surface and adsorbed to
the surface while simultaneously raising its methyl tail group
above it. Consecutive snapshots of the sequential and simul-
taneous flip pathways can be found in Fig. S2, ESL.}

The question that arises at this point is whether the
unbound molecules spontaneously adsorb without thermal
annealing over a long timescale relevant to the experiment
(hours or days). As MD simulation over an experimental time-
scale is not possible, we instead calculated the activation
energy required for a molecule to adsorb by following each
pathway above without annealing. To do so, the free energy
profile for each pathway was constructed by running a series of
restrained MD simulations at 300 K (see the Simulation
methods section for details).

The free energy or potential of mean force (PMF) for the
hop-down pathway was calculated by varying the horizontal
position of the sulfur atom of an unbound molecule, ¢
(Fig. 4). As ¢ increased from 0 to 38.5 A (from the center to the
periphery of the SAM island), the maximum free energy (tran-
sition state) appeared at ¢ = 37.2 A with a barrier height of 4.0
times the thermal energy at 300 K, kgT. The snapshot of the
transition state (marked as a circle in the PMF curve) is shown
in Fig. 4. This barrier is similar to the Ehrlich-Schwoebel (ES)
barrier originally defined as the extra energy required for an
adatom to step down at the step edge in the epitaxial growth of
a metal film.>***> The ES barrier arises from the reduced
number of neighbors of an adatom at the step edge compared
to that of an adatom on top of a terrace. Note, however, that
the present adsorbing molecule (in red) dragged the pile of
molecules from the center to the periphery of the SAM island.
Therefore, the present barrier contains, in addition to the ES
barrier, the energy required to detach the adsorbing molecule
from the pile of molecules stacked on top of the SAM island.
The ES barrier for the present SAM island can be calculated by
removing the pile of molecules on top of the SAM island
except the adsorbing molecule. In this way, the ES barrier of
the present SAM island was found to be 0.7kgT (see Fig. S3,
ESIT). The present ES barrier is much smaller than that calcu-
lated for an organic transistor film of tetracene, ~7.8kg7, even
though tetracene is similar to ODT in mass.*® This presumably
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Fig. 4 Free energy profile for the adsorption of an ODT molecule
through the hop-down pathway without annealing. The PMF was calcu-
lated by varying the lateral position of the sulfur atom measured from
the center of the SAM island, ¢, from 0O to 38.5 A. Also shown is the
configuration of the transition state with the maximal free energy
(marked as a circle). In this and all of the following figures, the PMF
values are reported in units of thermal energy at 300 K, kgT (2.49 kJ
mol™?). Moreover, ODT molecules, except for the adsorbing one, are
depicted as lines.

arises from the fact that ODT molecules are floppy and weakly
bound together, in contrast to rigid tetracene molecules
strongly bound together through n-n stacking interaction. In
this and all of the following PMF profiles, the focus is on the
transition state and activation energy of an adsorbing mole-
cule. The PMF values at geometries near adsorption (when the
sulfur atom is close to a gold atom) were omitted, because the
strong chemisorption interaction makes it difficult to control
the position of the sulfur atom in the restrained MD simu-
lation (see the Simulation methods section for details).

The PMF profile of a molecule adsorbing through the push-
down pathway without annealing is shown in Fig. 5. Here, the
height of the sulfur atom measured from the gold surface, ¢,
was controlled in the restrained MD simulation. The MD snap-
shots of two transition states (marked as circles) are shown as
well. Upon lowering the sulfur atom (decreasing ¢ from 23.4 to
4.4 A), two free energy barriers are met. After crossing the first
small barrier of 5.3kgT in height, a local minimum appeared
when the sulfur atom was halfway down to the surface (& =
15.5 A). As the sulfur atom was lowered further, the maximum
free energy emerged at & = 6.6 A with a barrier height of
18.8kgT. Here, more energy is required to push away the sulfur
atoms already bound to the surface. The free energy barriers
above (>18kgT) signify that the molecular adsorption following
the push-down pathway is implausible in the absence of
annealing.

The PMF profile of the molecular adsorption via the
sequential flip pathway consisted of two steps (Fig. 6). In the
first step, the sulfur atom of an adsorbing molecule pushed its
way down without moving its methyl tail group. The PMF
curve calculated by controlling ¢ is displayed in Fig. 6 (top),
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Fig. 5 Free energy profile for a molecule adsorbing through the push-
down pathway without annealing. The PMF curve was constructed by
controlling the height of the sulfur atom measured from the gold
surface, & Also depicted are the simulation snapshots for the transition
states with the free energy maxima, marked as circles.

along with the snapshot of the transition state (marked as a
circle). As & decreased from 23.4 to 4.4 A, the PMF increased,
reaching a maximum with a height of 25.4ksT at & = 6.2 A, fol-
lowed by a decrease. This barrier is even larger than that found
for the push-down pathway. In the second step, the methyl tail
group rose while the sulfur atom was tethered to the surface.
Fig. 6 (bottom) shows the PMF plotted against the vertical
height of the terminal methyl group, w. The MD snapshot of
the transition state (circled) is shown. As @ increased from 4.4
to 23.4 A, the free energy increased, reaching a maximum at
w = 14.8 A, followed by a decrease. Here, the free energy
barrier is ~10kgT, indicating that the methyl tail group rises
more easily than the sulfur atom penetrates down.

Lastly, the PMF profile for a molecule adsorbing via the
simultaneous flip pathway without annealing was investigated
(Fig. 7). Because the sulfur atom and methyl tail group moved
simultaneously down and up, respectively, the PMF was
plotted against both ¢ and w, by varying & from 23.4 to 4.4 A
and o from 4.4 to 23.4 A. Only the diagonal portion of the
PMF surface was calculated because ¢ and @ vary simul-
taneously in the opposite direction. Also shown is the MD
snapshot of the transition state (marked as a cross) located at
(¢, w) = (12.1 A, 16.9 A). The free energy barrier was 28ksT in
height, several kgT values higher than that found in the
sequential flip pathway.

As seen above, the adsorption of an unbound molecule,
whether it was inverted among upright molecules or piled on
top of the SAM island, requires an activation energy much
larger than the thermal energy at room temperature. Moreover,
the push-down and sequential flip pathways had double bar-
riers, leading to intermediate metastable states. The activation
energy of the hop-down pathway was relatively small but still
four times the thermal energy. Moreover, the adsorbing mole-
cule in this case must diffuse from the center to the periphery

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Free energy profile for the adsorption of a molecule via the
sequential flip pathway in the absence of annealing. This pathway con-
sisted of two steps. First, the sulfur atom penetrated down without
moving the methyl tail group. The plot of PMF against the height of the
sulfur atom, ¢ (top), is shown, along with the snapshot of the transition
state (marked as a circle). The second step involves the raising of the
methyl tail group while the sulfur atom is tethered to the surface. The
plot of PMF against the height of the methyl tail  (bottom) is shown,
together with the MD snapshot of the transition state (marked as a
circle).

of the SAM island. This should require additional time, par-
ticularly for a large SAM island, making adsorption through
the hop-down pathway even more implausible. Consequently,
the unbound molecules in the present SAM island are incur-
able without thermal annealing.

We point out that the present MD method has proven to
capture the experimental features of the bulk SAM. For
example, the equilibrium SAM structures such as the tilt
angles of alkyl chains and the hexagonal packing of sulfur
atoms were in good agreement with the experimental
results.”””?® Unfortunately however, we are unaware of any
experimental investigation on the structure of a nanoscale
SAM due to the inherent difficulty in probing small SAMs.
Moreover, the present study focused on the mechanism and
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Fig. 7 Free energy profile for the adsorption of an unbound molecule
via the simultaneous flip pathway in the absence of annealing. The plot
of PMF against both ¢ and w is shown, with the MD snapshot of the tran-
sition state (marked as a cross). The arrow shows the direction of pro-
gress in the adsorption.

transition states of curing of the nanoscale SAM, making a
direct comparison with the experiment even more elusive.

We selected a rather long alkanethiol molecule because
ODT is a prototypical molecule in the nanofabrication of
SAM.* Thermal curing found for the SAM of ODT is expected
to be valid for alkanethiols with different chain lengths (typi-
cally varying from 8 to 30 in the number of carbon atoms).
Quantitatively however, the SAMs of alkanethiol molecules
with relatively short chain lengths will be cured even more
rapidly by thermal annealing. The reason is twofold. First, the
unbound molecules on top of the SAM island diffuse faster,
and, consequently, more rapidly adsorb to the surface via the
hop-down pathway. Second, the inverted molecules with short
chain lengths will flip relatively easily to adsorb via the flip
mechanisms. If the alkyl chains are too short however (less
than 10 carbon atoms), a nanoscale SAM will be thermally
unstable due to its weak interchain packing, as found
previously.**?

The final state of the present SAM island does depend
on the initial positions and velocities of the alkanethiol
molecules used in MD simulations. Therefore, the final
structure of SAM, such as the exact shape of the periphery
of SAM, can be slightly different, depending on the initial
conditions used. However, thermal annealing will invari-
ably remove the unbound molecules regardless of the
initial conditions, because the free energy barriers for the
adsorption of unbound molecules are removed by thermal
annealing.

Simulation methods

The CHj;, CH,, and SH groups of ODT were treated as united
atoms,”®** because this united atom model previously

Nanoscale, 2016, 8, 1133-1139 | 1137
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produced SAM structures that were in agreement with the
all-atom simulations.*>*® The bond stretching and bending
angle interactions were modeled as harmonic potentials.>” The
four-atom torsion potential (C-C-C-C or C-C-C-S) was a triple
cosine function of the dihedral angle, which has minima
corresponding to the trans and gauche conformations.*® Non-
bonded interatomic interactions were described using the
Lennard-Jones (L]) potentials,

Viy(r) = 4el(o/r)"* — (o/r)]

where r is the interatomic distance, and ¢ and ¢ are the energy
and length parameters, respectively.®® The Lorentz-Berthelot
combination rule*® was used to obtain the L] parameters of
the heteroatomic pairs. The sulfur-gold chemisorption inter-
action was described by the Morse potential,*

VMorse(r) _ De—a(r—b) [e—a(r—b) _ 2}

where D and b are the well depth and distance at the
minimum potential energy, respectively. The L] and Morse
parameters were taken from previous studies.'®'*?”3 The
gold (111) surface was made of two layers of 12 800 atoms and
held rigid. We simulated the largest gold surface as possible to
mimic a surface relevant to experiments. The MD trajectories
were propagated using the velocity Verlet algorithm with a
time step of 1.0 fs.

A spherical droplet of 346 ODT molecules was simulated by
running a constant number, volume, and temperature (NVT)
MD simulation at 300 K for 2 ns using the Berendsen thermo-
stat."” The droplet was then placed 1.0 nm above the gold
surface. An NVT MD simulation was then run for 79.92 ns, and
the final configuration was used as the initial condition for the
annealing simulation (right, Fig. 1). The initial SAM island
with unbound molecules was heated to 400 K in increments of
20 K, and then cooled in steps of 20 K back to 300 K. At each
temperature, an NVT MD simulation was run for 4 ns. The
present annealing temperature is above and below the melting
and boiling points of ODT, 306 and 483 K, respectively. The
DLPOLY package®® was used to implement the MD methods
described above.

A series of restrained MD simulations was run to calcu-
late the PMF profile for the adsorption of an ODT molecule
following each pathway shown in Fig. 3 in the absence of
annealing. Depending on the pathway, the PMF was plotted
against the horizontal position of the sulfur atom, ¢, height
of the sulfur atom, ¢, height of the methyl tail group, w, or
both ¢ and w. Using the umbrella sampling method,** these
control variables (reaction coordinates) were restrained to
their target values by imposing the harmonic bias potential
functions. Typically, 39 windows were used to achieve
sufficient overlaps between the neighboring histograms. For
example, the target value of ¢ was changed from 23.4 to
4.4 A with a 0.5 A decrease using a force constant of 8.0,
14.0, or 20.0 keal (mol A)™ for the harmonic potential func-
tions. In each window, a 6.0 ns MD simulation was run and
the initial 0.5 ns for equilibration was discarded. The free
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energy was extracted using the weighted histogram analysis
method.**™*® At the geometries near adsorption (& < 4.4 A),
the sulfur atom interacted strongly with the gold surface
through the chemisorption potential (Morse potential). Con-
sequently, restraining ¢ to a target value became proble-
matic. Therefore, the PMF values for the geometries very
close to the adsorption of a target molecule were omitted in
the PMF profiles. All of the restrained MD simulations were
run using the DLPOLY combined with the PLUMED
package.”’

For every ODT molecule, nine united atoms of CH; or CH,,
which have odd (1-17) numbers of intervening CH, groups
between them and the sulfur atom, were selected. The unit
vector for the tilt direction of the ith molecule, u;, was defined
as the average over the vectors from the sulfur atom to these
united atoms.**® The tilt angle, 6,, was given by the polar
angle of #; measured from the surface normal (for details, see
Fig. S4, ESIf). The order parameter of the molecular orien-
tation was defined as

Oy = <0.5[(l7i ' 51)2_1} >i¢j7

where ();.; represents the average over all of the inter-
molecular pairs.*’

Conclusions

A nanoscale SAM of alkanethiol fabricated by contact print-
ing inevitably features defects, where molecules are inverted
among upright molecules or piled on top of the SAM. These
unbound molecules can form a significant portion of a
nanostructured SAM (20% in the present SAM island). Never-
theless, the molecular and thermal properties of the
unbound molecules of the nanostructured SAMs were vir-
tually unexplored, because of the inherent difficulty in the
experimental probing of the nanoscale SAMs by spectroscopic
or microscopic means. The present MD simulation demon-
strates that thermal annealing (at 400 K) cures such defects
in the SAM island of ODT that is a few nanometers in width.
When heated, the SAM island slightly dispersed the sulfur
atoms and alkyl chains that were densely packed. Then, the
molecules piled on top of the SAM island penetrated down
to make contact with the surface and the inverted molecules
flipped to achieve adsorption. Upon cooling, the dense
packing of the sulfur atoms and the alignment of the alkyl
chains of the SAM island were recovered. We uncovered four
molecular pathways behind the adsorption of unbound mole-
cules in the annealing process. The free energy profiles for
these pathways in the absence of annealing were constructed.
The activation energies for these pathways were much larger
than thermal energy, signifying that these unbound mole-
cules will not be cured without the help of thermal
annealing.

This journal is © The Royal Society of Chemistry 2016
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