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ABSTRACT The two-dimensional (2D) crystal engineering of molecular architectures on surfaces

requires controlling various parameters related respectively to the substrate, the chemical structure of the

molecules, and the environmental conditions. We investigate here the influence of temperature on the self-

assembly of hexakis(n-dodecyl)-peri-hexabenzocoronene (HBC-C;,) adsorbed on gold using scanning tunneling

microscopy (STM) at the liquid/solid interface. We show that the packing density of 2D self-assembled HBC-;, can

be precisely tuned by adjusting the substrate temperature. Increasing the temperature progressively over the

20—50 °C range induces three irreversible phase transitions and a 3-fold increase of the packing density from

0.111 to 0.356 molecule/nm?, High-resolution STM images reveal that this 2D packing density increase arises from

the stepwise desorption of the n-dodecyl chains from the gold surface. Such temperature-controlled irreversible

phase transitions are thus a versatile tool that can then be used to adjust the packing density of highly ordered

functional materials in view of applications in organic electronic devices.
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ntense research effort is focusing on

the control of the arrangement of or-

ganic molecules on surfaces in view of
developing novel nanostructured func-
tional materials.' 8 The two-dimensional
(2D) self-assembly of appropriate molecu-
lar building blocks, that is the control of di-
rectional interactions between predesigned
molecules and the substrate, is a successful
strategy which has recently led to a variety
of periodic patterns.”'® The 2D crystal engi-
neering of molecular architectures on
atomically flat surfaces requires the control
of three types of parameters related, respec-
tively, to the substrate, the chemical struc-
ture of the molecules, and the environmen-
tal conditions. Substrate parameters such
as surface reconstruction,”’ ~'* electronic
properties,' and surface modification by
overlayers®'®'” strongly influence the
structural arrangement of the self-assembly.
In comparison, molecular parameters per-
mit the orientation of 2D molecular pack-
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ing by exploiting noncovalent intermolecu-
lar interactions such as van der Waals
interactions,'®'® hydrogen bonds,?°~2¢
and m-stacking.?”?® Finally, external and en-
vironmental parameters such as light irra-
diation,?® electric and magnetic fields,>°>'
time,?233 concentration,>*” ratio,>® and
temperature®” ~*' also proved to be key
players governing supramolecular self-
assemblies.

A number of studies have been reported
on the influence of time and temperature
on 2D molecular networks. However, most
of them have been performed in ultrahigh
vacuum?®7% and very few at the liquid/
solid interface.3233374! For example, we re-
cently reported on the time evolution of
the 2D packing of hexakis(n-dodecyl)-peri-
hexabenzocoronene (HBC-C;,) adlayers in
heteroepitaxy on n-pentacontane monolay-
ers at the n-tetradecane/graphite inter-
face.3? In contrast to time, temperature is a
versatile physical parameter which can be
precisely adjusted so that a particular 2D
arrangement is formed and retained. In par-
ticular, temperature is essential to tune the
2D packing density and obtain a material
with desired electronic properties.

We show here by scanning tunneling
microscopy (STM) that the packing density
of HBC-C;, self-assembled at the Au(111)-
(22X~/3)/n-tetradecane interface can be
tuned by varying the substrate tempera-
ture. Increasing the temperature from 20
to 50 °C induces three successive and irre-
versible structural transitions accompanied
by a 3-fold increase of the HBC-C;, packing
density. High-resolution STM images reveal
that this 2D packing density increase arises
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from the stepwise desorption of the n-dodecyl chains
from the gold surface.

RESULTS AND DISCUSSION

At room temperature (20 °C) HBC-C;, molecules
initially form an open network, the a-phase, having
a rhombic unit cell with lattice parametersa = b =
3.6 nm and 6 ~ 70° (Figure 1). Two n-tetradecane
molecules are coadsorbed in-between neighboring
HBC-C;; molecules (see Figure 1b,c), the HBC-C;,/
n-tetradecane ratio being 1:4 and the HBC-C;, pack-
ing density being 0.082 molecule/nm?. Note that in
the a-phase two n-dodecyl chains are not lying on
the surface (gray spots in Figure 1c). Finally, the
a-phase coexists with an n-tetradecane monolayer
as it can be observed in the upper right corner of
Figure 1a.

The initial « structure rapidly evolves into another
arrangement, the B-phase (Figure 2). The complete dis-
appearance of the a-phase occurs 1 h after deposition
and the B-phase is the only arrangement observed on
the surface. This shows that the a-phase is not stable at
room temperature. The close-packed B-network has a
rhombic unit cell with lattice parameters a = b = 3.0
nm and 6 =~ 87°, the HBC-C;,/n-tetradecane ratio being
1:2 and the packing density being 0.111 molecule/
nm2,

By heating at 30 °C a third phase appears (Figure
3). The corresponding y-network has a parallelogram
unit cell with lattice parametersa = 2.9 nm, b = 1.6
nm, 6 ~75°. The y-network is composed of alternate
rows of HBC cores and n-dodecyl chains. Noticeably the
STM images show that three n-dodecyl chains are not
lying on the surface and stand out-of-plane. Finally, the
B —y phase transition is accompanied by a doubling
of the packing density up to 0.223 molecule/nm? for the
v phase.

Starting from 35 °C a fourth and final phase ap-
pears (Figure 4) to finally fully cover the surface above
45 °C. The d-network possesses a close-packed arrange-
ment with a hexagonal unit cell and lattice parameters
a = b = 1.8 nm. The Au reconstruction can still be seen
as a small topographic undulation under the molecu-
lar network, Figure 4a. The STM images show that HBC
cores are surrounded by bright spots, which correspond
to the out-of-plane n-dodecyl chains (see model in Fig-
ure 4¢). The HBC-C;, density is 0.356 molecule/nm?. An-
nealing at temperatures higher than 50 °C does not
lead to the formation of any novel networks.

One fundamental question is whether these phase
transitions are under kinetic or thermodynamic con-
trol. The fact that the a-network is not stable at room
temperature unambiguously shows that it results from
a kinetic ordering of the molecules. On the contrary,
once the B, y, and 3-networks are formed at given tem-
peratures, their respective molecular orderings do not
evolve with time. This suggests that these three succes-
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Figure 1. STM images (V; = —0.20 V; I, = 20 pA) of the metastable
a-phase at 20 °C: (a) 30 X 20 nm? (b) 10 X 9 nm? (c) best fit molecu-
lar model of the unit cell of the a-network (0.082 molecule/nm?). The
gray circles represent out-of-plane n-dodecyl chains. Coadsorbed _
n-tetradecane molecules appear in blue. The arrow indicates the [112]
direction of gold.

Figure 2. STM images of the B-network recorded at T = 25 °C: (a) 20
X 15 nm? (Vs = —0.20 V, I, = 50 pA); (b) 10 X 9 nm? (V; = —0.27 V, I
= 0.1 nA); (c) unit cell of the B-network. Two coadsorbed
n-tetradecane molecules appear in blue. Packing density = 0.111
molecule/nm?.
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Figure 3. STM images of the y-network recorded at 35 °C (V; = 0.50 V,
I, = 20 pA): (a) 36 X 22 nm?; (b) 10 X 9 nm?; (c) unit cell of the
v-network with out-of-plane n-dodecyl chains represented as gray
circles. Packing density = 0.223 molecule/nm?.

sive temperature-induced structures correspond to dif-
ferent potential minima in the phase transition process.
The &-network is the structure obtained at the highest

Figure 4. STM images of the &-network recorded at 50 °C: (a) 30 X 20
nm?, V, = 0.60 V, I, = 20 pA; (b) 10 X 9 nm?, V, = 90 mV, I, = 20 pA; ()
unit cell of the §-network. The six out-of-plane n-dodecyl chains of
the central molecule are represented as red circles while they appear
as gray circles for peripheral molecules. Packing density = 0.356
molecule/nm?,
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Figure 5. (a) Relative percentages of the three stable 3, vy,
and 8-phases of HBC-C;, observed on the Au(111)-(22%x+/3)
surface at different temperatures (blue, B-phase; gray,
v-phase; red, 8-phase). (b) Plot of the HBC-C;, packing den-
sity at various temperatures over the 20—50 °C range.

temperatures, and once it is formed it is not possible
to form any novel structure by increasing further the
temperature, in contrast to what happens with the
and y-networks. It indicates that the 3-network is ther-
modynamically stable, whereas the 3 and vy ones are
metastable.

Figure 5 summarizes the above observations, with
the relative percentages of the four phases observed
at various temperatures and the corresponding pack-
ing densities. We did not observe any influence of the
concentration of the molecule solution on the supra-
molecular self-assembly in contrast with other observa-
tions.*> The number of n-dodecyl chains lying on the
surface decreases with increasing temperatures. Six
n-dodecyl chains are lying on the surface at 20 °C (B-
network), three chains are lying on the surface at 25—45
°C (y-network), whereas no more n-dodecyl chains lie
on the surface above 50 °C (3-network). The packing
density was measured after 30 min of thermal anneal-
ing. Longer annealing times or decreasing the sample
temperature back to 20 °C does not change the ar-
rangement. Temperature-induced HBC-C;, phase tran-
sitions are therefore irreversible. This provides the pos-
sibility to finely tune the HBC-C;, packing density by
adjusting the substrate temperature, in contrast to
what happens on graphite where HBC-C;, phase transi-
tions occur spontaneously with time.>?

The STM measurements show that above room tem-
perature adsorption of the HBC core is favored as com-
pared with n-dodecyl chains. This means that the chains
progressively desorb into the liquid solution with in-
creasing temperature and are replaced by the HBC mol-
ecules. The arrangement observed at 50 °C, that is the
highest temperature presented here, is the hexagonal
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close-packed &-network with no alkyl chain on the sur-
face. This indicates that the HBC-based supramolecular
structures minimize their energy by increasing HBC
packing density and reducing alkyl chain adsorption.
These observations suggest that energy minimization
is done at the cost of molecule stress conformation per-
mitting the alkyl chains to be out of the HBC plane.
The development of theoretical models taking into ac-
count (i) the various molecule— molecule and
molecule—substrate interactions, (i) the influence of
the solvent, and (iii) molecular conformational changes
is necessary to evaluate the energy of the different 2D
architectures that we observe experimentally here.

CONCLUSION

We show that the packing density of HBC-C;, 2D
self-assemblies on Au(111) can be tuned by adjust-
ing the temperature. Increasing the temperature
over the 20—50 °C range induces three irreversible
phase transitions (@ — 3 — vy —38) and a 3-fold in-
crease of the packing density from 0.111 to 0.356
molecule/nm?. Importantly, cooling the samples
back to room temperature after a heating experi-
ment is not accompanied by a decrease of the pack-
ing density nor by a structural change back to the
initial phase. Such temperature-controlled irrevers-

EXPERIMENTAL SECTION

Solutions of HBC-C;, in n-tetradecane (n-Cy4H3q, 99%, Ald-
rich) were prepared in a concentration range 107°—10"° mol
L~". A droplet of this solution was then deposited on a flame-
annealed Au(111)/mica substrate. Reconstructed Au(111)-
(22X+/3) surface was systematically checked using STM. STM im-
aging was performed at the n-tetradecane/Au(111) interface us-
ing a Pico-SPM scanning tunneling microscope (Molecular Imag-
ing, Agilent Technology). The sample holder was placed inside
an environmental chamber together with a small quantity of
n-tetradecane in order to prevent evaporation. Cut Pt/Ir STM tips
were used to obtain constant current images with a bias volt-
age applied to the sample. A homemade sample holder coupled
to a Peltier element module (Supercool PE-071-20-15) was used
to control the substrate temperature in the range 20—50 °C. The
temperature was measured using a thermocouple connected
to the sample stage (error £ 0.5 °C). STM images were recorded
after heating the samples up to a selected temperature for 30
min and also after cooling down the sample to room tempera-
ture. STM images were processed and analyzed using the home-
made application FabViewer.*®
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