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ABSTRACT: A temperature-induced commensurate
solid—solid phase transition in self-assembled monolayers
(SAMs) of alkylthiolates lying on Pt(111) is predicted
from molecular dynamics simulations based on ab initio
potential energy surfaces. As the system cools down from
room temperature to low enough temperature, SAMs of
alkylthiolates with more than ~12 carbon atoms undergo
an abrupt change of orientation from a nearly upright to a
tilted configuration. As the initial hexagonal arrangement
of the sulfur headgroups is kept fixed during the
simulations, the phase transition is entirely governed by
chain—chain interactions. Similar commensurate phase
transitions are predicted for hexagonally arranged SAMs
with lattice spacings of the order of 4.7—4.9 A, which,
among others, excludes the well-known cases of densely
packed SAMs of alkylthiolates on Au(111) and Ag(111).
These findings could be relevant for the design of novel
electronic or optical devices controllable by temperature.

he self-assembled monolayers (SAMs) of alkylthiolates

S(CH,),_;CH; (hereafter C,) on metal surfaces have
been receiving widespread attention, owing to their important
role in fundamental studies and versatile properties for
technological applications.'~” One interesting characteristic of
these SAMs is their orientational structure on surfaces, which
may affect electronic and optical properties and modify
interactions with other interfaces. For instance, recent experi-
ments® have shown that the tilt of alkyl chains on oxide-free
silicon enhances the electron transport efficiency and also that
the structure of alkylthiolates on gold films can control the
orientations of supported nematic liquid crystals.”

SAMs are paradigmatic examples of ordered 2D arrange-
ments.”” Therefore, studies of phase transitions in reduced
dimensionality have often considered these systems. The usual
observation is that similar to bulk materials, SAMs “melt” at a
high enough temperature, i.e.,, change from an ordered to a
disordered phase. Melting has been thoroughly investigated in
SAMs of alkylthiolates on Au(111).'°7'* In particular, the
variation of phase diagrams and melting curves with coverage
and alkyl-chain length has revealed the important role of van
der Waals chain—chain and covalent substrate—thiolate
interactions.'”'>'” The former interaction is expected to play
a dominant role for longer chain lengths n, while the latter is
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more important for shorter n. For the longer chains, a solid—
solid transition between commensurate and incommensurate
phases has also been observed at temperatures close to
melting,20 thus showing that commensurability with the
substrate is not a necessary condition for the existence of an
ordered (solid-like) phase. To our knowledge, there is no
evidence that SAMs of alkylthiolates can also undergo solid—
solid (or order—order) phase transitions by preserving
commensurability with the metal substrate. However, it is
well-known that liquid crystal layers can exhibit such orienta-
tional phase transitions by changing temperature.”' ~**

Earlier scanning probe microscopy”> and low-energy electron
diffraction (LEED)® experiments have established that on
Au(111) surfaces, SAMs of alkylthiolates form a densely packed
hexagonal arrangement with a nearest-neighbor sulfur—sulfur
distance d = 4.97 A. The structure formed by the sulfur heads
corresponds to the so-called (\/3 X \/3)R30° unit cell or its
superstructure c(4 X 2) commensurate with gold lattice.
Numerous experimental and theoretical studies (see ref 20 and
therein) have shown that the alkyl chains are tilted away from
the surface normal by about 30°. This tilt angle value on
Au(111) does not vary significantly in a wide range of
temperatures (e.g, from 4 K*” up to RT).**** Formation of a
disordered phase without diffusion of the sulfur headgroups
(e.g., involving gauche defects and/or broad distribution of tilt
angle of chains) depends on the chain length but generally
occurs above RT. Alkylthiolate SAMs have also been found on
other metal surfaces, such as Pt(111),*°7>* Pd(111),*> and
Ag( 111).37% They practically form the same densely packed
hexagonal arrangement as on gold, although the corresponding
lattice spacings d in the ML are quite different: d = 4.97, 4.80,
and 4.42 A for SAMs on gold, platinum, and silver,
respectively.”" Since the experimental tilt angle for SAMs on
Ag(111) is usually close to 0°* (in some cases a value ~10°
has been reported),** ™ it is widely accepted that the ML
lattice spacing is the key parameter that determines the tilt
angle of these full-coverage SAMs below the melting temper-
ature. However, measurements and calculations of MLs
characterized by intermediate lattice spacings are scarce and
limited to only a few temperatures and chain lengths.>***
Therefore, there is no definite information about the behavior
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of SAMs on, e.g,, Pt(111) and if the tilt angle value lies between
the values observed on Au(111) and Ag(111).

We show that the way alkylthiolates self-assemble on Pt(111)
is more complicated. We demonstrate that as the system cools
down from RT (ie, well below the melting point) to low
enough temperature, SAMs of alkylthiolates with >~11 C
atoms undergo an orientational phase transition from a nearly
upright to a tilted configuration by keeping the hexagonal
arrangement of the anchoring points (as schematically
illustrated in the insets of Figure 2a). In other words, SAMs
on Pt(111) experience commensurate solid—solid phase
transitions. The critical temperature for these transitions
strongly depends on chain length. Similar phase transitions
are not observed on Au(111) and Ag(111), in agreement with
experiments.

We have performed large-scale constant—temoperature MD
simulations by using the DL POLY 2 package®’ and a newly
parametrized force field based on high-level ab initio
computations for the noncovalent interactions among alkylth-
iolate molecules.*' The appropriateness of the force field has
been established in previous work.* To reduce the computa-
tional cost of the MD simulations, we make use of rigid all-trans
chain approximation, ie., gauche defects are not considered,
which has been suggested as a reasonable approximation below
RT.* To prove this in our work, we have explicitly included
bending and rotation of the S—C and C—C bonds in a few
representative cases [see Supporting Information (SI)]. The
values of the tilt angles obtained from the latter calculations
typically differ by <5° from those obtained within the rigid
chain approximation. The interaction between the alkyl chains
and the metal substrate is neglected, which is a reasonable
approximation to describe SAMs of long-chain thiolates.”> We
utilize a rather large 20X20 unit cell comprising 400 molecules
whose sulfur heads have been fixed forming the hexagonal
arrangement observed on Au(111), Pt(111), or Ag(111). We
have checked convergence of our results by performing explicit
calculations for the series of unit cells 8x8, 10X10, 16X16, and
20%20 (see SI). We have used the Berendsen thermostat,
where the instantaneous temperature is pushed toward the
desired temperature by scaling the velocities at each step and a
time step of 0.5 fs.

The reliability of MD simulations is confirmed by comparing
our results with experiments for SAMs on Au(111), which have
been extensively investigated and are the benchmark in this
field.'02772944%5 Ag can be seen in Figure 1, good agreement
between simulated and experimental tilt angles'®*”~**** s
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Figure 1. Comparison between theoretical and experimental average
tilt angles for C, SAMs on the Au(111) surface. Experimental
measurements around RT are indicated by solid circles,* diamonds,"
squares,** and triangles®® and left triangles.” Solid right triangles
indicate measurements at 4 K.>/

obtained for a variety of sizes ranging from Cg to C,y. Both
theory and various experiments predict a tilt angle value of
~30° at RT. This value is more or less the same for all thiolates
with n > 10. The results show that except for very short chains,
the tilt angle barely changes with temperature (provided it is
smaller than the melting temperature, ~350 K).'*#*¢

To explore phase transition of SAMs on Pt(111), MD
simulations were performed at various temperatures from 300
to 10 K. The tilt angle 6, averaged over 100 ps after MD
equilibrium, demonstrates an abrupt jump at a certain critical
temperature T, depending on the chain length n of the
alkylthiolate C,. For instance, the C,s molecular chains are
aligned almost perpendicular to the Pt(111) substrate (6 ~ 2°)
at RT. Surprisingly, when the temperature decreases from 250
to 240 K, the tilt angle increases from 2° to ~20° (see Figure
2a), indicating an unambiguous phase change from upright to
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Figure 2. (a) Average tilt angle, 6, as a function of temperature T for
SAMs of Cj, Cy4 and Cjs on Pt(111). Bars indicate standard
deviation with respect to mean value. (b) Distribution of tilt angles at
various temperatures for C;¢ on Pt(111). (c) (T,n) phase diagram for a
(\/3 X \/3)R30° SAM of alkylthiolate C, on Pt(111) surface.

tilted orientation. Further cooling down from this critical
temperature (T, &~ 240 K) gradually increases the tilt angle;
below 100 K, it remains almost constant (6 = 30°). A more
detailed information is obtained by analyzing the distribution of
tilt angles at different temperatures. As illustrated by bars
superimposed to different points in Figure 2a, the distribution
of tilt angles is narrow (within +1°) at very low (T < 100 K) or
high (T > 250 K) temperatures, while this distribution
remarkably spreads out at intermediate temperatures (e.g.,
standard deviation at 240 K is +4°). This implies an
intermediate state where the alkylthiolate SAMs evolve from
one to another well-ordered phase. The variation of the tilt-
angle distribution with temperature is shown in Figure 2b for
SAMs of Cyg.

Similar phase transitions occur in the SAMs of C;, and Cy,
except that the critical temperature is different, T, & 200 and
100 K for C;, and C,,, respectively, as shown in Figure 2a. By
relating the critical temperature T to the chain length 1, one
obtains a (T,n) phase diagram as that shown in Figure 2c for C,
SAMs on Pt(111). We can see that the T, increases as the
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thiolate chain becomes longer. For alkylthiolates longer than
C,g however, the T. is expected to probably exceed the melting
temperature of SAMs (about 350 K)."**® On the other hand,
no phase transition occurs at any temperature for alkyl chains
shorter than C,,. Therefore, the present theory predicts that on
Pt(111), this solid—solid phase transition can only be observed
for SAMs of alkylthiolates with intermediate chain length
(C=Cy)-

Now, one may raise the following question. Why is such a
phase transition for alkylthiolate SAMs not observed on
Au(111) or Ag(lll) surfaces? To answer this, we propose a
simple single-chain model.*""** This model describes the two-
dimensional periodic SAM by using a hexagonal unit cell
containing only one alkylthiolate molecule, which is allowed to
tilt, rotate, and twist around a fixed headgroup position. To
mimic different substrates, we select the lattice parameter value
(ie, distance between nearest-neighbor sulfur headgroups) to
be 4.97, 4.80, and 4.42 A for Au(111), Pt(111), and Ag(111),
respectively. From the corresponding 3D potential energy
surface, we have evaluated the minimum-energy path U and the
entropy along the tilt-angle coordinate @ (see SI).*""** Figure 3a
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Figure 3. (a) Potential energy per molecule U as a function of tilt
angle for SAMs on different surfaces, based on the simple model
described in the text. Unit cell of the SAM on the metal surface used in
model is also schematically illustrated. (b) Same as (a) but with free
energy A at 0 and 300 K and entropic contribution TAS at 300 K. AU,
AS, and AA are their respective values at minimum of U.

depicts the U—6 curves for C,, SAMs on gold, silver, and
platinum surfaces. One can see that the U—6 curve for Au(111)
has a minimum at ~30° in reasonable agreement with the
experimental value of the average tilt angle at RT. In the case of
the Ag(111) surface, the minimum of the U—0 curve appears
close to zero, which also agrees with the fact that the tilt angles
are much smaller on silver than on gold. Figure 3b shows the
variations of entropy S and free energy A with tilt angle for the
3D model describing C;s SAMs on platinum. As can be seen,
the entropic contribution to free energy decreases monoto-
nously with 8. Thus, at 300 K, the minimum of the free energy
appears at 0° instead of at 30°. Consequently, the tilt angle
must drop from ~30° to ~0° when heating up from 0 K to RT.
This dramatic change of the free-energy with temperature on
Pt(111) is possible because the two minima in the U—0 curve
have similar depth and are separated by only 0.02 eV (or ~200
K). As the chain length becomes shorter, the energy barrier
between the two minima becomes lower, which explains the
decrease of T. when the chain is shorter.

Similar S—6 and A—6 plots (see SI) explain why there is not
such a phase transition on Au(111) and Ag(111): The increase
of the entropic contribution that results from increasing the tilt
angle from 0° to 30° does not lead to a significant change of the
free-energy minimum position. This is consistent with previous
studies, which have reported a relatively small variation of the

tilt angle with temperature for SAMs of alkylthiolates on
Au(111)** and Ag(111).

For platinum the temperature-induced phase transition only
takes place for SAMs within a given range of n. This can be
understood with the help of the above simple model. Figure 4a
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Figure 4. (a) Optimal tilt angle as a function of chain length for
various intermolecular spacings d, based on the simple model
described in the text. (b) (dn) Phase diagram obtained from MD
calculations at 0 and 300 K. Yellow area shows where phase transition
is expected below RT.

shows the the tilt angle value corresponding to the global
minimum of the 3D potential energy surface as a function of n
for various d. As the potential energy surface minimum does
not contain any information about temperature, the plotted
values of the tilt angle should only be compared with
measurements and calculations performed at 0 K. However,
the information contained in this figure is still valid for
qualitative interpretations at T > 0 K. As seen, the model
predicts that the tilt angle should remain almost invariant with
chain length for Au(111), agreeing with previous works and
present MD calculations. The same is true for Ag(111). In
contrast, for Pt(111), there is an abrupt jump in the the tilt
angle value for n = 12. On Pt(111), SAMs with shorter chains
(n < 12) behave like those on Ag(111), whereas SAMs with
longer chains (n > 12) behave like those on Au(111). This is in
qualitative agreement with results of more involved MD
calculations at 300 K. Therefore for temperatures significantly
above 0 K, phase transitions should only occur for SAMs of
alkylthiolates in a narrow n range. It is interesting to note that
although the present single-chain model forces all alkylthiolates
to move synchronously, the critical size n, at which the abrupt
jump is observed, n. = 12, is close to the n values where phase
transitions are actually observed on Pt(111).

Figure 4a shows that for other d close to that of SAMs of
alkylthiolates on Pt(111), similar “jumps” in the tilt angle are
obtained at specific n. In particular, critical chain lengths appear
at n = 6 and 22 for d = 4.85 and 4.78 A, respectively. Hence,
critical chain length is very sensitive to lattice spacing. As shown
in Figure 4a, a slight decrease in lattice spacing from 4.80 to
4.78 A leads to a significant increase of critical chain length
from 12 to 22.

Based on these findings, one can build a (d,n.) phase diagram
as shown in Figure 4b for temperatures of 0 and 300 K (from
MD simulations). The diagram shows that temperature-
induced commensurate solid—solid phase transitions in SAMs
of alkylthiolates can only take place for n and d lying between
two boundary lines corresponding to 300 and 0 K (yellow area,
Figure 4b). Apart from confirming again that no commensurate
solid—solid phase transition can occur on Au(111) or Ag(111)
for any n and that such a phase transition is only possible on
Pt(111) in a narrow n value range (n = 12—17), the diagram
shows that phase transitions are also possible in a finite range of
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n for SAMs of alkylthiolates with lattice spacing between 4.7
and 49 A.

In summary, a temperature-induced commensurate solid—
solid orientational phase transition of 2D SAMs of alkylth-
iolates has been found as a result of MD simulations carried out
by using a force field based on high-level ab initio calculations.
The phase transition is entirely governed by chain—chain
interactions. The key parameters are the SAM lattice spacing
and the molecular chain length. For hexagonally arranged
SAMs on Pt(111), such phase transitions occur below RT for
alkylthiolates with 12—18 carbon atoms. Similar commensurate
phase transitions are expected to occur in hexagonally arranged
SAMs with lattice spacings between 4.7 and 4.9 A, irrespective
of the nature of the substrate. Building up systems with the
appropriate lattice spacings to observe such phase transitions
should be possible by introducing proper functional groups
and/or choosing proper supporting substrates. This could be
relevant in the design of novel electronic or optical devices
controllable by temperature.
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